
INTERNATIONAL CONFERENCE ON 
INFRASTRUCTURE DEVELOPMENT: ISSUES, 
INNOVATIONS AND THE WAY FORWARD

D e p a rtm e n t o f C iv il E n g in e e rin g

MAR BASELIOS
COLLEGE OF ENGINEERING AND TECHNOLOGY

A S S O C I A T I O N
W ITH

t6c 'pcOcvte

KER A LA  IN F R A S TR U C TU R E  
IN V E S T M E N T  F U N D  B O A R D

SUPPORTED BY:

« W P I
D e p a rtm e n t o f  C iv il &  

E n v iro n m e n ta l En g ine e ring

AMMANN

UltraTech
Th e  E n g in e e r 's  C h o ic e

Iwl
W IR TG EN

G R O U P

Zydex
»  Innovating for Sustainability



ICID 2018 21-23 June, 2018

MESSAGE FROM 
CEO & Member Secretary, KIIFB

21st June 2018
Message

We are extremely pleased to associate with Mar Baselios College 
of Engineering and Technology, Nalanchira to organize an International 
Conference on Infrastructure Development: Issues, Innovations and the 
Way Forward (ICID 2018). The Kerala Infrastructure Investment Fund 
was established with the main objective of providing investment fo r 
projects in the S tate  of Kerala in sectors like Transport, Water 
Sanitation, Energy, Social & Commercial Infrastructure, I T  and 
Telecommunication etc. KIIFB  aims to facilitate planned and sustained 
development o f both physical and social infrastructure ensuring all round 
well-being and prosperity in the State.

The conference is intended to provide a platform fo r the 
academicians and industry experts to interact and arrive at novel 
solutions to existing problems. This goes hand-in-hand with the vision of 
KIIFB  - to provide quality infrastructure fo r the well-being of society. I  
hope that the association with this conference will pave the way fo r 
significantly improving the quality and effic iency of infrastructure 
development in our state.

W ith the warmest o f wishes fo r a fru itfu l and rewarding 
conference!!

Dr. K.M.Abraham, CFA, IA S  
Ex-officio Secretary, Finance (Infrastructure) 

CEO & Member Secretary, KIIFB

Department of Civil Engineering, MBCET
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MESSAGE FROM BURSAR

I t  is a matter o f great pleasure that the Department of Civil 
Engineering, MBCET is organizing the IN TERN ATIO N AL CONFERENCE ON 
INFRASTRUCTURE DEVELOPMENT: ISSU ES , IN N O VAT IO N S  AND THE 
WAY FORWARD (ICID 2018) from 21-23 June 2018 in association with 
Kerala Infrastructure Investment Fund Board (KIIFB). The focus of the 
conference is to provide an opportunity fo r the engineers, planners, 
researchers, faculty and students to come together, discuss and seek 
sustainable solutions related to infrastructure development.

A good conference is always more than just an exchange of papers 
and ideas, it 's  a place to stop and reflect, a place to inspire and be inspired. 
I  hope that you will have a productive time at th is very special conference.

I  convey my best wishes to every participant and congratulate all 
members of the Department o f Civil Engineering fo r successfully organizing 
the conference.

I  wish the conference a grand success.

Rev. Fr. John Vilayil 
Bursar, MBCET

Department of Civil Engineering, MBCET
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MESSAGE FROM 
PRINCIPAL

I t  is with great pleasure; I  welcome you to participate in the 
International Conference on Infrastructure Development: Issues,
Innovations and the Way Forward (ICID 2018), which will be held in 
Trivandrum from 21-23, June 2018. The conference is organized by Mar 
Baselios College of Engineering and Technology, Trivandrum, jo intly with 
Kerala Infrastructure Investment Fund Board (KIIFB).

Infrastructure is a vital component fo r any country aspiring fo r 
growth and development. India being a fast developing country will have to 
spend trillions of rupees fo r modernization and expansion of water, 
e lectric ity  and transportation systems in order to achieve a developed 
nation's crown. Alarming increase in the rate of urbanization and consequent 
industrialization has posed challenges on natural resources and construction 
materials, forcing new ways and means fo r infrastructure development.

This conference is aimed at engaging and interacting with the 
researchers, industry leaders and government agencies to address the 
various issues of infrastructure development. We sincerely hope that the 
scope of the conference will serve the interest of the community in shaping 
the future directions as well as key priorities. In addition, the conference 
will serve as a platform fo r the participants to get in touch with their peers 
who share similar interest.

I  extend a hearty welcome to all the participants and the 
sponsors to ICID  2018.

Dr. T  M George 
Principal, MBCET

Department of Civil Engineering, MBCET
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MESSAGE FROM 
HEAD OF THE DEPARTMENT

International conferences are awesome open base fo r specialists, 
researchers, strategy creators, graduates and understudies. Attending 
conferences, particularly the global one allows tuning into various 
perspectives and learning new thoughts and patterns in the field. 
Infrastructure is a fundamental piece of social prosperity of any country 
and this can be assembled under the umbrella of manmade structures to 
encourage temperate advancement fo r the welfare o f mankind. This 
conference gives a stage to investigate the conceivable outcomes of the 
utilization of nontraditional material and their financial reasonability as 
other option to regular developmental option, fo r monetary and ergonomic 
infrastructures.

I  wish ICID2018 a grand success.

Dr. M. Satyakumar 
Professor & HOD, Dept. o f Civil Engineering

MBCET

Department of Civil Engineering, MBCET
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MESSAGE FROM 
CONVENER

Infrastructure development re fers to the system of Networks of 
roads, highways, and railways fo r transportation into and out of a 
community, W ater and sewage systems that ensure an adequate supply of 
clean water as well as the disposal o f waste, Power grids that can handle 
the needs of the entire community. The impact of construction 
technology and transport infrastructure development is known to be 
significant on the economy of any country. I t  gives us immense pleasure 
to organize this International Conference on INFRASTRUCTURE 
DEVELOPMENT: ISSU ES , IN N O VAT IO N S  AND THE WAY FORWARD 
(ICID2018) from 21-23 Jun, 2018 in association with Kerala 
Infrastructure Investment Fund Board (KIIFB).

The purpose of this conference is to bring together academics and 
other professionals from all over the world, fo r the presentation and 
exchange of the ir thoughts and experiences on concepts, trends and 
practices in infrastructure development. All the papers in th is conference 
proceeding have undergone an intensive review process, and only accepted 
papers are included which covers all streams in civil engineering namely, 
Structural Engineering, Geotechnical Engineering, Transportation 
Engineering, Hydraulics Engineering and Environmental Engineering.

I t  is our pleasant duty to acknowledge the financial support from 
KIIFB. We would like to acknowledge and give special appreciation to our 
keynote speakers fo r their valuable contribution, our delegates fo r being 
with us and sharing the ir experiences, and our invitees fo r participating in 
this conference. We also wish to express the sense of gratitude to the 
college management fo r their abundant support and encouragement.

Convener

Department of Civil Engineering, MBCET
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ABOUT THE INSTITUTE

Mar Baselios College of Enginering & Technology was started in 2002 and is 
administered by the Malankara Catholic Educational Society of the Major 
Archdiocese of Thiruvananthapuram, Kerala. It is the first self-financing engineering 
college in Kerala accredited by NAAC with A grade (CGPA 3.13) and all B.Tech 
programmes provisionally accredited by NBA since July 2016. The college is KTU 
approved research center.

Mar Baselios College of Engineering and Technology (MBCET) inspires the 
aspirations of generations of knowledge-seekers. Dedicated to mould morally upright, 
socially committed and intellectually trained Engineers, the College strives to realize 
its dreams. Situated amidst 17 Educational Institutions in the Mar Ivanios Vidyanagar, 
just 5 kms from the heart of the city of Thiruvananthapuram, MBCET stands tall as a 
symbol of the quest for Professional and Technological Studies set against the 
backdrop of the serene and panoramic Mar Ivanios Vidyanagar away from the hustle 
and bustle of the city life. The campus provides the ideal milieu for academic pursuits.

The aesthetically designed buildings in nine blocks spread over the campus have a 
total built-up area of over 32000 sq. m. An eco-friendly infrastructure concept, 
causing least disturbance to the landscape has been executed. Rain water harvesting 
has been implemented right from the beginning of the College.

VISION AND MISSION 

Vision

To be an intitution moulding globally comptent profssional as epitomes of noble 
values.

Mission

To tranform the youth as technically competent, ethically sound and socially 
committed professionals, by providing a vibrant learning ambience, for the welfare of 
humanity.

Department of Civil Engineering, MBCET
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ABOUT KIIFB

Kerala Infrastructure Investment Fund Board (KIIFB) came into existence on 
11.11.1999 under the Kerala Infrastructure Investment Fund Act 1999 (Act 4 of 2000) 
to manage the Kerala Infrastructure Investment Fund. The objective was to provide 
investment for critical and large infrastructure projects in Kerala. Comprehensive 
modification of the Act and Scheme has been made through an amendment Ordinance 
in August 2016. KIIFB will assist the Government and its agencies in the various 
aspects pertaining to Infrastructure Development namely, Management Consultancy, 
Financial Consultancy, Issue Advisory and Legal Consultancy. With the restructured 
and rejuvenated KIIFB the future looks bright for the development of key 
infrastructure in Kerala. With new strategy and structure, KIIFB aims to dynamically 
mobilize funds for the infrastructure development of Kerala which includes the major 
land acquisition needs of the State. KIIFB have recourse to the advanced financial 
instruments approved by SEBI & RBI and is expecting an upspring of sustainable 
infrastructure development of the State. KIIFB through its well organised and 
professional approach will act as the key arm of Government to facilitate planned, 
hassle-free and sustained development of both physical and social infrastructure 
ensuring all round well being and prosperity in the State.

Department of Civil Engineering, MBCET
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ABOUT THE 
CIVIL DEPARTMENT

The Department of Civil Engineering, established in the year 2005, is a vibrant place 
for learning, where the students pursue their educational interests in order to lead the 
next generation to better prospects. The students develop high quality technical 
expertise with a sound knowledge in basic engineering principles, technical skills and 
innovative research capabilities. The students have access to state-of-the art facilities 
and well-equipped laboratories. They are also provided with opportunities to earn 
valuable experiencein the field through value added courses frequently conducted in 
the Department. The Civil Engineering Department moulds, organizes and structures 
the students to be good citizens, competent Civil Engineering Professionals and to be 
the architects of a better world. To excel in Civil Engineering means to have proper 
reasoning skill, good knowledge of geometry, good creativity and above all good 
imagination.

The Department is rich with a group of Faculty Members with knowledge and passion 
to deliver their experience to the future leaders. The Department offers B.Tech and 
M.Tech programmes. In addition to the Teaching Staff, a team of experienced 
technicians are also in position to gain most from our well equipped laboratories and 
other facilities available: The Strength of Materials Lab, Concrete Lab and Survey 
Lab are functioning at the ground floor and Environmental Engineering Lab and 
Transportation Lab are situated on the first floor. Our teaching block is large and 
refurbished with Lecture Rooms, Staff Rooms, Seminar Halls and Department 
Library, where students pursue their educational interests in order to lead the next 
generation in transforming the disciplines of Civil Engineering.

Vision

To be a Centre of Excellence in Civil Engineering education with a global 
perspective, creating ethically strong engineers for the service of society.

Mission

To provide engineering education which can create exemplary professional Civil 
Engineers of high ethics with strong conceptual foundation coupled with practical 
insight, to serve the industry and community.

Department of Civil Engineering, MBCET
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ICID 2018

The Department of Civil Engineering is organizing the International Conference on 
Infrastructure Development: Issues, Innovation and the Way Forward from 21 - 
23 June 2018. ICID 2018 aims to present the state-of-art in infrastructure 
development as it exists today, around the world and its applicability in the Indian 
scenario. It will provide a platform for all stakeholders, academicians, and 
practitioners to amalgamate and seek sustainable solutions for challenges in 
technology implementation. Presentations, keynote addresses, and pre-conference 
workshops will cover aspects of infrastructure development including design, 
construction, maintenance & quality control of various infrastructure facilities. 
Discussions on real-time research finding adaptations will be beneficial for practicing 
Engineers. Devising ways of optimizing the benefits of infrastructure development is 
yet another focus area.

Infrastructure is an essential part of the social well-being of any nation and this can be 
grouped under the umbrella of man-made structures to facilitate economic 
development for the welfare of the humankind. Such infrastructure includes buildings, 
roads, pipelines, dams and power plants, to list a few. Providing quality infrastructure 
without aggravating the existing issues related to environment, economy and 
sustainability is a major challenge to the engineering community. The recent decades 
have witnessed extraordinary strides made in the efficient engineering of such 
infrastructure projects.

The conference will have keynote addresses & paper presentations in the following 
areas:

• Pavement, Traffic & Transportation Engineering
• Structural & Construction Engineering
• Environmental Engineering
• Geotechnical Engineering
• Hydraulics & Water Resources Engineering

Department of Civil Engineering, MBCET
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PRE-CONFERENCE 
WORKSHOPS

Sustainable Pavements & Asset Management

This workshop combines aspects of sustainable pavements and recycling, road asset 
management, advances in quality control, management and innovative technologies in 
condition evaluation of roads.

Structural Simulations using FEASTsmt Software

FEAST (Finite Element Analysis of Structures) is ISRO’s structural analysis software 
based on Finite Element Method realized by the Structural Engineering Entity of 
VSSC. The current version of FEAST 2014 R2 includes linear analysis capabilities. 
This has basic modules such as linear static analysis, free vibration analysis, buckling 
analysis etc. and supplementary modules such as transient response, frequency 
response, fluid-structure interaction etc. Workshop includes technical session handled 
by experts from VSSC and hands-on training in FEASTsmt.

A Technical Tour of Greenfield International Stadium, Kerala

This workshop provides the delegates a rich experience of understanding the technical 
aspects & having a close look at the various features of the Sports Hub, Trivandrum, 
commonly known as Trivandrum International Stadium or Greenfield Stadium. It 
includes a technical session on various aspects of the stadium such as design, safety, 
maintenance etc. and a guided tour of the stadium.

Department of Civil Engineering, MBCET
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INTERNATIONAL TECHNICAL 
COMMITTEE

Dr. K R Rajagopal 
Distinguished Professor 
Texas A&M

Dr. Gopu R Potty 
Professor
University of Rhode Island University

Dr. Anuj Sharma 
Associate Professor 
IOWA State University

Department of Civil Engineering, MBCET
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NATIONAL TECHNICAL 
COMMITTEE

V
\_______

Dr J Murali Krishnan 
Professor 

IIT Madras

Dr Lelitha Devi Vanajakshi 
Professor 

IIT Madras

Dr Veeraragavan 
Professor 

IIT Madras

Dr Shiva Nagendra S M 
Associate Professor 

IIT Madras

Dr U Saravanan 
Associate Professor 

IIT Madras

Dr Radhakrishna G Pillai 
Associate Professor 

IIT Madras

Dr R G Robinson 
Professor 

IIT Madras

Dr Thyagaraj T 
Associate Professor 

IIT Madras

Dr V Sunitha 
Assistant Professor 

NIT Trichy

Department of Civil Engineering, MBCET
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Dr Santosh G Thampi 
Professor 

NIT Calicut

Dr Venkaiah Chowdary 
Assistant Professor 

NIT Warangal

Dr Padmarekha A 
Associate Professor 

SRM University

Dr A N Brijesh Nair 
Professor 

VIT University

Dr Manju V S 
Associate Professor 

CET

Ms. Thushara V T 
Assistant Professor 

GEC Bartonhill

Department of Civil Engineering, MBCET
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ADVISORY COMMITTEE

Dr. T M George 
Principal 
MBCET

Prof. S Viswanatha Rao 
Vice Principal 

MBCET

Prof. K M Raju 
Dean (Administration) 

MBCET

Prof. P S Abraham 
Professor 

Dept. of Civil Engg 
MBCET

Prof. M K Giridharan 
Dean (Academic) 

MBCET

Prof. P N Mohan 
Professor 

Dept. of Civil Engg 
MBCET

Department of Civil Engineering, MBCET
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ORGANISING COMMITTEE

Organising Chair
Dr. M Satyakumar 
Professor & HOD, 

Dept. of Civil 
Engineering, MBCET

Technical 
Programme Chair

Dr. Neethu Roy 
Professor, Dept. of 

CE, MBCET

Convener
Bindu Biju 

Asst. Professor, 
Dept. of CE, MBCET

Convener
Dr. Senthilkumar R 

Asst. Professor, 
Dept. of CE, MBCET

Dr. Jayasree S 
Assoc. Professor

Ann George 
Asst. Professor

Tisny D B 
Asst. Professor

Muthulakshmi P 
Asst. Professor

Jean Molly Simon 
Asst. Professor

Jaya S Pillai 
Asst. Professor

Tom George 
Asst. Professor

f

Aneena Babu 
Asst. Professor

Anjana Krishnan 
Asst. Professor

Department of Civil Engineering, MBCET
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KEYNOTE SPEAKERS

Dr. Rajib B Mallick

Rajib Basu Mallick is currently the Ralph White Family Distinguished 
Professor of Civil and Environmental Engineering at WPI. He graduated from 
Jadavpur University, India, in 1989 and received his master’s degree and Ph D from 
Auburn University, USA. He also worked as a senior research associate at the 
National Center for Asphalt Technology, USA.

His main research interests are in the optimum utilization of natural resources 
and sustainable construction, specifically related to the pavement industry. His work 
focuses on recycling of asphalt pavements, understanding and modeling the behavior 
of recycled materials, reducing the urban heat island effect, harvesting energy from 
pavements, understanding temperature profiles, and reducing temperatures in 
pavement layers.

He has close to 100 publications, including a textbook, and also a U.S. patent. 
He has conducted numerous research projects and has consulted in the area of both 
highway and airport pavements. He is a registered Professional Engineer in the state 
of Massachusetts.

Department of Civil Engineering, MBCET
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KEYNOTE SPEAKERS

Dr. J Murali Krishnan

Dr. J. Murali Krishnan is currently a Professor in the Department of civil 
Engineering at IIT Madras. His main interest includes bituminous material 
characterization, pavement engineering and viscoelasticity.

He did his diploma in civil engineering, followed by AMIE and ME from 
NIT-Trichy (REC Trichy in his time). He did his Ph D at IIT Madras and spent 5 
years at Texas A&M/ Texas Transportation Institute as a post-doctoral fellow/visiting 
faculty/engineering scientist.

He is currently an associate editor of International Journal of Pavement 
Engineering and serves in the editorial board of pavement engineering journals.

Department of Civil Engineering, MBCET
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KEYNOTE SPEAKERS

Dr. P. K. Sikdar

Professor P. K. Sikdar is Advisor, International Road Federation (India 
Chapter), while he is a President at ICT Pvt Ltd. He is former Professor of Civil 
Engineering and Dean at Indian Institute of Technology (IIT), Bombay. Dr. Sikdar is 
also Former Director, Central Road Research Institute (CRRI), New Delhi, a 
constituent laboratory of Council of Scientific & Industrial Research (CSIR). He 
obtained Canadian Commonwealth Scholarship for his Doctor of Philosophy (Ph.D.) 
study from University of Waterloo, Canada; and he is also a recipient of Leverhulme 
Foundation Fellowship of UK (1981-82) for post-doctoral research.

Prof. Sikdar has been involved in the teaching, research and R&D 
management for Road and Road Transport Sector including highway planning and 
management for more than three decades. Prof. Sikdar is member of a large number 
of national and international bodies for policy making and standardization in the road 
sector. He is also a Fellow of Institution of Engineers (India), The Chartered Institute 
of Logistics & Transport (CILT, UK) and Indian National Academy of Engineering 
(INAE).

Department of Civil Engineering, MBCET
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KEYNOTE SPEAKERS

Mr. K Vasudevan

Mr. K Vasudevan, General Manager -  International Marketing, SEA, is a 
business management professional with an experience of 25 years in the field of 
specialty chemicals. H e’s been associated with Zydex since 2014 and has been 
driving their Roads Division in Southern India and South East Asia.

He regularly participates in public forums for technology presentations, in 
close correspondence with major concessionaires, government officials, university 
departments and consultants in all these markets.

Department of Civil Engineering, MBCET
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KEYNOTE SPEAKERS

Dr. T Thyagaraj

Dr. T Thyagaraj is currently the Associate Professor, Department of Civil 
Engineering, Indian Institute of Technology Madras, India, July 2015 - till date. He 
worked as Assistant Professor, Department of Civil Engineering, Indian Institute of 
Technology Madras, India, from August 2008 - July 2015. He was also the Assistant 
Professor at King Saud University, Riyadh, Saudi Arabia, April 2008 - August 2008. 
He also worked as Research Fellow in, King Saud University, Riyadh, Saudi Arabia, 
January 2008 - March 2008 and Lecturer, Department of Civil Engineering, National 
Institute of Technology Warangal, from November 2006 - December 2007.

He graduated from Osmania University, Hyderabad and received his master’s 
degree and PhD from Indian Institute of Science, Bangalore. His main research 
interests are in ground improvement techniques, unsaturated soil behaviour and geo- 
environmental engineering.

Department of Civil Engineering, MBCET
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KEYNOTE SPEAKERS

i i i

Mr. K.Saravanakumar

Mr. Saravanakumar is a Graduate Mechanical Engineer with a Masters’ 
degree in Business Management and over 24 years of experience in the asphalt road 
construction equipment industry. He commenced his career as a Project Engineer with 
Gujarat Apollo Industries Limited and has worked in various capacities in the asphalt 
pavement construction industry -  project management, adoption of new technologies, 
sales & marketing. During his tenure he has worked with almost all the prestigious 
construction companies in India and with Government organisations like Border 
Roads Organization. He is currently working as Deputy General Manager (South) 
Ammann India Private Ltd. He has good knowledge on production of asphalt mix 
both by Batch & Continuous process.

After the Joint Venture of Apollo with Ammann, he attended the paving 
campus of Ammann at Czech Republic and has been making technical presentations 
on the latest technologies in production of asphalt mix and construction of asphalt 
pavements. He is an active participant in Indian Roads Congress and delivers lectures 
on the latest flexible pavement technologies.

Department of Civil Engineering, MBCET
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KEYNOTE SPEAKERS

Mr. Rithesh J Parmar

Mr. Rithesh J Parmar is currently the Assistant Product Manager of Cold 
Milling Technology, Wirtgen India Pvt. Ltd. He has an experience of 8 years as 
Assistant Manager in After Market Customer Support for Equipments mainly used in 
roads and mineral technology specialized in Milling Machines, Asphalt & Concrete 
Pavers & Compactors.

He deals with customer service and involved in training and development field 
for a period of 7 years at Wirtgen Group and currently deals with the Sales and 
Service for Product Development of Cold Milling Technology in Western Regions of 
India.

Department of Civil Engineering, MBCET
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KEYNOTE SPEAKERS

Mr. Arashdeep Singh

Mr. Arashdeep Singh is Deputy Manager with Wirtgen group from August 
2012 till date. He has also worked with Soma Enterprises Ltd. He is experienced in 
Project support for Cold In situ Recycling and Soil stabilization in Roads & Mineral 
Technologies. He is specialized in the Application of Projects of Recyclers and 
Stabilizers.

He is responsible for assisting the VP-Business Development & VP-Sales & 
Service for Product, development of Cold Recycling and Soil stabilization 
Technology in India, addition of new cities and customers for recycling and 
stabilization technology, market development etc.

Department of Civil Engineering, MBCET



ICID 2018 21-23 June, 2018

KEYNOTE SPEAKERS

/
± .

Dr U Saravanan

Dr. Saravanan U is Associate Professor at the Department of Civil 
engineering, IIT Madras. Having obtained his B Tech in Civil Engineering from IIT 
madras, he took his Masters in Mechanical Engineering from Texas A&M University. 
Subsequently, he obtained his Doctoral Degree in Mechanical engineering from Texas 
A&M University.

His area of expertise includes Continuum Mechanics, Constitutive Modelling 
and non-linear analysis. He has co-authored numerous cited journal publications and 
conference articles in the aforementioned topics, and has received several awards and 
scholarships.

Department of Civil Engineering, MBCET
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KEYNOTE SPEAKERS

Dr. Santhosh G Thampy

Dr. Santhosh G Thampy is presently the professor of NIT Calicut. He 
graduated from Calicut University and received his masters in Agriculture 
Engineering from Kerala agricultural university and Hydraulics and water resources 
engineering from IIT madras. He is being honoured doctorate in Environmental 
hydraulics from IISC, Bangalore.

His area of expertise includes Pipe and channel flows, Hydrologic Processes 
and modelling, water quality modelling, water and waste water treatment, Water 
resource systems analysis and management and application of remote sensing and 
GIS in natural resource management. He has worked as Assistant engineer in Kerala 
State Rural Development Board and senior project officer in IIT, Madras.

Department of Civil Engineering, MBCET
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KEYNOTE SPEAKERS

Mr. Shreeganesh V Nair

Mr. Shreeganesh V Nair is a complete building physics expert with 24 years of 
experience in design of buildings, services, Infrastructures, factories and industries. 
He is currently the managing director and Chief Consultant at GTCS and Master 
Trainer in ECBC. He is also a BEE certified energy manager and GRIHA certified 
Trainer and evaluator. He has an experience of 22 years in core construction industry 
and specialized in cost analysis for buildings and MEP services, task analysis with 
planning schedule breakdown and hindrance analysis. He designed rainwater 
harvesting reservoirs in association with DuPont liners. He mainly focused his efforts 
on reducing energy cost in operations and incorporating green building practices.

Department of Civil Engineering, MBCET
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KEYNOTE SPEAKERS

Dr. Gopu R Potty

Dr. Gopu R Potty is currently working as Associate Research Professor of 
Department of Ocean Engineering at the University of Rhode Island. He graduated 
from Kerala University, in 1985 and received his master’s degree from IIT Madaras. 
He completed his PhD in Ocean Engineering from University of Rhode Island, USA.

He is actively involved in field data collection and analysis in the areas of 
underwater acoustics, acoustical oceanography and marine bio acoustics. He has 
conducted numerous research projects in his subject area Physical Oceanography.

Department of Civil Engineering, MBCET
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LIST OF PAPERS ACCEPTED FOR PRESENTATION

STRUCTURAL ENGINEERING

Sl.

No.
Paper ID Title Authors

1 SE 101 Fire Resistance of Steel-Concrete Composite 
Bridge Girders

Anusree Venugopal 
Tom George

2 SE 102 Analysis of Concrete Silo by Using ETabs 
2016 Neeraja R

3 SE 103 Finite Elemental Analysis of Idukky Dam

AsnaYasmin Yassid 
Devika B 
Gayathri D S 
Gayathri G R 
Lekshmi Rajan B S 
Ramya Raveendran

4 SE 104 Seismic Analysis of RCC Buildings 
Considering the Flexibility of Soil

Fathima S 
Jisha S V

5 SE 105
Effect of Containment Reinforcement on the 
Seismic Performance of Un-Reinforced 
Masonry Buildings

Vaidehi S R 
Aiswaria G R 
Jisha S V

6 SE 106
Along and Across Wind Responses of Tall 
Buildings Considering Soil Structure 
Interaction

Aiswaria G R 
Jisha S V

7 SE 107 Eco- Friendly Cement Blocks

Arathy K Chandran
Aiswarya.A
Irfana.S
U Jayanarayanan 
Anjana Krishnan

8 SE 108
Effect of Steel and Polypropylene Fibre on the 
Tension Stiffening of Ultra High Performance 
Concrete

Lijina Thomas 
Jithin J S

9 SE109
Development of Stress Block Parameters of 
Concrete with Metakaolin Admixed Recycled 
Concrete Aggregate

Shin Elizabeth Shaji 
Jithin J S

Department of Civil Engineering, MBCET
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10 SE 110

Study on Properties of Polythene Fibre 
Reinforced Concrete with Partial Replacement 
of Coarse Aggregate as Coconut Shell 
(PFRCSC)

Swathi M S 
Anu A

11 SE 111
Comparative Study on Hysteretic Performance 
of Semithrough Connections in CFT Beam - 
Column Joint

Ajith M S 
Dr. Beena K P 
Dr. S Sheela

12 SE 112
Effect of Swimmer Bars on the Behaviour of 
Exterior Beam Column Joints Under Reverse 
Cyclic Loading

Shahana S 
Tom George

13 SE 115
Experimental and Analytical Study on 
Geopolymer Concrete Beam with Hollow 
Space Below Neutral Axis

Sherin Kurikesu 
Abhirami S

14 SE 116 Thermal Response of Concrete Filled Fibre 
Reinforced Polymer Tube Columns

Sneha S B 
Anjana Krishnan

15 SE 118 Partial Replacement of Fine Aggregate With 
Crumb Rubber

Madhavi G 
Saneeth S 
Anju P Babu

16 SE 119
Strengthening of Self Compacting Concrete 
using Polypropylene and Strips of Steel 
Scrubber

Amritha V R 
Adarsh S Anil 
Anju P Babu

17 SE 120
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Abstract—Bridge fires have become relevant issue in recent years due to rapid development of navigational systems as well as increasing 
transport of hazardous materials. Fire is one of the most dreadful hazards that bridges may be subjected to during their whole lifespan. 
Due to high intensity of fires, significant structural damage, even collapse of bridges occur which lead to large economic loss and traffic 
delay. In this paper, the fire response of a composite bridge girder is evaluated using the FEM computer program ANSYS. Numerical 
simulation results demonstrate that the composite action from steel-girder-concrete-slab interaction significantly elevates the fire 
resistance of a composite bridge girder under fire conditions.

Index Terms—Fire resistance, Shear connectors, Bridge fires, Thermo-structural analysis

INTRODUCTION
Bridge fires caused by crashing of vehicles with different components of bridges and burning of highly flammable gases are 

much more hazardous than building fires and are differentiated by a rapid heating rate and a higher peak temperature which could 
lead to bridge collapse. Bridge failures during a fire can result in the disruption of commerce and services, and most importantly 
the loss of human life.The fire thus produced is highly dangerous as compared to building fires and they spread in different 
directions with rapid heating pace. These high intensity fires can pose a severe peril to structural members and can lead to 
disintegration ofstructural members of a bridge.

The most significant example is the demolition of the I-20/I-59/I-65 interchange in Birmingham, AL, USA on January 5, 
2002.A gasoline tanker overturned and started a fire under the bridge. The main span sagged about 3 meters and the bridge had to 
be replaced. The bridge damage level was estimated to be 4 [3].

Construction of composite steel-concrete composite bridges is a major trend in recent years. Advantageous properties of both 
concrete and structural steelare effectively utilized in a composite bridge.Due to the composite action developed,all loads 
including traffic, surfacing, wind, water, pressure, seismic loads) are shared by the steel/concrete composite.They are endowed 
withhigher strength, ductility, and less dead weight. Nevertheless, steel structural members exhibit lower fire resistance when 
compared to concrete members due to rapid rise in steel temperatures resulting from different thermal properties such as high 
thermalconductivity, low specific heat, and lower sectional mass of steel. Thisultimately leads toreduced loadcarryingcapacity 
under fire conditions.

Fig. 1 Bridge constructed over Zolotoi Rog Bay caught fire, 
Vladivostok
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The steel structure of a bridge isconnectedto the concrete structure of the deck so that the steel and concrete act together, and 
thereby reducing deflections and enhancing stiffness. This is accomplished by ‘shearconnectors' connected to the steel beams and 
then embedded in the concrete.Steel-concrete composite beams are mainly used in bridges and industrial buildings due to 
theirpotential in developing high flexural strength and stiffness. Structural steel sections with no fire insulation, whensubjected to 
fire, are having limited fire resistance dueto the rapid rise of temperature in the member. This rapid rise in temperature is pursued 
by a rapidloss in strength and stiffness. Fire resistance can be significantly increasedwhen steel elements interact with structural 
materialscharacterized by low thermal conductivity such as concrete.Even though bridge fires pose a real threat, thisfield is not 
considered in current design codes.

In current practice, there are no special measures adopted for enhancing structural fire safety of bridge girders. Moreover, 
there is very limited information and research data in the literature on the fire resistance of structural members in bridges.This 
paper presents results from ananalytical study on the fire rating of composite bridgegirders.

OBJECTIVES

The main objective of this project work is:
To study the fire resistance of symmetric steel-concrete composite bridge girder of symmetric when subjected to fire 
To investigates the influence of composite action and stiffeners on the response of girder under fire

MODELLING

A numerical study is carried out using the FEM computersoftware ANSYSto illustrate the response of a steel girder exposed 
to fire.For thermal and structural analyses, two sets of discretization models has been developed. The thermal-analysis results are 
imported to structural model and applied as thermal-body load on it uniformly along the girder span. Thermal and mechanical 
properties of steel and concrete have been incorporated in the analysis.ASTM E119 fire curve is given as fire load. Deflection 
limit state is adopted for defining failure, and the failure is said to occur when the deflection becomes span/20.Both heat- 
convection and radiation loads have been applied at the exposed surface areas of the solid element. Convection coefficient of a  = 
35W/m2 °C is used in the thermal analysis under and this is based on Eurocode 1 [European Committee for Standardization (CEN) 
2002] recommendations. A Stefan-Boltzmann radiation constant of 5.67x10-8 W/m2 °C is applied in the thermal analysis.

Fig.2 Fire loading curve

Fig.3 Fire exposure
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Discretization for Thermo-structural analy sis

The thermal analysis of the steel-concrete girder is carried out using, SOLID70 elements and SURF 152 elements. SOLID70 
has a three-dimensional thermal conduction capability. The element has eight nodes with a single degree of freedom, temperature, 
at each node. The element is applicable to a three-dimensional, steady-state or transient thermal analysis. The element also can 
compensate for mass transport heat flow from a constant velocity field.LINK 33 is used to model the reinforcement.To account 
for the action between the concrete slab and the top flange of the steel girder, bonded contact is considered. SURF152 is used for 
thermal load and surface effect applications. The whole model has been meshed with 50mm size after conducting 
meshconvergence study. For welding simulation bonded contact modelling has been used. Linear analysis is considered in contact 
modelling (bonded contact).

For structural analysis, the bridge girder was modelled with two elements, namely, element SHELL181 and SOLID185. For 
the bottom flange, web, top flange, and stiffeners, SHELL 181 is used and for concrete slab SOLID 185 is used. SHELL181 can 
capture buckling of flange andweb as well as lateral torsional buckling of the member and thereforeis well suited for large- 
rotation, large-strain, and nonlinear problems. SOLID185 has eight nodes with three degrees of freedom, namely, three 
translations in the x, y, and z-directions. This element isused for 3D modelling of solids with or without reinforcement and is 
capable of accounting for cracking of concrete in tension, crushing of concrete in compression, creep, and large strains. To the 
structural model, the output from thermal analysis has been imported as thermal load. Node merging concept has been adopted for 
composite action simulation between concrete deck slab and steel beam. The model is shown in fig 3.

Concrete deck

Bottom Web 
flange

Fig.4Composite bridge girder modelled in ANSYS

Methodology

The thermal properties ofcomponent materials, namely, thermal conductivity, specific heat,and thermal expansion, which vary 
as a function of temperature are given as input to determine the thermal progression among steel beam and concrete slab. 
Reduction factor for modulus of elasticity of steel and concrete at each temperature is also considered. The mechanical properties 
of steel and concrete were also given as input.The thermal and mechanical properties of steel and concrete are adopted from 
Eurocode 2 (CEN 2004) and Eurocode 3(CEN 2005) codes.

Start |

Increment time

Fig.5 Thermo-structural analysis 

The methodology for this work is explained as a flowchart in fig.5.
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Model Validaton

The validation process comprises of comparison of thermal results from the analysis with that obtained from the fire test 
conducted byAziz [1]. The fire analysis experiment is conducted inside a specially designed furnace. The analysis is carried out 
with the mesh discretization of 50mm size and material properties.The assembly is exposed to ASTM E119 fireexposure as in the 
fire test.The geometric and materiel properties of the tested girder are taken from the literature.

Fig.6 shows a comparison of predicted temperatures by the FEM model with those measured in the fire test. It can be seen that 
percentage error is about 3-4% when comparing the FEA and experimental results. This slight difference can be imputed to the 
change in the heat-transfer parameters, such as emissivity and convection coefficientsused in the analysis compared with the 
actual values in the test (furnace).

0 10 20 30 40 50

time (min)

Fig.6 Comparison o f  temperatures in bottom flange as per FEA 
analysis with test data

Case study

To evaluate the response of a typical bridge girder under fire conditions,a simply supported steel bridge girder is selected for 
analysis.The bridge consists of five girders supporting a RC slab 200mmthick. The steel girder is assumed to bein full composite 
action with the slab. The bridge girder is 25.8 m span length. The girders are fabricated from 415 Mpa steel and the concrete used 
in the slab has a compressive strength of 25 MPa.

2.5 m

~tl Concrete slab

t 0.028 m

0.014 m
E
■C-

20 mm thick end
* bearing stiffeners

0.5m

Fig.7 Cross section o f  the girder

E
E

Fig.8 Cross section o f  shear stud
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RESULTS AND DISCUSSIONS

The thermo-structural analysis on the girderis carried out under the loading which consists of dead load plus live load and thermal 
load.The dead loads include self-weight of the girder, self-weight of effective width of concrete slab, and weight of wearing coat 
which is 14.5kN/m. For the live load, a uniformly distributed load of 9.5kN/m representing Class AA wheeled vehicle is 
considered. Symmetriccriteria is considered for analysis.

Fig.9Thermal distribution along cross section

Fig.9 shows the temperature distribution of the steel-concrete composite bridge girder with time. The maximum temperature 
applied is 1047.6°C. It can be seen that maximum temperature occurs within steel due to high thermal conductivity of steel.

Fig.10Effect o f  midspan deflection on thermo-structural loading

From fig.10 it is observed that the fire resistance of the bridge girder is about 18 minutes.It is also observed that mid-span 
vertical deflection increaseslinearly with fire exposure time initially. Withthe increase of temperature, higher rate of midspan 
deflection is observed, which is due to the strength reductionresulting from increased temperatures in the steel girder. The third 
stage includes rapid increase in deflection which ultimately results in spalling of concrete and finally collapsing of the structure. 
This is because of the formation of plastic hinges inthe steel beam and also buckling of the web.
A. Influence o f  composite action

In order to study the effect of composite action on response of girders under fire conditions, girder with partial shear 
connection as well as girder with no composite action is considered.

TABLE I. INFLUENCE OF COM POSITE ACTION

Parameter Fire
resistance(min)

No composite action 17.1

Partial composite action 18

Full composite action 19.8
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Fig. 11 Effect o f composite action on thermo-structural loading

From Fig. 11 it can be seen that maximum fire resistance is for girders with full composite action since it transfers load from fire 
induced steel beam to deck slab and thereby reducing deflection.

B. Influence o f  stiffeners

To investigate the effect of stiffeners on fire resistance, the girder is analyzed considering two cases. First case includes girder 
with midspan and end bearing stiffeners. Second case includes girder with end bearing stiffeners only. The results shown in 
Fig.12 indicate that no fire resistance enhancement is indicated with including the stiffeners.

TABLE II. EFFECT OF STIFFENERS

Parameter Fire
resistance(min)

Unstiffened girder 17.6

Stiffened girder 18

Fig. 12Influence o f  stiffeners on thermo-structural loading

C. Influence o f  web thickness

Varying the thickness of web changes the slenderness ratio and this variation is plotted in Fig.13
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t im e  (min)

0 5 10 15 20 25 30 35

18m m  thick 

threshold

Fig.13Effect o f  web thickness on the response o f  steel bridge girders 

TABLE III. EFFECT OF W EB THICKNESS

Web thickness (mm) Slenderness
ratio

Fire
resistance(min)

12 112 13.5

14 96 18

16 84 22.5

18 75 27.3

CONCLUSIONS 

The following are the conclusions obtained from this study:

• The fire resistance of the girder with composite action is twice the girder with no composite action. Hence composite 
action plays an important role in enhancing fire resistance.

• Presence of stiffeners does not have significant effect in increasing fire resistance

• An increase of 21-33% in fire resistance is observed by increasing the web thickness of the steel beam
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Abstract— The demand for storage structures has increased due 
to increase of population. Hence RCC silos are widely used for 
storage of granular materials as they are an ideal structural 
material for the building of permanent bulk storage facilities for 
dry granular like fillings. Initially concrete storage units are 
economical in design and reasonable in cost. Silos are very 
demanding in cement industries. Concrete can offer the protection 
to the stored materials, requires little maintenance, is aesthetically 
pleasing, and is relatively free of certain structural hazards such 
as buckling or denting. Adequate seismic design of silos is 
especially important in the field of plant engineering since 
structural damage often leads to consequential damage such as 
fires, explosions, and the release of toxic substances into the air 
and soil.
The silo walls are subjected to pressure in terms of vertical 
friction that is engendered by the material that is stored within the 
silo and walls of silo, the properties of material stored are the 
cause for the quantity and distribution of both vertical and 
horizontal pressure over the wall height and additionally it 
depends on the whether the silo is being filled or evacuating case. 
In the present paper it deals with analysis of concrete silo with 
varying wall thickness with empty, partially and fully filled 
conditions and to study the stress concentration at the joints 
where the wall thickness is changed. To find the best suited cross 
section of silo wall thickness for different loads and stresses and to 
compare the cross section of silo walls. Also examines the effect of 
wind and earth quake loads on the concrete silo.

Keywords: Silo, Concrete, Pressure, Wall thickness

INTRODUCTION

In recent years, silos are used by a wide range of industries to 
store bulk solids in quantities ranging from a few tones to 
hundreds or thousands of tones. The term silo includes all 
forms of particulate solids storage structure that might 
otherwise be referred to as a bin, hopper, grain tank or bunker. 
They can be constructed of Steel or Reinforced concrete and 
may discharge by gravity flow or by mechanical means. Steel 
bins range from heavily stiffened flat plate structures to 
efficient unstiffened shell structures. They can be supported on 
columns, load bearing skirts, or they may be hung from floors. 
Flat bottom bins are usually supported directly on foundations. 
Concrete silo is much strange in compression than tension, so

Liji A.
Assistant Professor 

Department o f  Civil Engineering 
Younus College o f  Engineering,Kollam 

e-mail:a_liji@yahoo. co. in

the silo is reinforced with steel hoops encircling the tower and 
compressing the staves into a tight ring. The vertical stacks are 
held together by intermeshing of the ends of the staves by a 
short distance around the perimeter of each layer, and hoops 
which are tightened directly across the edges.
Now a day, many engineers have aim to renovate, reinforced 
concrete silos, they are not only renovated but also 
strengthened. Most of them lost their designed durability life 
with many reasons. The basic reason of this state is carbonation 
of concrete, corrosion of reinforcement, chemical activity on 
objects, loss of concrete cover, number of wider crack width, 
too large deformations and deflections, etc. The walls of the 
silos are typically subjected to both normal pressure and 
vertical frictional shear or traction produced by the material 
stored inside the silo. Other potential loads, including seismic 
and wind loads, stresses created by temperature difference 
between the silo wall and the stored bulk solids, potential 
expansion of the stored material, and differential settlement of 
the foundation or support columns, should also be considered 
during the design process.

The silo walls are subjected to pressure in terms of vertical 
friction that is engendered by the material that is stored within 
the Silo and walls of Silo, the properties of material stored are 
the cause for the quantity and distribution, of both vertical and 
horizontal pressure over the wall height and additionally it 
depends on the whether the silo is being filled or evacuating 
case. The variant of loads that can act are self weight of the 
Silo, wind loads, temperature stress, and seismic loads, 
properties of material to be stored, and differential settlement 
of substratum, and various loads should be considered during 
design.

The design of silos is done generally by two methods:
1. Janssen’s Theory 

The assumption of this theory is that the friction between the 
material stored and walls of silo supports the large portion of 
weight of material store and hopper bottom supports only small 
portion of weight. Hence Rankine’s or coulomb’s theory of 
lateral pressure cannot be directly applied, the walls of silo are 
subjected to direct compression as well as lateral pressure.

2. Airy’s Theory
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This theory uses coulomb’s theory of earth pressure. Due to 
which it is possible to determine the horizontal loads on walls 
per unit length of the periphery and position of plane of 
rupture.

OBJECTIVES

• To find where the maximum load acting along the height 
of concrete silo

• To analyze the concrete silo with varying wall thickness at 
empty, partially and fully filled conditions

• To study the effect of stress concentration at the joints 
where the wall thickness is changed

• To find the best suited cross section of silo wall for 
different loads and stresses

• To compare the cross section of silo wall at empty, 
partially and fully filled conditions

• To study the effects of loads acting on the concrete silo 
and find out the dominant load

III.MODEL DESCRIPTION

A concrete circular silo with 20m height and 6m diameter is 
selected as a model (Fig.1) for the study. Properties of the 
structure selected for the study is given in TABLE 1. Modeling 
and analysis are carried out by using ETABS 2016.

TABLE 1 PROPERTIES OF THE STRUCTURE SELECTED FOR THE 
STUDY

Type of the structure Concrete silo

Height of the structure 20m

Diameter of the structure 6m

Thickness of the structure 200mm

Type of material stored Cement

Density of material stored 16 kN/m3

Coefficient of friction 0.70

Angle of repose 25

Thickness of the Plate 100mm

Zone V

Response reduction factor 3

Importance factor 1

Damping of structure 5%

Grade of concrete M30

Poisson ratio for concrete 0.20

pressure intensity 0.40

ICID 2018 21-23 June. 2018

Fig. 1 Model of concrete silo
Structural loads
Different structural loads that the structure typically must carry 
are
- Dead load
- Live load
- load due to storage material
- wind load
- Seismic load
Forces that act vertically are gravity loads like dead load, live 
load. Forces that act horizontally, such as wind and seismic 
events require lateral load resisting systems to be built into 
structures.

• Earthquake Forces Data: Earthquake load for the 
structure has been calculated as per IS-1893-2002:

✓ Zone (Z) =V 
✓ Response Reduction Factor ( RF ) = 3

✓ Importance Factor ( I ) = 1
✓ Soil condition = Hard 

✓ Zone factor = 0.36
• Wind Forces Data: Wind load for the structure has

been calculated as per IS 875(part-3):
✓ Wind speed =39 m/s
✓ Terrain category = 2
✓ Structure class = B

✓ Risk coefficient (K1 factor)=1
✓ Topography (k3 factor) = 1

Load combinations
Load combinations for the analysis shall be the one that 
produces maximum forces in the members and consequently 
maximum stresses. The effect of wind and earthquake load is 
taken into account. The load combinations are considered for
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the analysis as per IS 1893(part 1)-2002 as shown in TABLE 2, TAr n E 3 MAXIMA  LOADS ON EA_CH LEVEL

Where
DL= Dead Load 
LL= Live Load
PR = Load due to stored material
WIND-X, WIND-Y = Wind load in X & Y direction 
respectively
EQX, EQX = Earthquake load in X & Y direction respectively 

RSX, RSY = Response Spectrum Load in X & Y direction 
respectively

TABLE 2 LOAD COMBINATIONS

LEVEL Maximum
Loads(kN)

1 470.502
2 376.40
3 282.30
4 188.20
5 94.14

Load
Combination

Load Factors

Gravity
Analysis

DL+LL

DL+LL+PR

Wind
Analysis

0.75 (DD+LL+PR+WINDX) 

0.75(DD+LL+PR+WINDY) 

0.675DL+0.75WIND-X 

0.675DL+0.75WIND-Y

Response
Spectrum
Analyis

0.75 (DD+LL+PR+RSX) 

0.75(DD+LL+PR+RSY) 

0.675DL+0.75RSX 

0.675DL+0.75RSY

Effect o f  stress

The stress values of each story of different models are 
compared. In fully filled condition models with 50mm offset 
(Fig.2), 100mm offset (Fig.3) and 150mm offset (Fig.4) are 
compared. Three stepped section with 150mm offset shows the 
least value of stresses with when compared with the plane 
section. In partially filled condition models with 50mm offset 
(Fig.5), 100mm offset (Fig.6) and 150mm offset (Fig.7) are 
compared. Three stepped section with 150mm offset shows the 
least value of stresses with when compared with the plane 
section. In empty filled condition models with 50mm offset 
(Fig.8), 100mm offset (Fig.9) and 150mm offset (Fig. 10) are 
also compared. Three stepped section with 150mm offset 
shows the least value of stresses with when compared with the 
plane section.

IV RESULTS AND DISCUSSION

The results are presented for each of the model considered, for 
the static and dynamic analyses carried out by ETAB 2016 
package. Both wind and earthquakes cause dynamic action on 
Concrete silo. However, in the analysis of silo is subjected to 
maximum pressure at its base, which induces inertia forces in 
the model that in turn cause stresses; this is displacement-type 
loading. Comparison of different performance characteristics 
are made to check the performance of concrete silo with 
different filled conditions. The results are in terms of stresses, 
lateral displacements and forces for different models are 
presented and compared.
Maximum Load

From the TABLE 3 it was observed that the maximum load was 
acting at the bottom section of the concrete silo and minimum 
at the top of the section.
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Fig.2 50mm offset in fully filled condition
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Fig.3 100mm offset in fully filled condition
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Fig.4 150mm offset in fully filled condition
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Fig.5 50mm offset in partially filled condition

Fig.6 100mm offset in partially filled condition
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Fig.8 50mm offset in empty filled condition
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Fig.9 100mm offset in empty filled condition
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Fig. 10 150mm offset in empty filled condition

Lateral displacement
Lateral displacement profiles for different models obtained by 
both wind and seismic effect. In seismic analysis response 
spectrum method are used. From the analysis it is observed that 
that the maximum displacement occurs at the middle portion of 
the structure. Thus the offset of the sections are provided from 
the middle portion of the sections.
Maximum storey displacement curve obtained for plane section 
and 150mm offset at fully filled condition as shown in Fig. 11 
and Fig. 12

Fig.7 150mm offset in partially filled condition
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Fig. 11 Story displacement of plane section at fully filled 
condition

Fig .13 Story displacement of plane section at partially filled 
condition

Fig. 12 Story displacement of 150mm offset at fully filled 
condition

In the case of fully filled condition the maximum displacement 
occurred at third story about 21.15mm. But considering the 
three stepped 150mm offset section the displacement is reduced 
to 4.13mm at the third story. Percentage reduction in the 
displacement is about 78.34%

Maximum storey displacement curve obtained for plane section 
and 150mm offset at partially filled condition as shown in Fig. 
13 and Fig.14.

Fig.14 Story displacement of 150mm offset at 
partially filled condition

In the case of partially filled condition the maximum 
displacement occurred at second story about 18.97mm. But 
considering the three stepped 150mm offset section the 
displacement is reduced to 2.168mm at the second story. 
Percentage reduction in the displacement is about 88.15%.
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Maximum storey displacement curve obtained for plane section 
and 150mm offset at empty condition as shown in Fig. 15 and
Fig. 16. ’

Fig 7.15 Story displacement of plane section at empty filled

Fig 7.16 Story displacement of 150mm offset section at empty 
filled condition

In the case of empty condition the maximum displacement 
occurred at top story about 0.325mm. But considering the three 
stepped 150mm offset section the displacement is reduced to 
0.2mm at the top story. Percentage reduction in the 
displacement is about 43.18%

V CONCLUSION

The aim of project work is mainly based on the study of stress 
concentration at different cross sections with different filled 
conditions. The parameters like maximum loads, stress 
concentration, story displacement etc are analyzed and some of 
the important points are summarized below,

• The effectiveness of stresses due to the different loads 
at different levels was tabulated for Concrete silo.

• The maximum load was acting at the bottom section 
of the silo but the deformations are found to be critical 
at the middle portion of the structure.

• The behaviour of stress and displacement of Concrete 
silo with various thickness and different filled 
conditions were tabulated.

• It is found that in each filled condition the three 
stepped cross section with 150 mm offset was the best 
suited section for different loads and stresses.

• The effect of stress concentration at the joints is 
minimum, when maximum offset is provided.

• The effect of lateral displacement was reduced at each 
story level when maximum offset is provided
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Abstract

Arch dams have the most suitable geometry for efficient load transfer and optimum volume to achieve economy. It 

can also be fitted to nearly every asymmetric valley shape. Idukki dam is the second arch dam built in the world and 

first in Asia. It is constructed across the Periyar river in a narrow gorge. Idukki dam was constructed along with two 

other dams at Cheruthoni & Kulamavu. In this thesis, dynamic analysis of the 50 year old Idukki arch dam was done 

using Finite Element Method (FEM). FEM is a method used for studying complex structures by dividing them into 

finite elements and analyzing for suitable boundary conditions. ABAQUS software was chosen for modelling due to 

its precision and wide material modelling capability. The geometry of the dam was generated using spatial global 

coordinates. Static analysis was done for the dam model. The results obtained from the static analysis were 

compared with the available results from the literature and the model was validated. Further, seismic response of the 

validated model was obtained by nonlinear time history analysis. Two parametric studies were conducted; one by 

varying the peak ground acceleration for maximum water level and other by varying peak ground acceleration for 

different water levels.

Keywords: arch dam, finite element method, ABAQUS software, mesh convergence study, seismic analysis.

1. Introduction

Idukki dam is a double curvature arch dam, which is curved vertically as well as horizontally. The dam is 

constructed across the Periyar River in a narrow gorge between two granite hills locally known as Kuravan and 

Kuravathi in Kerala, India. The arch dam has a height of 169.16 m and situated 732.62 m above MSL. This dam was 

constructed along with two other dams at Cheruthoni and Kulamavu. The stored water is used to produce electricity 

at the Moolamattom Power house, which is located inside nearby rocky caves. Moolamattom hydroelectric power 

station has a capacity of 780 W and it constitutes nearly 30% of Kerala’s power generation. The Government of 

Canada aided in the building of the dam with long term loans and grants. it is one of the highest arch dams in Asia. 

Heavy loss in human life and economy can be affected by the failure of such a massive structure. The concerns 

about seismic safety of concrete dams have been growing during recent years, partly because the population at risk 

in locations downstream of dams continues to expand. This is evident from the up gradation in the seismic zone of 

Kerala from Zone II to Zone III. It is proposed to acquire a well knowledge about structural actions of concrete dams 

and decisive tool to study the dynamic response of a structure.

Department of Civil Engineering, MBCET 15



ICID 2018 21-23 June, 2018

2. Scope of Research and Objectives

Studies on dynamic analysis of massive structures especially dams etc. are relevant. Static analysis of Idukki arch 
dam has been reported in literature. Dynamic behavior of the dam is yet to be studied comprehensively. This thesis 

investigates static and dynamic response of Idukki dam by finite element method using the software ABAQUS.

The specific objectives of the research are the following

1 To develop a model of the Idukki dam using ABAQUS software.

2 To validate the model with the results available in literature.

3. To analyze the stresses and deflections that would occur in the dam for dynamic load.

3. Finite Element Method

Finite Element Method (FEM) is a numerical method for solving problems of engineering and mathematical 

physics. It is also called Finite Element Analysis (FEA). It has developed simultaneously with the increasing use of 

high-speed electronic digital computers and with the growing emphasis on numerical methods for engineering 

analysis. the method can be systematically programmed to accommodate complex and difficult problems such as 

non-homogeneous materials, nonlinear stress-strain behavior, and complicated boundary conditions.

The basis of finite element method is the representation of a body or a structure by an assemblage of subdivision 

called finite elements. These elements are considered inter connected at joints which are called nodes or nodal 

points. Simple functions are chosen to approximate the distribution or variation of the actual displacements over 

each finite element. Such assumed functions are called displacement functions or displacement models. 

Displacement model can be expressed in various simple forms, such as polynomials and trigonometric functions. 

Since polynomials offer ease in mathematical manipulations, they have been employed commonly in finite element 

applications. The equilibrium equations for the entire body are then obtained by combining the equations for the

individual elements. In many types of problems, the desired solution is in terms of the strains or stresses rather than

the displacements, so additional manipulations or calculations may be necessary.

4. Static analysis of Idukki dam

The actual structure consists of horizontal inspection galleries and vertical shafts connecting them. These structures 

were not considered while modelling and analysis. The dam section actually consists of steel reinforcements to 

support the inspection galleries and shafts which was neglected in this study. Since the two ends and the bottom of 

the dam comprises completely of rigid rocks, fixed boundary conditions were assumed.

Thus the dam was modelled by inputting the global coordinates of 80 points obtained from Abraham 

(2007).Individual coordinates were connected using wire edge. The edges of this wire frame were individually 

selected and covered to form shell model. Then the whole structure was selected and converted into a solid. The 

solid model consist of 28 cells, 123 solid faces, 175 edges and 81 vertices.
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The material properties obtained from Menon et al. (2014) [1], were assigned to the solid dam model. The details 
about the material properties are given in table 1 .

Table 1- Material Properties 

(Source: Menon et al., 2014)

PROPERTY VALUE UNIT

MODULUS OF ELASTICITY 2 .1x 1010 N/m2

DENSITY 2400 kg/m3

COEFFICIENT OF THERMAL EXPANSION 1 .2x 10-5 /K
POISSON’S RATIO 0.17 -

COMPRESSIVE STRENGTH 26.5 MPa

The solid model was discretized into finite elements. The element used for meshing was C3D8R (Continuum, 3 -D, 

8-node, Reduced integration). C3D8R element is a general purpose linear brick element with reduced integration. 

The dam model was analyzed for a combination of dead load and maximum water load. Optimum mesh size is to be 

found for computational efficiency. The obtained maximum displacement for various discretization at node 75. And 

optimum mesh size obtained is 4m is shown in figure 3.

4.1 Static Behavior of Idukki Dam

The loads considered for the static analysis were concrete dead weight, maximum flood level, full silt level and 

minimum concrete temperature. The details of the loads applied are given in Table 2.The boundary surfaces 

were defined as fixed.

Table 2- Load Combination 

(Source: Menon et al., 2014)

PARAMETER VALUE UNIT

DEAD LOAD OF CONCRETE 24 kN/m3

DEAD LOAD OF WATER 10 kN/m3

SILT LOAD 11.86 kN/m3

MAXIMUM WATER LEVEL 156.5 m

MAXIMUM SILT LEVEL 72.9 m

MINIMUM TEMPERATURE 21 0C
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The result obtained for the static analysis of the dam model is shown in Figure 1.

Figure 1 - Maximum Displacement in Static Analysis

The maximum displacement obtained was 2.782 cm. In Menon et al. (2014) [1], the maximum displacement obtained for 

the same load combination is 2.689 cm. Suresh (1996) [4] gives the maximum displacement values obtained by Trial Load 

Analysis, Finite Element Analysis and Model Test as 2.87 cm, 4.06 cm and 4.83 cm respectively. The obtained maximum 

displacement was comparable with the available results. Hence the dam model was validated.

The maximum displacement was occurred in a node situated at the middle-crest portion of the dam model. The 

portions of the dam adjacent to the boundaries were having almost negligible values for displacement. This may be 

due to the fixed boundary conditions on the two sides and bottom of the dam.

5. Seismic Analysis of Dam

The concerns about seismic safety of concrete dams have been growing during recent years, partly because the population 

at risk in locations downstream of dams continues to expand. This is evident from the up gradation in the seismic zone of 

Kerala from Zone II to Zone III. Dynamic analysis can be broadly divided into two -  Linear Analysis and Non-linear 

Analysis. Response spectrum analysis is a linear dynamic statistical analysis method which measures the contribution 

from each natural mode of vibration to indicate the likely maximum seismic response of an essentially elastic structure. 

Time history analysis is a non-linear method of seismic analysis for the simulation of an earthquake motion. In a non

linear time history analysis time-acceleration data is given as an input function and then performance of the arch dam is 

evaluated with displacement and stress results.To perform the analysis, a representative earthquake
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time history is required and time history data of El Centro earthquake occurred in California in1940 was chosen. . It 

had a moment magnitude of 6.9. In this seismic study, the time acceleration data in North -  South direction was 

considered, which is shown in Graph 1.

ACCELEROGRAM
0.4 

0.2

I  0 
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-0.4

3 ,

Time (s)

Graph 1-Accelerogram of El Centro Earthquake 

(Source: www.vibrationdata.com)

5.1 Seismic Behavior of Idukki Dam

For dynamic analysis, two steps were created in the software -  Static step and Dynamic step. In the static step, fixed 

boundary condition and the loads were created. In dynamic step, two boundary conditions were created. First one 

was for controlling the displacement, in which the displacement in X and Z directions were restrained. The second 

one was for controlling the acceleration. The time -  acceleration data was defined in this boundary condition with 

the time data squeezed up by a factor of 10 to increase the response of the structure. The fixed boundary condition 

was deactivated in the dynamic step and the loads were propagated from the static step. The results obtained are 

shown in Figure 2 and Figure 3.

Figure 2- Maximum Displacement
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Figure 3 -  Maximum stress

A maximum displacement of 3.477 cm was obtained at the crest level in node 1077. A maximum stress value of 
7.672 MPa was obtained at the bottom portion of right abutment in node 1496.

A set of 24 nodes along the height of the dam, were selected for studying the variation of displacement from bottom 
to crest level under the seismic load. And the variation obtained is shown in Graph 2.

0 2 4
-2  MAXIMUM DISPLACEMENT

(cm)
Graph 2 -  vertical profile of displacement
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It is clear from the graph that the displacement reaches its maximum at the crest level. Displacement increases with
increasing distance from the boundary.

6. Parametric Study
6.1 Effect of Peak Ground Acceleration

The Peak Ground Acceleration (PGA) of the El Centro earthquake used for the non- linear time history analysis was 

0.31882g. The variation of maximum displacement and maximum stress was studied by increasing value of PGA 

from 0.1g to 1g. The graphs shown below shows the results obtained. Maximum displacement is increasing linearly 

with increasing PGA. The accelerogram of 0.1g PGA is derived from real accelerogram of El Centro earthquake 

using a scale factor of 0.1/0.31882.

in s

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
ACCELERATION  (G) ACCELERATION (g)

Graph 3 -  PGA v/s Maximum Displacement Graph 4 -  PGA v/s Maximum stress

From the Graph 4, it is clear that the maximum stress value exceeds the permissible direct stress when PGA reaches 

0.5g. The original design of the dam accounts for earthquakes with PGA up to 0.2g. According to the revised 

seismic zone of Kerala, the Zone Factor is 0 .16g. The results obtained conform to the design criteria of the dam and 

also show that the dam can withstand earthquakes with PGA up to nearly 0.5g.

6.2 Effect of W ater Level

The variation in maximum stress value under different water levels for peak ground accelerations of 0.2g, 0.3g and 
0.4g were studied. The water level at 8m intervals was used. The figure below shows the result obtained.
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WATER LEVEL (m)

Graph 5- Water Level v/s Maximum Stress
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It can be seen that the maximum stress in the dam increases almost linearly with increase in water level. Also, it increases 
with PGA for a particular water level. Hence, it can be concluded that the dam condition is critical under specific ground 

acceleration when the water in the reservoir is at the maximum water level.

7. Conclusion

A solid model of Idukki arch dam was developed in ABAQUS software by inputting the global special coordinates of the 

dam. A static analysis of the dam with a load combination of dead load, maximum water load and maximum silt load, 

resulted in a value of deflection comparable with the results in Suresh (1996) and Menon et al. (2014). Thus the dam model 

was validated. Subsequently, a non-linear time history analysis of the dam was conducted using a representative 

accelerogram of El Centro earthquake. The maximum deflection of 3.477 cm was found to occur at the crown portion on 

the downstream side. A maximum stress of 7.672 MPa was obtained at the bottom of right abutment. From the vertical 

profile of displacement obtained, it was seen that the deflection is more at the central crest level which may be due to its 

increased distance from the boundary. From the parametric studies it can be concluded that the critical condition of failure 

of dam is reached when reservoir water level is maximum and earthquakes with PGA is 0.5g or more occurs.

8. Scope for Future Work

Keeping in view the limitations of time and its scope of present investigation, only a part of the area is investigated. It is 
necessary to investigate the possible further research work in this area which is detailed below.

(i) The effect of galleries, vertical shafts and the steel reinforcements to support them.

(ii) Influence of weather conditions.

(iii) The effect of waves in the reservoir.

(iv) Incorporation of actual support conditions.
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Abstract. Detailed investigations on the behaviour of buildings considering Soil Structure Interaction (SSI) can be 
obtained by conducting nonlinear finite element analysis. Three dimensional reinforced concrete buildings with aspect 
ratios varying from 1 to 3 considering SSI are studied in this paper. The plan area of the building is kept same for all the 
buildings and the heights of the buildings varied based on the aspect ratios. To study the effect of underlying soil 
medium, different geotechnical properties are selected. Time history analyses are conducted for the integrated structure- 
soil system assuming the nonlinear behaviour of soil medium. Drucker Prager model is selected for the three dimensional 
soil medium. The analysis was carried out using finite element method on the basis of direct method of SSI. The 
responses such as maximum lateral deflection, base shear and base moments are investigated. It is found that, the 
variation of deflection on building with aspect ratio 1.0 supported on soft soil strata compared to fixed base is 
approximately 80%. The variation is reducing to 50% and less than 20% for buildings with aspect ratio 2.0 and 3.0.
Keywords: Soil Structure Interaction, nonlinear, Drucker Prager, time history analysis, finite element analysis.

1. Introduction

More high-rise concrete buildings are built over the years especially in the high seismic areas. The buildings in a 
seismically active zone are generally expected to go through many small, some moderate, few large, and possibly one very 
severe earthquake. It is uneconomical or impractical to design buildings to resist the forces resulting from large or severe 
earthquakes. In severe earthquakes, most buildings are designed to experience yielding in at least some of their members. 
Properly designed and detailed buildings can limit the damage upto energy-absorption capacity of yielding. These can 
survive earthquake forces substantially greater than the design forces associated with an allowable stress in the elastic 
range. Soil Structure Interaction (SSI) is one of the significant topics in the field of earthquake engineering, in recent 
decades. In the conventional design, superstructure and substructure are analysed separately considering fixed base for the 
super structure. Conventionally, the ground motions are given directly to an analysis of the structure based on codal 
provisions without any consideration of interaction with supporting soil strata and the foundation is designed separately. In 
most of the cases, ignoring SSI is conservative. However, it is important to consider SSI effects to reduce risk when 
buildings with a deep basement or pile foundation system are dependent on the foundation reaction with the soil. It is 
difficult to determine the effective ground excitation and the structural inertia forces in the case of pile foundations. SSI 
analysis is also performed to work out the construction cost savings by reducing the conservatism in the conventional 
approach. This is useful on sites with relatively soft soils where the flexibility of the soil-foundation system significantly 
elongates the effective natural periods of the structure and increases the damping, leading to reduced earthquake design 
forces [1]. Observations in different parts of the world provided direct evidence of the significance of nonlinear site effects. 
Nonlinearity under strong ground shaking depends on the physical properties of soil strata. It may be considerable for soft 
clays and sands, but negligible for stiffer materials. Considering all these facts, in spite of the huge uncertainties in the 
earthquake motions, its effect on buildings considering the nonlinearities of soil strata will give the most reliable results 
while evaluating the dynamic response of a realistic structure.

SSI

The phenomenon of SSI is mainly affected by energy exchange mechanism between soil and structure. SSI analysis 
has become a prominent feature of structural engineering with the advent of massive constructions on soft soil strata. If the
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structure is very massive or stiff and the foundation is relatively soft, the motion at the base of the structure may be 
significantly different than the free-field surface motion. Suyehiro (1932) introduced the theory of SSI and described the 
responses of various buildings on soft clay and hard rock. In 1970s, many researchers put effort into estimating the SSI 
effect on elastic response of structures. After 1994 Niigata earthquake (M 7.5), it was evident that damage to the structure 
not only depend on the behaviour of super-structure, but also on the sub-soil below it. Since then, many researchers have 
studied the behaviour of the soil subjected to the dynamic loading. Also, investigations had been performed experimentally, 
analytically, numerically and by field observations. Numerous studies starting from origin of SSI have been carried out to 
investigate the dynamic effects of buildings due to earthquake forces considering soil-flexibility. A seismic design 
procedure for the structures with embedded foundations is studied by Kashima et al. (1988). It can take into account the soil 
flexibility and the effect of spatial variability of ground motions with the help of a numerical example. A shaking table 
model test results of dynamic interaction between two identical foundations conducted by Shohara et al. (1992) proved that 
the SSI effect was found to be relatively small in terms of foundation displacement and acceleration but more significant in 
terms of soil pressure. Halabian and Naggar (2002) established that the non-linearity of soil strata might vary the base 
forces of high rise slender structures depending on the type of structure, frequency content of the input motion and the 
dynamic properties of the near-field soil strata. RCC structures in the places with weak soil have to be founded on piles to 
avoid excessive ground settlements. These piles may be subjected to dynamic forces in addition to static loads transferred 
from the dead load of the structures. Past earthquake events demonstrate that damages in piles are commonly induced 
during moderate to strong earthquakes [6]. The degree of influence of SSI on response of structures depends on the 
stiffness of soil and dynamic characteristics of structure such as natural period, damping factor, stiffness and mass of 
structure. There are two different approaches for interaction effects namely direct and indirect approach. In the direct 
approach, structure is modelled explicitly with the soil strata and a complete solution is obtained in a single analysis. In the 
substructure method, the soil-structure system is analysed separately as two substructures; a structure which may include a 
portion of non-linear soil strata and the unbounded soil. If the structural foundations were perfectly rigid, the solution 
arrived by substructure approach and direct-method will be identical. Both approach gives correct result, however second 
approach is easy to implement and therefore often specified in the most of design codes.

It is well established in geotechnical engineering that response of soil strata is nonlinear beyond a certain level of 
deformation. The soil system nonlinearity under strong ground shaking depends on the physical properties of soils. Many 
constitutive models are available to simulate the nonlinear soil behaviour in the finite element modelling. Drucker-Prager 
model is a simplified Mohr-Coulomb model. Drucker-Prager model had been widely used in geotechnical engineering to 
predict failure strength. It is a pressure-dependent model for determining whether a material has failed or undergone plastic 
yielding [7]. This study quantifies the effects of SSI using an integrated three dimensional (3D) soil-structure systems 
considering nonlinear soil behaviour.

2. Methodology

RCC buildings with aspect ratios 1.0, 2.0 and 3.0 considering nonlinear behaviour of soil strata are selected for the study. 
Finite element models of RCC buildings supported by piled raft foundations resting on 3 different soil strata are developed. 
Time history analyses were conducted on all these buildings with and without considering SSI and the responses obtained 
from the analyses are compared.

Idealisation of Buildings

RCC buildings with number of storeys 10, 20, and 30 with a typical storey height of 3.0 metres are selected. Preliminary 
analysis is done to fix the sizes of structural elements for superstructure and piled raft foundations. The building names 
are designated as BL1, BL2, and BL3 for the different storey heights, respectively. The plan dimensions of the buildings 
are kept same, as shown in Fig. 1. Geometric parameters of buildings are tabulated in Table 1.
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Table 1 Geometric parameters of buildings

Building
designation

Aspect
ratio

Nos. of 
Storeys

Height of 
building (m)

BL1 1.0 10 30

BL2 2.0 20 60

BL3 3.0 30 90

M25 grade concrete of density 25 kN/m3 and poisson’s ratio of 0.15 and Fe 415 grade reinforcement with density of 78.50 
kN/m3 and poisson’s ratio of 0.3 were selected as the materials for building.

Fig.1. Typical plan of building

The static loads are considered based on IS 875 (Part 1 & 2)[8,9]. The dead load includes self weight of the building 
components & average live loads on each story are taken as 2.0 kN/m2, and additional dead loads of 2.0 kN/m2 is 
considered for the finishes and light weight partitions. The foundation system is assumed as piled raft foundations for all 
the buildings. Based on the preliminary study, the typical dimensions of beam in the building are taken as 0.3 x 0.5 m. The 
column dimensions taken are as shown in Table 2.

Table 2 Sizes of columns

Building
designation

Column size 
(mm x mm)

Nos. of 
storeys

BL1 400 x 400 1-10

BL2 600 x 600 1-10
400 x 400 11-20

BL3 800 x 800 1-10
600 x 600 11-20
400 x 400 21-30
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Characteristics of piled raft foundations

The plan area of Raft foundation is taken as 35x35 m for all the buildings. Bored cast in situ Piles of length 30.0 m with 
diameter varying from 800 mm to 1000 mm is taken and the number of pile foundations required for each building is found 
out based on the preliminary design. Capacity of piles are designed based on the soil criteria in conformance with IS 2911 
(Part 1/Sec 2) 2010 [10]. Thickness of raft, number and diameter of piles are taken as shown in the Table 3.

Table 3 Geometric parameters of piled raft foundations
Building

designation
Raft

thickness
(mm)

Details of pile foundations 

Nos. Dia. of pile (mm)

BL1 800 49 800

BL2 1200 49 1000

BL3 1200 85 1000

Fig.2. Plan of piled raft foundation of building-BL1

Geotechnical Characteristics

It is important to properly consider the geometric and material properties of both the buildings and the soil strata. A 
depth of 30m homogenous soil stratum with Soft (S), Medium (M) and Hard (H) clayey sand (c-9) was considered in the 
analysis. Bedrock was assumed at a depth of 30m below the soil stratum. The dimension of the soil stratum was taken as 
four times the external dimension of the raft [11]. The properties of the soil strata are defined by its mass density, shear 
wave velocity, modulus of elasticity, poisson’s ratio and angle of internal friction [12,13] as shown in Table 4. Drucker- 
Prager model is used to define the non-linear soil model. The base of soil strata is assumed as fixed.

Table 4 Properties of soil types

Soil

type

Shear Wave 
Velocity

(m/s)

Poisson’s
Ratio,

Density,

Y
(kN/m3)

Elastic
modulus,

E

(kN/m2)

Angle of 
friction,

0

(o)

Cohesion,

C
(kN/m2)

S 125 0.20 16 50000 30 50

M 150 0.25 18 100000 34 100

H 200 0.30 20 250000 38 200
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3D integrated soil -  structure system

Finite element meshing and analyses of 3D integrated soil-structure system were carried out by using the finite element 
software. In the 3D system, two noded beam element with six degrees of freedom is used to model the beam, column and 
pile elements. Degrees of freedom include translations in the x, y, and z directions and rotations about the x, y, and z 
directions. Shell element is used to model the slab and raft elements. It is a four-node element with six degrees of freedom 
at each node: translations in the x, y, and z directions, and rotations about the x, y, and z-axes [14]. The nonlinear soil 
stratum is modelled using solid elements having eight nodes and three translational degrees of freedom at each node. Three 
dimensional finite element model of the building is generated in the finite element programme. Fig. 3 shows the finite 
element meshing of Building BL3.

Fig.3. Finite element meshing of (A) Integrated building-piled raft-soil system 
(B) Piled raft foundation (C) Single pile

In the finite element analysis, the boundary of infinite soil medium needs to be restricted to a finite distance. The non
reflecting boundaries were kept at the soil boundaries to prevent the reflection of waves propagated from the soil at the soil 
finite boundary. In this analysis, the lateral boundaries are assumed to provide a non reflecting boundary (special artificial 
or transmitting boundaries also known as viscous boundaries -  Fig. 4) to accommodate a seismic excitation that is assumed 
to be vertically propagating [12] from the base of the model. The ground motions are applied at special boundaries at the 
base and sides of the model, and the kinematic interaction is modeled directly. The medium beneath the lower boundary of 
the model is modelled as grounded linear viscous dampers, to which the desired ‘bedrock’ ground motions are induced via 
applied force history. This is done to prevent spurious stress wave reflection at the lower boundary.

Fig.4. Viscous boundaries in three dimensional finite element SSI model [12]
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3. Time History Analysis

Time history analysis of three dimensional integrated SSI system was done considering Elcentro ground motion based on 
longitudinal component of Imperial Valley earthquake (1940) [15]. The peak ground acceleration of Elcentro was 0.319g 
and its magnitude was 7.0. Acceleration time history and associated fourier spectrum of this ground motion are shown in 
Fig. 5. The time history acceleration was applied in the global X direction of the integrated building-foundation-soil model. 
Fourier spectrum is used to study the influence of frequency content of the ground motion. Rayleigh damping was taken 
into consideration in the seismic analyses. 5% of critical damping was assumed as structural damping. The horizontal 
loading due to wind and other causes were neglected.

Fig.5 (A) Time history and (B) Fourier spectrum of Elcentro ground motion [15]

4. Results and Discussion

The change in frequencies of buildings with reference to buildings with flexible foundation and the effect of frequency 
content in the ground motion were studied. Three different soil conditions were taken for analysis of buildings with flexible 
base. The absolute maximum responses namely lateral tip deflection, base shear and base moments corresponding to fixed 
base buildings were evaluated. The variation of these responses of buildings with flexible base from that of buildings with 
fixed base was computed.

4.1 Effects of free vibration analysis

Fundamental natural frequency obtained from buildings with fixed base is higher than that obtained from SSI analysis. 
Variation of fundamental frequency of building with flexible base from that of building with fixed base is more for 
building- BL1 resting on soil type S and the maximum variation is about 40%. Variation is less than 25% and 15% 
respectively for buildings- BL2, and BL3 rests on soil type S. Fig.6 shows the normalized natural frequencies (ratio of 
frequency of building with flexible base to that with fixed base) of the buildings. The frequency variation is only 10% for 
buildings- BL2 and BL3 supported on hard soil strata.

f --------------------------------------------------------------------- N

I  *  H

Aspect ratio of buildings 
V_____________________________________________ )

Fig.6. Normalised natural frequency of buildings with different aspect ratios

Department of Civil Engineering, MBCET 30



ICID 2018 21-23 June, 2018

4.2 Effects of time history analysis

Responses of buildings namely lateral tip deflection, inter-storey drift, base shear & base moments were studied.
4.2.1 Variation o f  tip deflection
Variation in tip deflection of building with flexible base from that with fixed base is high for buildings with aspect ratio 1.0. 
Fig.7 shows the time history plot of lateral tip deflection of building-BLl.

Fig-7. Time history plot of lateral tip deflection of building- BL1

It is seen that the variation is approximately two times for building with aspect ratio 1.0. There is a sudden increase in the 
deflection of building with aspect ratio 3.0 supported on hard soil strata due to resonance effect. The percentage variation 
of deflection is 80% for BL1 supported on soft soil strata. The variation reduced to 40% and less than 20% for the same 
building supported on medium and hard strata respectively.

4.2.2 Variation o f  Base shear and Base moment
Variation in base shear and base moment of buildings considering flexible base with respect to fixed base is high for all 

buildings. Base shear and base moment got reduced by 85% approximately for all buildings. Variation corresponding to 
increase in stiffness of supporting soil stratum is approximately 2 times. Table 3 and 4 show the percentage variation in 
base shear and base moment of buildings with fixed base compared to flexible base.

Table 3 Percentage variation of base shear of buildings due to ground motions

Base shear Percentage variation o f  
Building (fixed base) base shear o f  buildings 
designation (kN)________S_______ M_______ H _

BLl 39903.54 -93.8 -89.3 -80.9

BL2 57796.32 -79.2 -66.0 -39.5

BL3 68470.35 -79.4 -73.2 -55.5

Table 4 Percentage variation of base moment of buildings due to ground motions

Base m om ent Percentage variation o f 
Building (fixed base) base m om ent o f  buildings
designation (kNm) S M H

B Ll 55911.52 -93.6 -89.0 -80.4

BL2 67634.52 -75.9 -60.6 -30.0

BL3 75439.90 -77.2 -72.7 -56.1

5. Conclusions

The analysis buildings with 30m, 60m and 90m with piled raft were from SSI analysis based on finite element analysis 
and compared that with conventional analysis. The properties of the soil types were varied to study the effect of SSI. The 
effect of frequency content of ground motion was also investigated. The responses in terms of tip deflection, base shear
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and base moment were considered for study. The absolute maximum responses obtained from conventional analysis are 
compared with that obtained from SSI analysis. The following conclusions are derived from the present study:

1. Frequency variation is 40% for building with aspect ratio 1.0 resting on soft soil.
2. The effect of SSI is to be considered for the response of tip deflection of short buildings with aspect

ratio one. Such buildings, the maximum deflections are increased by 2 times when the flexibility of 
soil stratum is accounted for.

3. The inter-storey drift is more in the lower half of the height of buildings with fixed base.
4. The effect of SSI is less significant in the study of base moment and base shear as it is found to be

conservative.
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Abstract.Un-Reinforced Masonry (URM) construction is the most common type ofconstruction in rural as well as urban 
areas due to its lower cost and ease of construction.However, these are weak in resisting lateral loads. The main objective 
of this study was toinvestigate the effectiveness of vertical containment reinforcement in mitigating seismicvulnerability 
of URM buildings using finite element method. URM building ofdimensions 6*3*3m with openings in the buildings 
have been considered.All thewalls were assumed to be fixed at their bases along their length. 12mm diameter steel bars 
were used as vertical containment reinforcement and it was laid on the surface of thewalls on both the faces at a spacing 
of 1m. In this study, time history analysis of the building was carried out forBhujground motion. The responses such as 
baseshear and storey deflection of URM buildings were evaluated. Thestudy was concluded that on providing the vertical 
containment reinforcement along with roofslab and lintel band, the deflection gets reduced by 96 % from that of the 
building without roof slab, lintel band and reinforcement.

Keywords: Laterite masonry, Containment reinforcement, Time history analysis

1. Introduction

Masonryis generally a highly durable form of construction throughout the world. The common materials of masonry 
construction are brick, limestone, laterite stone, concrete block etc. Among them laterite is the most favoured masonry 
material in south-west coastal areas of India due to its availability in abundance. Un-Reinforced Masonry (URM) 
construction is the most common type of construction in rural as well as urban areas due to its lower cost, ease of 
constructionand good aesthetics.

When such a masonry structure is subjected to lateral inertial loads during an earthquake, the walls develop shear and 
flexural stresses. A masonry wall can also undergo in-plane shear stresses if the lateral forces are in the plane of the wall. 
Shear failure in the form of diagonal cracks is observed due to this. However, catastrophic collapses takes place when the 
wall experiences out-of-plane flexure. This can bring down a roof and cause more damage. Fig1 shows typical failure of an 
URM building during 2010 Haiti earthquake [1]. Masonry buildings with light roof such as tiled roof is more susceptible to 
out-of-plane vibrations, since the top edge can undergo large deformations due to lack of lateral restraint. Damage to 
masonry buildings in earthquakes may be influenced by four general categories namely quality of materials and 
construction, connections between structural elements, structural layout and soil structure interaction.

Fig.1 .Failure of an URM building during 2010 Haiti earthquake[1]
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2. Background of study

N u m e r o u s  e x p e r im e n ta l  i n v e s t ig a t io n s  w e r e  c a r r ie d  o u t  o n  U R M  w a l l s  w h ic h  s h o w s  th e s e i s m ic  b e h a v i o u r  o f  b r i c k  m a s o n r y  
w a l l s  [ 2 ,3 ] .  W h i le  c o n s id e r in g  th e  in f lu e n c e  o f  f l a n g e s  o n  th e  in - p la n e  b e h a v i o u r  o f  U R M  w a l l s  i t  i s  o b s e r v e d  t h a t  f o r  a  
d i a g o n a l  t e n s io n - c o n t r o l l e d  w a l l ,  o n c e  a  s t a i r  s t e p p e d  c r a c k  i s  o p e n e d  u p ,  s l i d in g  c a n  b e  e x p e c te d  to  o c c u r  a lo n g  th e  b e d  
j o i n t s  a n d  d e f o r m a t io n  c a n  b e  e x p e c t e d  [4 ]. T h e  s e is m ic  p e r f o r m a n c e  o f  U R M  w i t h  d i f f e r e n t  t y p e s  o f  f a i l u r e s  s u c h  a s  l a c k  
o f  a n c h o r a g e  b e tw e e n f lo o r  a n d  w a l ls ,  a n c h o r  f a i lu r e  w h e n  j o i s t s  a r e  a n c h o r e d  to  w a l l s ,  i n - p la n e  f a i lu r e  [5 ], o u t - o f - p la n e  
f a i lu r e ,  a  c o m b in e d  in - p la n e  a n d  o u t  o f  p la n e  e f f e c t s s h o w e d  th a t  i n - p la n e f a i lu r e  m a y  n o t  l e a d  to  c o l l a p s e  s in c e  th e  lo a d  
c a r r y in g  c a p a c i ty  o f  a  w a l l  i s  n o t  c o m p le te ly  l o s t  b y  d i a g o n a l  c r a c k in g ,  w h e r e a s ,  o u t - o f - p l a n e  f a i lu r e  l e a d s  to  u n s t a b le a n d  
e x p lo s iv e  c o l l a p s e  [6 ].

I n  c o n ta in m e n t  r e in f o r c e m e n t ,  v e r t i c a l  r e in f o r c e m e n t  is  w r a p p e d  a r o u n d  th e m a s o n r y  u n i t  a t  th e  f o u n d a t io n  a n d  t i e d  a t  th e  
t o p  i n  l in te l  b a n d .  S u c h  v e r t i c a l r e in f o r c e m e n t  i s  to  b e  p r o v id e d  a t  a n  a p p r o p r i a t e  s p a c in g  a lo n g  th e  l e n g th  o f  th e  w a l l .T h e  
r e in f o r c e m e n t s  o n  th e  tw o  f a c e s  a r e  t i e d  t o g e th e r  t h r o u g h  l in k s  o r  t i e s  p r o v id e d  a t a  d e f in i te  v e r t i c a l  s p a c in g .  F i g  2  d i s p la y s  
m a s o n r y  w i t h  c o n ta in m e n t  r e in f o r c e m e n ta n d  l in k s  c o n n e c t in g  t h e m  th r o u g h  b e d  j o in t s .  A s  th e  m a s o n r y  w a l l  b e n d s ,  o n e  
f a c e  o f m a s o n r y  w o u ld  b e  s u b je c t e d  to  t e n s io n  a n d  th e  r e in f o r c e m e n t  o n  t h a t  s id e  w o u ld  b e n d to  i t s  p r o f i l e  w h i le  th e  
r e in f o r c e m e n t  o n  th e  c o m p r e s s io n  s id e  w o u ld  t e n d  to  b e c o m e s la c k  a n d  th e  r e v e r s e  h a p p e n s  a s  th e  w a l l  b e n d s  th e  o th e r  w a y . 
H e r e  th e  r e in f o r c e m e n t i s  i n t e n d e d  to  p r e v e n t  th e  g r o w th  o f  f l e x u r a l  t e n s i l e  c r a c k s  t h a t  l e a d  to  f a i lu r e .  T h e c o n ta in m e n t  
r e in f o r c e m e n t  w i l l  p r e v e n t  b r i t t l e  f a i lu r e  d u e  to  t e n s io n  c r a c k s  a n d  p e r m i t l a r g e r  d e f le c t io n s  a n d  h e n c e  a  m u c h  h ig h e r  
a b s o r p t io n  o f  e n e r g y  w i th o u t  a  s u b s ta n t i a l  in c r e a s e  i n  s t r e n g th .

Fig. 2. Masonry with containment reinforcement and links [7]

T h e b e h a v io u r  o f  b r i c k  m a s o n r y  s t r u c tu r e s  d u r in g  th e B h u j  e a r th q u a k e  o f  J a n u a r y  2 0 0 1 r e p o r t e d  t h a t  h ig h e r  b o n d  
s t r e n g th im p r o v e s  th e  e a r th q u a k e  r e s i s t a n c e  o f  m a s o n ry ,  u s e  o f  l in te l  b a n d ,  s e e m s  to  in t r o d u c e a  r ig id  b o x - l ik e  b e h a v i o u r  in  
th e  u p p e r  p o r t io n  o f  th e  b u i ld in g s  w h i le  th e  p o r t io n s b e lo w  th e  l in te l  b a n d s  c r a c k e d  b a d ly  s u g g e s t in g  th e  n e e d  f o r  m o re  
h o r iz o n ta l  b a n d s  a td i f f e r e n t  l e v e l s  a n d  p r o v i s i o n  o f  c o r n e r  r e in f o r c e m e n t  i n  c o r n e r s  a n d  j u n c t io n s ,  a s s u g g e s t e d  b y  IS  4 3 2 6 
1 9 9 3 , h a s  to  b e  p r o p e r ly  b o n d e d  w i t h  t h e  s u r r o u n d in g  m a s o n r y p o s s ib ly  w i t h  d o w e ls  o r  k e y s  to  p r e v e n t  s e p a r a t io n  
[ 8 ] .C o n ta in m e n t  r e in f o r c e m e n t  i s  in t e n d e d  to c o n t r o l  p o s t - c r a c k i n g  d e f le c t io n s ,  s t r e s s e s  a n d  im p a r t  f l e x u r a l  d u c t i l i ty  to  
m a s o n r y  b u i ld in g s  [9 ]. F r o m s h o c k  ta b le  t e s t  r e s u l t s  o n  1 /6 th  o f  th e  b u i ld in g s ,  i t  i s  o b s e r v e d  t h a t  r e s e r v e  e n e r g y  c a p a c i ty  o f  
t h e m a s o n r y  b u i l d i n g  i s  v a s t ly  e n h a n c e d  d u e  to  th e  p r e s e n c e  o f  d u c t i l e  c o n ta in m e n t r e in f o r c e m e n t  [ 1 0 ] . I n  s o m e  s tu d ie s ,  th e  
s e is m ic  s t r e n g th e n in g  o f  U R M  e le m e n ts  s u c h  a s  w a l l s  w i th  g la s s  f ib r e  r e in f o r c e d  p o ly m e r s  [1 1 ]  a n d  p i e r s  w i th  
s t e e le le m e n ts [ 1 2 ]  w e r e  c a r r ie d  o u t .  T h e s t r e n g th e n in g  s y s t e m  s h o w e d  s ig n i f i c a n t  im p r o v e m e n t  i n  s t i f f n e s s  a n d  d u c t i l i ty .

C o n s id e r a t io n  o f  d u c t i l i ty  f o r  e a r th q u a k e  r e s i s t a n t  d e s ig n  i s  im p o r t a n t  f o r  b u i ld in g s ,  s t r u c tu r e s  a n d  b u i l d i n g  m a te r ia ls .  
W h e n  a  s t r u c tu r e  u n d e r g o e s  la te r a l  f o r c e s ,  th e  s t r u c tu r e  c o u ld  n o t  r e m a in  e la s t ic  a n y m o r e  a n d  th e  n e x t  s ta g e  i s  d a m a g e .  I t  
c a n  g o  th r o u g h  p la s t i c  s ta g e  o r  f r a c tu r e  o r  d a m a g e ,  w h e r e  s t i f f n e s s  w i l l  d e c r e a s e  s ig n i f i c a n t ly  a n d  d e f o r m a t io n s  w i l l  b e  
d r a s t i c a l ly  in c r e a s in g  e v e n  f o r  a  s m a ll  lo a d .  S o , th e r e  is  a  n e e d  f o r  p r o v id in g  r e in f o r c e m e n t  f o r  m a k in g  th e  s t r u c tu r e  d u c t i l e .  
T h e s e  r e in f o r c e m e n t s  a r e  c a l l e d  c o n ta in m e n t  r e in f o r c e m e n t .  T h e  e f f e c t  o f  c o n ta in m e n t  r e in f o r c e m e n t  o n  th e  s e is m ic  
r e s p o n s e  o f  a  s in g le  s to r e y e d  U R M  b u i ld in g s  w a s  i n v e s t i g a t e d  a n d  is  b e i n g  o u t l i n e d  h e re .
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3. Idealisation of the building

A URM building with plan dimensions of 6m x 3 m x 3 m have beenconsidered for the analysis. Provisions of openings in 
the buildings have beenconsidered with one door opening (of size 1m x 2m) and one window opening (of size1m x 1m) on 
both the longer walls. Each of the short walls was assumed to be providedwith one central window opening. All the walls 
of the building were assumed to befixed at their bases, all along their lengths. The top nodes were free in structureswithout 
roof, and merged to roof nodes, in structures with roof. The different types ofsingle storeyed laterite masonry structures 
used for the analysis are given in Table 1. Vertical containment reinforcement made of 12mm diameter steel bars was 
provided on the surface of the walls on both the faces at a spacing of 1m. M25 grade concrete and Fe250 grade steel 
reinforcementwas used. Table 2 provides the properties of masonry, RCC and vertical containment reinforcement bars used 
in the finite element analysis.

Table 1.Types of single storeyed laterite masonry structures analysed

Designation Building description
U URM building without roof slab and lintel band
UL URM building without roof slab and with lintel band
ULR URM building with roof slab and lintel band
ULRC URM building with roof slab, lintel band and containment

Reinforcement

Table 2.Material properties [10]

Property Laterite 
masonry in 
1:6 cement 

m ortar

Reinforced
concrete

Vertical 
reinforceme 

nt (steel)

ModulusofElasticity
(GPa)

1.20 25 200

Poisson’ sRatio(assumed 
)
Mass Density(kg/m3)

0.15 0.15 0.30

2500 2500 7850

4. Seismic Forces

Non-linear time history analysis was conducted for URM buildings for Bhuj ground motion.The responses of a structure to 
any earthquake can be computed by time history analysis. A part of the Bhuj ground motion acceleration recorded at 
Ahmedabad during earthquake of January 26, 2001 which lasted over 2 minutes is shown in Fig 3. This was considered for 
the analysis. The peak ground acceleration is 0.11g at time 46.94 s for Bhuj ground motion. The earthquake reached a 
magnitude of 7.7 on the moment magnitude scale. The Fourier amplitude spectrum of Bhuj earthquake is revealed in Fig 4.

Damping in a structure increases with displacement amplitude since with increasing displacement more elements may crack 
or become slightly non-linear. For linear seismic analysis, viscous damping is usually taken as 5% of critical as the 
structural response to earthquakes are usually close to or greater than the yield displacement[9]. Hence, damping ratio of 
the building was chosen as 5%. The time history analysis was performed by applying each acceleration value to the 
building step by step in time domain.

Department of Civil Engineering, MBCET 35



ICID 2018 21-23 June, 2018

Fig.3 .Acceleration time history of Bhuj earthquake [13]

F req u en cy  (H z)

Fig.4 .Fourier amplitude spectrum of Bhuj earthquake [13]

5. Finite Element Analysis

The URM building with lintel band, roof slab and containment reinforcementwas analysed by finite element method. Eight 
nodded brick(SOILD185) elements was used for the masonry of URM building. It is having threetranslation degrees of 
freedom at each node. For roof slab, four noddedelastic SHELL181 element was used. The element has six degrees of 
freedom at eachnode and has both bending and membrane capabilities.Truss elements (LINK180) were used for the vertical 
reinforcementswhich is a uniaxial tension-compression element, also with threetranslational degrees of freedom at each 
node. The discrete modelling was used forthe bars of steel reinforcement. In the discrete model, for the reinforcement, bar 
element was used to connectconcrete mesh nodes. Therefore, the concrete and the reinforcement mesh share thesame nodes 
and concrete occupies the same regions occupied by the reinforcement.

Vertical reinforcements called containment reinforcement were provided at a horizontal spacing of 1m on both the faces of 
the walls, as shown in Fig 5. The whole building was discretised with element of 0.2m size. Four types of building are 
chosen for analysis. Configurations of the four types of buildings analysed are illustrated in Fig 6.
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Fig.5.Configurations of containment reinforcement in URM buildings[9]

«  (d)

Fig.6.Configurations of URM buildings (a) U (b) UL (c)ULR (d)ULRC type[9]

6. Results and Discussion

Different configurations of URM building with lintel band, roof slab andcontainment reinforcement were selected for the 
study. Analysis was carried out byconsidering the base of the building as fixed. From the free vibration analysis, 
thefrequency and mode shape of the buildings were obtained. Structural response interms of storey deflection of building 
and base shear wereevaluated.

6.1 Natural Frequencies

Free vibration studies were conducted to find the natural frequencies and mode shapes of all the four types of buildings, the 
results of which are tabulated in Table 3.

Table 3. Natural Frequencies

Mode No. Natural Frequencies (Hz)
Designation

U UL ULR ULRC
1 4.950 6.904 11.058 12.397
2 5.303 7.550 11.356 17.649
3 10.232 15.800 15.588 18.528
4 11.585 15.965 16.794 21.021
5 14.124 20.519 18.063 22.192
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In the above table, there is an increase of 37% and 45% in frequency from U type building to UL type building and ULR 
type building respectively. But while considering ULRC type building there is an increase of 81.45% in frequency than U 
type building. Therefore, it is clear that for URM buildings with lintel band, roof slab and containment reinforcement, there 
is an increase in the natural frequencies of the structure. This is due to the increase in the stiffness of the building.

6.2 Time History Responses

Storey Deflection

All the four types of URM buildings discussed earlier were analysed to findtheir responses to Bhuj acceleration. In URM 
building without roof (U), the maximum deformation wasobserved above the openings. Table 4 gives the maximum storey 
deflections ofdifferent type of URM buildings.

Table 4. Maximum deflection

Designation Deflection (mm)
U 3.717

UL 2.109
ULR 0.160

ULRC 0.150
For the buildings of Type UL, Type ULR and Type ULRC respectively, a reduction of 43.26%, 95.69% and 95.96% from 
Type U. Thus, in single-storeyed URM building, vertical containment reinforcement seems to help in controlling the total 
deformation significantly. Again, the displacements in the various URM buildings with roof are quite small as compared to 
structures without roof.

Base shear

Base shear is an estimate of the maximum expected lateral force that will occur due to seismic ground motion at the base of 
a structure. Table 5 conveys the base shear values of URM buildings.In the above table, there is an increase of 35% of base 
shear in ULRC type building than U type building. Therefore, base shear of a building with lintel band, roof slab and 
containment reinforcement are much higher than that of building without these.

Table 5. Base Shear

Designation Base Shear (kN)
U 179.98

UL 194.10
ULR 236.31

ULRC 243.06

7. Conclusions

The effect of strengthening factors like lintel band,roof slab and containment reinforcement on the natural frequencies were 
analysed.Response of URM buildings, to Bhuj acceleration was obtained using time-historyanalysis. From the above 
results, it is concluded that URM buildings with lintel band,roof slab and containment reinforcement are more effective in 
mitigating seismicvulnerability as they reduced storey deflection and base shear.
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Abstract. For a good wind resistant design, the exact behaviour of a building needs to be assessed. Thus it is important to 
consider the effect of the foundation and the underlying soil stratum flexibility along with the building during analysis which is 
investigated in this paper. A 180m high tall RCC building with piled raft foundation founded on different soil conditions is being 
considered here. The building is assumed to be located in terrain category IV and interference zone IV as per the 
IS: 875 (Part 3): 2015 subjected to an average wind speed of 50 m/s. Linear analysis performed on the building with rigid base is 
compared with the integrated building-foundation-soil system considering material non-linearity of the soil. Drucker Prager 
model is used to represent the material non linearity of the soil stratum to consider soil structure interaction (SSI). Using 
numerical finite element analysis, the 3D structure is analysed for wind induced responses such as maximum lateral deflection 
and base moment with and without considering soil flexibility. On considering SSI, free vibration analysis, showed that the 
frequency decreases with increase in flexibility. It was also observed that, on considering SSI, displacement got increased by 18% 
and base moment got reduced by 85% of the structure without SSI effect for the building considered.

Keywords: Along wind force, across wind force, soil structure interaction, finite element analysis

1. Introduction

To improve and optimise the designing of buildings, the responses and behaviour must be studied and analysed in detail. In 
tall buildings, wind is the critical load especially in cyclone prone areas. These structures are susceptible to vibration 
problems caused by wind due to their low damping characteristics. The wind is generated by the differential heating of the 
atmosphere by the sun. The two major driving factors of large-scale wind patterns are the differential heating between the 
equator and the poles due to difference in absorption of solar energy. The two types of effects exerted by wind on to a 
structure are static and dynamic effects. Static effect causes elastic bending and twisting of the structure while dynamic effect 
causes vibrations or oscillations. The dynamic character of wind is a constant mean wind velocity and a varying gust 
velocity. Thus, there is a mean and a fluctuating response to wind force. This is shown in Fig. 1. where u  is the mean 
velocity and 'l?' is the fluctuating velocity.

Variation of wind velocity with time [1]

Flexible structures, such as tall buildings, subjected to dynamic wind loading experience fluctuating deflections in primarily 
three directions namely along-wind deflections in the direction of the wind, across-wind deflections in the direction normal 
to the wind and torsional deflections which are due to the non-uniform wind pressures over the surface of the building. This 
is illustrated in Fig. 2. One of the main tasks while designing tall buildings is its ability to absorb the horizontal forces and to 
transmit the resulting moment into the foundation. Any unexpected deflection can lead to additional lateral forces and must
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be considered. Hence, for a wind resistant design, there is an extreme need to assess the true behaviour of the building under 
wind.

Components of building response to wind excitation

In conventional engineering practice, structures are often designed considering the base of the structure fixed to the ground 
neglecting the flexibility of soil strata. Although this can be considered reasonable for low rise structures on relatively stiff 
soils, the effect of soil-foundation-structure interaction becomes prominent for heavy structures.

In this paper, effect of along and across wind responses of tall buildings considering soil structure interaction is studied using 
numerical finite element analysis.

2. Soil Structure Interaction (SSI)

It is the process in which response of the soil influences the motion of the structure and the motion of 
the structure influences the response of the soil [2]. SSI effects can amplify the lateral deflections and corresponding inter
storey drifts of unbraced building structures founded on soft grounds, forcing the structure to behave in the inelastic range, 
resulting in severe damage of the building structures.

Methods that can be used to evaluate the SSI effects can be categorized as direct and substructure approaches [2]. In a 
direct analysis, the entire structure foundation- soil system is modelled and analysed in a single step as a complete system 
using a finite element platform. The soil is often represented as a continuum along with foundation and structural elements, 
transmitting boundaries at the limits of the soil mesh, and interface elements at the edges of the foundation as depicted in 
Fig. 3. In a substructure approach, the SSI problem is partitioned into distinct parts that are combined to formulate the 
complete solution using principle of superposition.

Fig. 3. Direct approach of SSI

There are various types of soil models used in SSI such as Winkler model, Filanenko Borodich model, Hetenyi’s model, 
Pasternak model, Kerr model, elasto-plastic model, elastic continuum models, Mohr-Coulomb model, Drucker-Prager (DP) 
model etc. The DP yield criterion is a pressure-dependent model for determining whether a material has failed or undergone
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plastic yielding. The criterion was introduced to deal with the plastic deformation of soils and have been applied to rock, 
concrete, polymers, foams, and other pressure-dependent materials. In DP, parameters related to friction angle and cohesion 
govern the yielding and hardening criteria, while the parameter related to plastic dilation determines the flow rule.

Extensive studies have been conducted on the role of SSI in seismic response of structures considering 3D structural system 
[3-6] and it was deduced that SSI affects the responses of structures such as increased the displacements, reduced base 
shear and base moments etc. It was also observed that failure sequences are influenced by SSI [4]. Effect of SSI on wind 
responses were also investigated [7-12] by idealising the structure to equivalent lumped mass system. It was deduced that 
SSI effect on wind responses are detrimental. Based on literature studies it was observed that very few researches have been 
undergone on the wind responses of an integrated structure-foundation-soil system. In this study, direct approach of SSI is 
used to determine the along and across wind responses by considering the material non-linearity of the soil stratum using 
DP model.

3. Idealisation of the Structure

A tall 180m high RCC building with core having a base dimension of 30 m x 60 m was analysed for along and across wind 
loads. The storey height was taken as 3m. For a high rise structure, incorporation of shear wall system is necessary to resist 
the lateral forces and hence, shear walls were placed on the periphery and at the centre to act as the lateral load resisting 
system. Piled raft foundation with piles located at a minimum spacing of 3 times the pile diameter [13] was chosen for the 
building. The plan view of building showing shear walls and the piled raft foundation are illustrated in Fig. 4 and Fig. 5 
respectively. The parameters of the building and foundation are listed in Table 1. The sizes of RCC columns considered are 
enlisted in Table 2.

Table 1. Structural Parameters of Building

Building - RC building with core and shear walls
Foundation type - Piled raft foundation
Plan dimension - 30m x 60m
Plan area - 1800m2
Storey height - 3m
Number of storeys - 60
Grid size - 5m x 5m
Beam size - 0.3m x 0.5m
Slab thickness - 0.125m
Shear wall thickness - 0.25m
Pile diameter - 1.2m
Raft dimension - 45 x 75 x 2.5 m
No. of piles - 247

Table 2. Dimension of column

Storey Size of column (m)
0-10 - 1.20 x 1.20
10-20 - 0.85 x 0.85
20-30 - 0.75 x 0.75
30-40 - 0.60 x 0.60
40-50 - 0.50 x 0.50
50-60 - 0.40 x 0.40

The grade of concrete was chosen as M40 for the building and M25 for the 
elasticity [14] are 3.16 x 104 N/mm2 and 2.50 x 104 N/mm2 respectively and the 
Poisson’s ratio of concrete and steel were taken as 0.15 and 0.3 respectively. The 
2500 kg/m3 and 7850 kg/m3 respectively.

piled raft foundation whose modulus of 
grade of steel was chosen as Fe 415. The 
density of concrete and steel was taken as
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Fig 4. Plan view of the building

•  Pile

Fig 5. Plan view of piled raft foundation

4. Calculation of Wind Loads

Gravity load of the structure [15], an imposed load of 2kN/m2 [16] and wind load [17] were calculated and applied to the 
building. As per IS 875 (Part 3):2015, there are two methods for determining wind loads acting on a structure namely force 
coefficient method and dynamic analysis method. For structures with aspect ratio of more than five or natural frequency 
less than 1Hz, dynamic method of load determination is recommended as per the above IS specification. Both along and 
across wind loads were calculated considering wind direction at 00 and 900. The wind action at 00 shall be designated as 
long body orientation and that at 900 shall be designated as short body orientation. This is shown in Fig. 6. The structure is 
assumed to be located in wind terrain category IV and interference zone IV as per IS 875 Part 3: 2015 subjected to a 
basic wind speed of 50 m/s. Modal analysis was performed to obtain the modal frequencies for the building with lateral 
load resisting system. The wind loads were computed based on this without considering soil stratum flexibility. The 
procedure for wind load estimation is outlined in the following subsections.

Fig 6. Different plan orientations of the building subjected to wind force (a) Long body, (b) Short body 

a. Along W ind Load

The along wind load on a structure on a strip area at any height z is [17]

Fz = Cf,z. Az. Pa G (1)
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where C iz  is the drag force coefficient for the building corresponding to . A z  is the effective frontal area considered for 
the structure at height z in m2: p ^  is the design hourly mean wind pressure at height z due to hourly mean wind and G is the 
gust factor.

Then the design peak along wind base bending moment can be obtained by summing the moments resulting from design 
peak along wind loads acting at different heights along the height of the building as

; / ,  = T F : Z (2)

b. Across Wind Load

The across wind design peak base bending moment Mc for enclosed buildings is given by the following formula [17]

(3)

where gh is a peak factor in cross wind direction for resonant response; p h is hourly mean wind pressure at height h (Pa); k 
is a mode shape power exponent for representation of the fundamental mode shape and C/s is across wind force spectrum 
coefficient generalized for a linear mode.

Then, the across wind load distribution on the building obtained from Mc using linear distribution of loads as:

5. Soil Stratum Idealisation

Three types of clayey sand c-^ soil were considered for the analyses and these include soft, medium and hard clayey sand 
which shall be designated as S, M and H respectively. The compressibility of underlying soil stratum was idealized using 
Drucker Prager model. The bedrock was assumed to be at a depth of 30m below the soil stratum.The lateral boundaries of 
the supporting soil medium are taken as four times the respective lateral dimensions of the raft for which the response as 
static load is expected to be died out [18]. This leads to a finite domain for the soil which was modelled similar to the 
structure. The structural system was analysed based on direct method of SSI. The properties of the soil stratum chosen are 
listed in Table 3. The analysis in which soil structure effect is ignored will be designated as fixed base.

Table 3. Properties of soil stratum [2, 19]

Designation of 
soil

Cohesion, 
C (kN/m2)

Elastic 
modulus, Es 

(kN/m2)

Poisson’s 
ratio, ^

Unit weight, 
y (kN/m3)

Angle of 
friction, ^ (o)

S 50 50 x 103 0.3 1.6 32
M 100 100x 103 0.25 1.8 34
H 200 150x103 0.2 2 48

6. Finite Element Analysis (FEA)

The integrated building-foundation-soil system was analysed using FE method. The types of elements used are shown in 
Fig. 7.
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Fig 7. Elements used for FEM

Using FEM, modal analysis was performed to find the frequency of the building for calculating the wind forces. The 
columns were meshed to an element aspect ratio of three while beams, raft and slabs were meshed to an element aspect 
ratio of 2.5. The piles and the soil stratum were meshed to an element aspect ratio of ten. The FEM model of the building 
and the integrated building-foundation-soil structure system is shown in Fig. 8 and Fig. 9 respectively. Isometric view of 
the piled raft foundation and the enlarged view of pile are shown in Fig. 10. The base and lateral boundaries of the soil 
stratum were constrained in all degrees of freedom. Free vibration analysis was performed to obtain the fundamental 
frequencies of the building for wind load computation. Then, the wind forces computed as per IS 875 (Part 3): 2015 were 
applied as point loads at every floor level. The responses in terms of maximum deflection and base moment of the non
linear structure considering SSI were compared with that of the linear structure with fixed base in order to assess the effect 
of SSI.

Shear

Fig. 8. Isometric view the building

Fig. 9. Isometric view the integrated building-foundation-soil structure
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(a) (b)

Fig 10. Isometric view of foundation (a) Piled raft, (b) Enlarged view of one pile

7. Results and Discussion

In order to investigate the effect of SSI on wind responses of a tall building, FEA was conducted on the 180m high 
building-foundation-soil system. The along and across wind loads acting on the building for long body and short body 
orientation was computed as per IS 875 (Part 3): 2015. The base moment obtained are shown in Table 4. It was observed 
that the along and across wind forces acting on short body orientation were greater than that for short body orientation and 
hence response to wind in short body orientation was considered for analysis.

Table 4. Base moment as per IS 875 (Part 3): 2015

Base moment (kNm) Long body orientation Short body orientation
Along wind induced 3.10 x 106 6.42 x 106
Across wind induced 6.84 x 105 7.92 x 105

Across wind induced base moment were found to be lesser than the along wind induced base moment by 78 and 88% for 
long and short body orientation respectively. Hence along wind loads corresponding to the short body orientation (at a wind 
angle of 900) shall be considered as the governing wind load for the building considered.

The along and across wind loads were applied as point loads to the integrated building-foundation-soil system for FEM 
analysis. Free vibration analysis was conducted to assess the effect of SSI on modal frequencies. The responses in terms of 
maximum lateral deflection and base moment variations were assessed and compared with respect to the conventional 
analysis in which SSI effect is ignored. Normalised responses which is the ratio of response by the structure considering 
SSI to that of the structure without SSI is being used to express the effect of SSI.

7.1. Variation of frequency

Free vibration analysis was conducted to analyse the effect of SSI on modal frequency of the building. The modal 
frequencies corresponding to first three modes under varying conditions of flexibility are tabulated in Table 5. The natural 
frequency is corresponding to the first mode is found to be reduced more compared to the other two modes on considering 
SSI. For all the type of soil strata considered, natural frequency becomes 0.94 times that of the fixed system. It is observed 
that frequency decreases with increase in flexibility of the structural system. The maximum variation of frequency from that 
of the fixed base was seen when founded on soft soil strata ‘S’. This might be because as the flexibility of the system 
increases, number of vibrations increases thereby increasing its time period and hence frequency of vibration decreases.

Dynamic behaviour of a building is dependent on its frequency. Overestimations of frequencies without considering SSI 
while designing for lateral loads may affect the structural stability and serviceability especially when dampers which 
require tuning are used. Hence, the effect of SSI should be considered in free vibration analysis.
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Table 5. Frequency

Structure-soil system Mode 1 Mode 2 Mode 3
S 0.248 0.272 0.312
M 0.249 0.274 0.313
H 0.250 0.275 0.314

Fixed 0.265 0.287 0.325

7.2. Variation of maximum lateral deflection

The maximum deflection for along wind and across wind loads were obtained from FEM analysis. These deflections were 
found to be increased with increase in flexibility. The variation of deflection with varying conditions of soil flexibility is 
shown in Table 6. The along wind induced deflection is found to be greater by 74% compared to the across wind induced 
response for all the structure-soil system. This may be because the across wind forces acting on the building is much less 
than the along wind forces. Hence responses corresponding to along wind loads shall be assessed to investigate the effect of 
SSI.

Upon considering SSI effect, the maximum variation in deflection compared to the fixed base system was found to be for 
the soft soil strata. The deflection got increased by 17, 15 and 14% of that of the fixed base system for the soil strata types
S, M and H respectively. The variation of normalised along wind induced maximum deflection is shown in Fig. 10. It can 
be observed from the figure that on considering SSI effect, the wind induced deflection becomes almost 1.2 times that of 
the building system without SSI for all the types of soil strata considered. This increase in deflection owes to the flexibility 
incorporated on considering the SSI effect.

Table 6. Maximum lateral deflection

Structure-soil
system

Maximum lateral deflection (m)
Along wind induced Across wind induced

S 0.251 0.066
M 0.246 0.065
H 0.244 0.064

Fixed 0.214 0.056

1.17

-  1.16

Z  1.15 
c
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Fig.10. Normalised maximum deflection

7.2 Variation of base moment

The base moment induced by along wind force was considered for assessing the effect of SSI. The base moment was found 
to be decreased with increase in flexibility. On considering SSI, base moment got reduced by 86, 85 and 78% of that of the 
system without SSI effect for the soil strata types S, M and H respectively. The variation of the normalised base moment is 
shown in Fig. 11. On considering SSI, base moment was found to be 0.14 times that of the fixed base system when founded 
on lower strength soil strata types and 0.22 times of the fixed base system when founded on hard strata. Thus SSI effect 
was found to be conservative in case of base moment. It may be due to the stiffness offered by the piled raft foundation.
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Fig. 11. Normalised base moment

8. Conclusions

To assess the effect of SSI on wind responses of tall buildings, FEM analysis was conducted on 180m high building with 
piled raft foundation founded on three types of soil conditions. The wind loads calculated as per IS 875 (Part 3):2015 were 
applied as point loads at every floor level to compare the responses with and without considering SSI. On comparing the 
variation of various responses of integrated structure-soil system with respect to the structure system without SSI, the 
following conclusions can be made.

(i) Modal frequency decreases with increase in flexibility of the soil strata.
(ii) The maximum lateral deflection was found to be 1.2 times that of the building without effect. Hence SSI effect is 

significant in the case of deflection response.
(iii) On considering the SSI effect, the base moment of the building got reduced by 86-78% of that of building which 

ignores SSI effect.

Hence for the better optimised performance of the structure, effect of SSI should be considered in the design phase. 

References
1. Bhandari, N. M., Krishna, P., Kumar, K and Gupta, A.: A Handbook of on Proposed IS 875 (Part 3) Wind Load on Buildings and 

Structures, IITK, (2003).
2. Bowles, J. E.: Foundation analysis and design, McGraw Hill Companies International Edition, fifth edition, Singapore, (1997).
3. Farr, H and Clifton, T.: Significance of considering soil-structure interaction effects on seismic design of unbraced building 

frames resting on soft soils, Australian Geomechanics, 51 (1), 55-65, (2016).
4. Mengke, L., Xiao L., Xinzheng, L and Lieping, Y.: Influence of soil-structure interaction on seismic collapse resistance of super- 

tall buildings, Journal of Rock Mechanics and Geotechnical Engineering, 6, 477-485, (2014).
5. Tabatabaiefar, H. R and Massumi, A.: A simplified method to determine seismic responses of reinforced concrete moment 

resisting building frames under influence of soil-structure interaction, Soil Dynamics and Earthquake Engineering, 30, 1259
1267, (2010).

6. Jayalekshmi, B. R., Jisha, S. V., Narayana, S and Shivashankar, R.: Effect of dynamic soil-structure interaction on raft of piled 
raft foundation of chimneys, ISRN Civil Engineering, 2014, 1-11, (2014).

7. Venanzi, I., Salciarini, D and Tamagnini, C.: The effect of soil-foundation-structure interaction on the wind-induced response of 
tall buildings, Engineering Structures, 79, 117-130, (2014)

8. Liu, M. Y., Chiang, W. L., Huang, J. H and Chu C.: Wind-induced vibration of high-rise building with tuned mass damper 
including soil-structure interaction, Journal of Wind Engineering and Industrial Aerodynamics, 96, 1092-1102, (2008).

9. Halabian A. M., El Naggar M. H and Vickery, B. J Reliability analysis of wind response of flexibly supported tall structures, 
Structural Design of Tall and Special Buildings, 12, 1-20, (2003).

10. Galsworthy, J. K and El Naggar, M. H.: Effect of foundation flexibility on the across- wind response of reinforced concrete 
chimneys with free-standing liners, Canadian Geotechnical Journal, 37, 676-688, (2000).

11. Xu, Y. L. and Kwok, K. C. S.: Wind-induced response of soil-structure-damper systems, Journal of Wind Engineering and 
Industrial Aerodynamics, 41-44, 2057-2068, (1992)

12. Novak, M. and Hifnawy, L. E.: Structural response to wind with soil structure interaction, Journal of Wind Engineering and 
Industrial Aerodynamics, 28, 329-338, (1988).

13. IS 2911 (Part 1/Sec 1): 2010, Code of practice for design and construction of pile foundations- Part 1: Concrete piles, Section 1: 
Driven cast in-situ concrete piles (Second revision), Bureau of Indian Standards, New Delhi, India

14. I.S:456 2000, Plain and Reinforced Concrete - Code of Practice, Bureau of Indian Standards, New Delhi, India
15. I.S: 875 (Part-1) 1987-Re:2008, Code of practice for the design loads (other than earthquake) for buildings and structures- Part 1: 

Dead loads-unit weights of building materials and stored materials (second revision), Bureau of Indian Standards, New Delhi, 
India

Department of Civil Engineering, MBCET 48



ICID 2018 21-23 June, 2018

16. I.S: 875 (Part-2) 1987, Code of practice for the design loads (other than earthquake) for buildings and structures- Part-2, Imposed 
loads (Second revision), Bureau of Indian Standards, New Delhi, India

17. I.S: 875 (Part-3) 2015, Code of practice for the design loads (other than earthquake) for buildings and structures (Part-3, Wind
loads), Bureau of Indian Standards, New Delhi, India

18. Wolf, J. P.: Dynamic Soil Structure Interaction, Prentice- Hall, INC., Engelwood Cliffs, 1985
19. Carter, M. and Bentley S. P.: Correlations of soil properties, Pentech Press Ltd., London, 1991

Department of Civil Engineering, MBCET 49



ICID 2018 21-23 June, 2018

Paper Id: SE 107

Eco- Friendly Cement Blocks

Arathy K Chandran.*, Aiswarya.A*, Irfana.S*, U.Jayanarayanan* and

Ms.Anjana Krishnan**

*B. Tech Student, Department of Civil Engineering,
Mar Baselios College of Engineering and Technology, Nalanchira, Thiruvananthapuram, Kerala - 695 015 Corresponding

author,email -arathvkchandran03@gmail.com,

“ Assistant Professor, Department of Civil Engineering,
Mar Baselios College of Engineering and Technology, Nalanchira, Thiruvananthapuram, Kerala - 695 015, gmail -

aniana.mbcet@gmail.com

Abstract

Eco friendly Cement Blocks (ECB) consists of plastic bottle bricks (plastic bottles filled with waste materials) which 
are cast in 1:3 cement mortar. ECBs offer solution to the problem of plastic waste disposal and scarcity of 
construction material. It can be used as a substitute for normal bricks and hollow bricks. ECBs are very cheap since 
it uses mostly waste materials and has a simple manufacturing process. A single ECB is capable of replacing nine 
normal bricks with respect to its size. This reduces the time and cost of construction. The obiective of this paper is 
to check the feasibility of using ECB as a substitute to conventional bricks. Compressive strength tests are conducted 
on ECBs with different orientation of bottles, size of bottles used and reinforcement within bottles. It is seen that 
compressive strength is max for ECBs filled with alternate layers of one litre bottles placed parallel to the mould. 
Finally a wall specimen was constructed and tested. The compressive strength of wall specimen falls well within the 
limits specified for its use in a masonry structure.

Key w ords: Eco-bricks, waste PET bottles, construction material, masonry structures.

Introduction

Ecofriendly Cement Blocks (ECB) are cement blocks 
made of discarded plastic bottles which are filled with 
compacted waste materials. It can be used as a substitute 
for normal bricks, hollow bricks etc. ECB solves mainly 
two major issues of plastic waste disposal and scarcity of 
construction materials (bricks).ECB is very cheap since it 
is made with waste materials and has a simple 
manufacturing process. A single block is capable of 
replacing a minimum 6 normal bricks with respect its size

which reduces the cost of construction to a great extent. 
ECB can be used for constructing retaining walls, check 
dams, canal walls etc.
Plastic is a non-bio-degradable substance which 
takes thousands of years to decompose hence 
creating land

pollution as well as water pollution. Taking into 
account the increase in pollution, new concept of
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eco bricks has been introduced. These bricks are 
manufactured by using the non-biodegradable 
wastes such as plastic bottles, plastic bags and 
other non-biodegradable substances. Use of such 
bricks helps inreducing the overall cost of the 
buildings.Chlorinated plastic can release harmful 
chemicals into the surrounding soil, which can 
then seep into groundwater or other surrounding 
water sources and also the ecosystem. This can 
cause serious harm to the species that drink the 
water. Components of plastics currently being 
studied for their health effects include 
polyhalogenated flame retardants, poly-fluorinated 
compounds (known as PFOS or PFOA) and 
microbial compounds such as triclosan and 
trichlorocarban.

ECBs are low cost, non-brittle, Bio climatic, re- 
useable, easy to build, absorbs abrupt shock loads, 
green construction and uses less construction 
material. But it is non-decomposable and non- 
destructible. On melting it releases a compound 
gas which is very harmful to the health and 
environment and it weakens the ozone layer. Most 
of the plastic is produced from oil which is a 
scarce resource. But these disadvantages can be 
reduced by recycling of the plastic waste and 
promoting renewable plastic. ECBs can be used 
for the construction of culverts, Drainage lining, 
columns for supporting roofs and waiting shed, 
Interlocking Block Paver and bench.

The main objective of this paper is to study the 
strength of eco-friendly cement blocks in 
comparison with conventional bricks and to 
evaluate the compressive strength of ECB made 
using three layers of one litre plastic bottles. This 
paper also aims to find out the optimum 
orientation of one litre bottle bricks in the ECB 
with respect to its compressive strength and to 
estimate the load carrying capacity of an ECB 
wall.

This study is limited to the usage of C&D waste, 
fabric waste and locally available soil as filler 
materials for plastic bottles. Only one litre plastic 
bottles are studied. ECBs with only three layers 
each of 3 bottle bricks each are studied.

A number of experimental investigations have 
been conducted in recent years on usage of plastic 
bottles in construction field. Manisha et al. 
(2016)investigated the properties of waste plastic 
bottles like density, solubility, resistance to 
chemicals etc. in order to find the compatibility of 
materials used along with plastic bottles. The 
strength of individual materials used as fillers 
were also studied.

Kansal et al. (2014)studied the strength of bottle 
bricks by conducting various experiments like 
compression test on single bottle etc. and 
concluded that no curing time is required if waste 
PET bottles are used as building material as 
compared to bricks which require 28 days curing 
time. Also while baking of bricks there is a major 
issue of carbon emission which is negligible in 
using PET bottles. PET bottles generally have a 
durability of over 300 years which is more as 
compared to standard bricks. Cost of construction 
in case of brick bottle is more economical than 
standard bricks. Weight of a unit bottle brick was 
found to be less than that of a standard brick. 
Compressive strength of the bottle brick is also 
nearly equal than that of a standard brick. The 
concept of brick bottles is cost effective, energy 
efficient and commercially feasible. Using PET 
bottles is also bio-climatic and it is a Green 
construction.

Wankhade et al. (2017) concluded that thestrength 
ofbottle bricksequalizes with normal bricks. The 
insulation properties of bottle bricks are much 
better than conventional bricks. He alsoconcluded 
that thermal comfort can be provided to the
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residents those who cannot afford heating and 
cooling appliances by constructing houses from 
eco bricks. This will help in providing shelter to 
the poor people in India. They also said that bottle 
bricks are nearly 20 times stronger than the baked 
bricks.

Singh et al. (2017) mentioned that the construction 
cost of plastic bottle bricks is very cheap when 
compared to the construction with the baked 
bricks. They have shown a profit of Rs.5 in each 
brick. They also concluded that the weight of the 
bottle brick is very less than the baked brick. 
Pratima et al. (2016) investigated that the plastic 
bottles are cheaper in comparison to bricks.

clear cover was provided all around. Once the first 
layer had been placed, three same sized (1000ml) 
mix filled plastic bottles were placed on this first 
layer of mortar. Then another layer of mortar is 
placed in the mould covering them evenly. The 
second and third layers of bottles were placed 
similarly with cement mortar in between the 
bottles. The step by step process in which a total 
of nine bottles are inserted into the mould is 
shown in Figure 1.

Methodology

Materials and ExperimentalMethods

The materials used for the experimental program 
are locally available soil, fabric waste, and 
construction and demolition waste.The optimum 
mix proportion was found by conducting tests on 
specific gravity, void ratio test and value obtained 
is 1:1:7 (weight proportion).

Preparation o f  plastic bottle bricks

Waste plastic bottles of same capacity were 
collected and washed. The filler mix was filled 
into these bottles in five layers; each layer 
compacted with 25 blows usingtamping rod.

Preparation o f  Eco-friendly cement Blocks 

(ECB)

Wooden mould (28cm x 28cm x 25cm) were 
made to prepare the ECB. The cement mortar for 
the ECB were made of 1:3 (65%Puzzalona 
Portland cement&35% fly ash: sand)by weight 
with a water cement ratio of 0.5. A 2 cm thick

L ay er 1 L ayer 2 L ay er 3

F ig u re  1: C asting  of ECB

F ig u re  2: C asted  ECB 

Compressive strength test o f  plastic bottle bricks

A Compression testing machine of 2000 kN 
capacity was used for compression test. The brick 
was placed between loading plates of the machine. 
The load was applied gradually.The first crack that 
appears on the plastic bottle brick was considered 
as the failure point.The ultimate load was recorded 
and compressive strength of plastic bottle brick 
was obtained by
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Compressive strength test o f  ECB

Compressive strength is tested on the specimen of 
size 28 x 28 x 25mm at the age of 7, 14 and 28 
days as per IS 516:1959. Three cube samples were 
cast. After curing, the cube specimens were placed 
in 1000kN Compression Testing Machine and 
loaded to failure.

Orientation Test

This test was conducted in order to find the 
optimum possible orientation of laying plastic 
bottles to achieve maximum compressive strength. 
In this test mainly two types of orientation are 
studied. The first orientation is obtained by laying 
bottles parallel to mould in the first layer. In 
second layer the bottles are placed in 
perpendicular to mould. Again the third layer is 
placed parallel to the mould. The second 
orientation is obtained by laying all the three 
layers parallel to the mould. After the casting of 
these specimens, the specimens were kept for 
curing for 7 days. Then compression test was 
conducted.

Capacity o f  Bottle Test

This test was conducted to study whether the 
capacity of bottles affect the compressive strength 
of ECB. For this mainly two types of bottles are 
used i.e., 1000ml plastic bottles and 600ml plastic 
bottles. In both the cases the size of specimen, 
number of bottles, number of layers and number of 
bottles per layer were kept constant. These 
specimens were cured for 7 days. Compression 
test was conducted after curing period.

ECB -  Masonry Structure

The dimensions of wall specimen constructed was
0.86m x 1.15m x 0.3 m. Plastering provided was 2 
cm all around the specimen. The wall specimen 
constructed was placed on loading frame in such a 
way that the position of hydraulic jack is at the 
center of gravity of specimen. An I-section was 
placed on top of specimen for uniform distribution 
of load throughout the specimen. Load is applied 
through load cell from hydraulic jack and load is 
recorded automatically. Load is applied manually 
by using hydraulic jack.

F ig u re  3: C onstruction  of W all 

Results

Compressive strength test o f  plastic bottle bricks

The bottle was placed between the between loading 
plates of the machine. The bottles didn’t break but did 
deform. The load was increased until the reading 
showed a sudden drop of force. The load at which it 
started to drop was recorded as the maximum load.

The ultimate load = 180 kN 
Area of bottle = 62407.5mm2 
Compressive Strength = 9.2 N/mm2

Compressive strength of a masonry brick is only found 
to be 3.5 N/mm2. Hence the strength of a waste filled 
bottle itself proves to be higher than the normal 
conventional brick.
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Figure 4 : Testing of Bottle brick

Fig 5 : Bottle before testing Fig 6:Bottle after testing

Compressive strength test o f  ECB

The test was performed according to IS 516: 1959. 
Compressive strength test were performed on ECBs 
after curing of 7 days, 14 days and 28 days. The results 
obtained are:

Table 1: Result of ECB compression test

Specimen
7th

day

th 
y

t4 
a

28th day

1 185 2.3 245 3.1 418 5.3

2 180 2.3 240 3.1 410 5.2

3 187 2.4 249 3.2 423 5.4

Average
compressive

strength
2.3 3.1 5.3

Orientation test

Plastic bottles which are placed in different orientation 
were tested for compressive strength and were 
compared with normal ECB. In this case, all bottles are 
placed parallel to the mould.

Table 2 : Results for Orientation test

Specimen

Orientation

All layers 

parallel to 

mould

Alternate layers 

parallel to mould

No of bottles 9 9

No of layers 3 3

Load

maximum

(kN)

150 185

Average

compressive

strength,

N/mm2

(7 days)

1.913 2.360

From the strength results of both orientation it is found 
that alternate layers of bottles placed parallel to the 
mould, will have more strength than all layers placed 
parallel to the mould. This shows that when all layers 
laid parallel to the mould the specimen will fail 
suddenly.

Capacity o f  bottle test

ECBs made of 600 ml and 1000 ml bottles were tested 
for compressive strength and following results were 
obtained.

Hence from the results it is found that ECBs made of 
higher capacity bottles will have more strength. This 
shows that the compressive strength of ECB is 
independent of thickness of bottle and purely based on 
the compaction mix. Asthe size of the bottle increases, 
the strength also increases. Thus it is better to use 1000 
ml bottle made ECB for construction purpose.
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Table 3: Results for Capacity of bottle test

Specimen Capacity of plastic bottles 

used

600ml 1000ml

No of bottles 9 9

No of layers 3 3

Load maximum 

(kN)

114 185

Average 

compressive 

strength, N/mm2

(7 days)

1.454 2.360

ECB -  Masonry Structure

The load was applied axially on specimen using 
hydraulic jack, through load cell.The load at which 
initial crack occurred was noted.The ultimate load is 
also recorded directly using load cell apparatus.The 
dimensions of the specimen were known.

Self-Weight of I-section = 0.6 kN
Load at which initial crack occurs = 116.2 kN
Ultimate load capacity = 288.8 kN
Face area on which load is acting =0.3*0.54 = 0.162 m2
Compressive strength of specimen = 1.78MPa

Figure 7:Failure mode of wall

The compressive strength obtained is greater than the 
minimum allowable compressive strength of masonry 
structures. Thus ECB wall can be used as load bearing 

structure.

Conclusions

The compressive strength of a single ECB of size 
28*28*25cm was found to be 5.318/mm2. The 
optimum orientation of plastic bottle bricks in ECB is 
an arrangement with alternate layers placed parallel to 
the mould. ECBs with 1000ml bottle bricks have a 
higher strength that those with 600ml bottle bricks 
which clearly shows that the bottle bricks are efficient 
in load transmission. Testing of wall specimen yielded 
a compressive strength of 1.78N/mm2 which shows the 
suitability of ECB as a load carrying member [4]. The 
cost of a single block of ECB was calculated and it is 
found to be less when compared to conventional bricks. 
Therefore ECB can be used for constructing low cost 
housing, retaining walls, paver blocks etc.
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Abstract.Tension stiffening is one of the important properties of concrete that reduces the strain in steel and 
leads to reduction in width and spacing of cracks in reinforced flexural members. The tensile strength of 
concrete between cracks in a reinforced concrete member represents the tension stiffening effect. Several 
attempts have been made in the past to improve the tension stiffening effect of conventional concrete by 
adding short discrete fibre in the matrix, but a few studies have been conducted to find out the tension 
stiffening effect of steel fibre and polypropylene fibre on the cracking behaviour of ultra high performance 
concrete. So this study investigates the effect of metallic fibre (crimped steel) and non metallic fibre 
(polypropylene fibre) on tension stiffening characteristics and the cracking behaviour of ultra high 
performance concrete. The variables included in this study are volume fractions of crimped steel fibre 
(0.25, 0.5%, 0.75% and 1%) and polypropylene fibre (0.1, 0.15 and 0.2) The optimum content of steel fibre 
and polypropylene fibre and their effect on the tension stiffening and cracking behaviour is finding out by 
studying the load deformation behaviour, crack width, crack spacing and crack pattern of the prismatic 
tension specimen subjected to uniaxial tension.

Keywords:Ultra high performance concrete, Load-deformation behaviour and Tension stiffening bond 
factor

1.Introduction
Although concrete is the most universally used material in building there are still some limitations to its 

use, such as tensile strength and brittleness. Ultra high performance concrete is a type of concrete (UHPC), may able 
to overcome these concerns. The concept of UHPC was first developed by Richard and Cheyrezy and was produced 
in the early 1990s at Bouygues laboratory in France [1, 2]. UHPC consists of a combination of Portland cement, fine 
silica sand, silica fume, quartz flour, high-range water reducer and discontinuous internal steel or organic fibers. 
Depending on the application, different combination of these materials may be used [3, 4].Addition of fibres 
improves the engineering properties of concrete like ductility, post crack resistance, energy absorption capacity 
etc.Thus addition of fibres in cement concrete matrix bridges these cracks and restrains them from further 
opening.UHPC offers more than 150MPa compressive strength and greater than 5Mpa post cracking tensile strength 
[1, 5].Compressive strength and modulus of elasticity of UHPC was 3 to 4 times greater than normal strength 
concrete according to Mohamadreza S. studies [2]. Hannawi K. (2016) investigates the effect of adding different 
type of fibres(steel, mineral and synthetic fibers) on the microstructure and the mechanical behaviour of UHPC. 
Results show that the fibre has a relatively slight influence on the compressive strength and elastic modulus of 
concrete except for steel fibre which improves the strength because of its intrinsic rigidity.Among the steel fibre 
crimped and twisted fibres gives better performance. The addition of steel fibres generally contributes towards the 
improvement of an energy- absorbing mechanism whereas the non-metallic fibre such as polypropylene fibre plays a 
vital role in delaying the formation of micro cracks [6].

Because of its weakness in tension, concrete is reinforced by steel bars which can carry tensile forces across the 
cracks after tensile failure of concrete. With tensile reinforcement, concrete can transfer tensile stresses across 
cracks as the result of bond action between concrete and reinforcement. Consequently, concrete can still carry a part 
of tensile force even if cracks are induced into RC element and tensile stress carried by RC element as a whole 
becomes superior to that carried by only bare steel bars at the same deformation. This phenomenon is called tension
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stiffening effect. Due to tension stiffening effect of concrete, the free elongation of steel under tension is prevented. 
This led to reduction in crack width and improves the serviceability of the structure [8, 11]. Tension stiffening 
would prevent free elongation of steel under tension and hence reduces the crack width in concrete. Finer cracks 
would prevent the entry of moisture and CO into the cracks and thus prevents corrosion and carbonation in concrete.

There are many studies in UHPC with micro and macro steel fibres of different type and aspect ratio. The tension 
stiffening effect can be used as post-cracking stress-stain response of the reinforced concrete. Several attempts have 
been conducted to find out the tension stiffening effect of conventional and other concrete by adding short discrete 
fibres in the matrix. But only few studies have been conducted to find out the tension stiffening effect of ultra high 
performance fibre reinforced concrete. The effect of adding steel fibres (crimped steel fibre) and polypropylene fibre 
on the cracking behaviour of UHPC was investigated in this study. The main aim of this study is to investigate the 
effect of metallic (crimped steel fibre) and non-metallic (polypropylene fibre) on the tension stiffening 
characteristics and the cracking behaviour of Ultra High Performance Concrete (UHPC).

2. Experimental Program
The experimental work consisted of casting and testing reinforced concrete prismatic tension members with 

dimensions of 60 x 60 mm x 600mm and it was axially reinforced with a 10mm diameter high yield strength 
deformed steel bar with a reinforcement ratio of 2.18%. The reinforcement bar was extended 200mm on either side 
for proper gripping in the testing equipment as shown in figure 1. The variable includes the volume fraction of 
crimped steel fibres (0.25%, 0.5%, 0.75% & 1%) and volume fraction of polypropylene fibres (0.1%, 0.15% & 
0.2%).

Fig 1. Specimen details

2.1 M aterials Used

Ordinary portland cement (53 grade) conforming to IS: 12269-1987 (reaffirmed 2004)[13], 75% of fine 
aggregate passing through 600^m and retained on 300^m, 25% of fine aggregate passing through 300^m and 
retained on 150^mconforming to [383- 1970 (Reaffirmed 2002) [14],IS 2386 (Part III) - 1983 (Reaffirmed 
2002)[15]], silica fume, glass powder and superplasticizer were used for the investigation. The mix proportion for 
UHPC is selected from the optimum mix obtained from the trial mixes conducted in previous study [12]. The cube 
compressive strength and prismatic specimen(60mm x 60mm x 600mm) for uniaxial tension test is to be casted and 
cured in water. The details of tested specimens and variables are given in table 3

Fig 2. Steel fibresFig 3. Polypropylene fibres

Table 1.Properties of fibres 

Type of fibre Crimped steel fibre polypropylene fibre
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Length, mm 30 12

Diameter, mm 0.5 0.8

Aspect ratio 60 15

Table 3. Details of specimens and variables

Specimen
designation

Volume fraction of fibres % No. of 
SpecimensSteel Polypropylene

C 0 0 3

S0P0.10 0 0.10 3

S0P0.15 0 0.15 3

S0P0.20 0 0.20 3

S0.25P0 0.25 0 3

S0.50P0 0.50 0 3

S0.75P0 0.75 0 3

S1P0 1 0 3

2.2 Testing of specimens

The specimens of each steel fibre reinforced UHPC mixes and polypropylene fibre reinforced UHPC mixes 
were tested under uniaxial tension in a Universal Testing Machine (UTM) with a capacity of 1000 kN.The axial 
elongation of the specimen was monitored by a Linear Variable Differential Transducer (LVDT). The location of 
each crack is to be marked on the specimen immediately after its appearance during the test. The crack spacing was 
measured along the centreline of the front face of specimen. Crack widths were measured along the specimen at 
regular intervals using a crack detection microscope. The load-control condition and contained until yielding 
occurred. One longitudinal reinforcement bar was also tested under the same loading condition to obtain the 
response of the bare bar. For each mix, three specimens were cast and test. The average values of three results are to 
be taken as the final value. Figure 4 shows the test setup.

Fig. 5. Casting of prismatic specimen
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Fig 4. Test setup

3. Results and Discussion

3.1 Load Deformation Behaviour

The axial load-deformation behaviour of the specimen was obtained by plotting the axial load against member 
strain. The load deformationbehaviour ofall the specimenswas linear up to first crack load. All the specimens 
showed a higher initial stiffness compared to bare steel bar. Figure 5 & 6 shows the axial load-deformation 
behaviour of different steel fibre and polypropylene fibre reinforced UHPC specimens. All the fibre reinforced 
specimens showed a higher stiffness compared to normal UHPC and bare steel bar. Also there was a considerable 
increase in the stiffness with increase in fibre content. Maximum stiffness was observed in that specimen with steel 
fibre content of 0.75% and polypropylene fibre content of 0.15%. Specimen with steel fibre content of 0.75% 
exhibited the maximum first crack load and yield load. The specimen with 0.75% steel fibre content to have higher 
number of smaller cracks than to have smaller number of wider cracks compared to other steel fibre reinforced 
UHPC mixes. Similarly among the polypropylene fibre reinforced UHPC mixes 0.15% polypropylene fibre content 
mixes have higher number of smaller cracks. It may be due to the ability of UHPFRC to carrying tensile stresses at 
the cracks and the between cracks.

Fig 6. Load deformation behaviour of 
steel fibre reinforced UHPC

Fig 7 . Load deformation behaviour of 
polypropylene fibre reinforced UHPC

Table 4.Test results
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„  First crack Yield load Crack spacing No. of
Designation load (kN) (kN) (cm ̂  cracks

C 17.5 40.69 9 6

S0P0.10 18 42.02 7.1 8

S0P0.15 21.4 42.33 4.94 9

S0P0.20 20.2 42.1 5.92 7

S0.25P0 19.2 41.87 5.38 8

S0.50P0 20 44.68 5.2 10

S0.75P0 23.2 49.8 4.59 12

S1P0 22 49.6 5.35 11

3.2 Tension stiffening bond factor (P)

The tension stiffening contribution of each mixture is represented by the tension stiffening bond factor, 
which is calculated by dividing Pcm with Pcr, where Pcm is average load carried by cracked concrete and is 
obtained by subtracting the bare steel response from the specimen responses, and Pcr is the load carried by concrete 
at first cracking [[11].

The above figure 8 & 9 shows the variation of tension stiffening bond factor of UHPC mix having different 
volume fractions of steel fibre and polypropylene fibre. An increase in the tension stiffening bond factor indicates an 
increase in the stiffness of the member. From the graph, all fibre reinforced specimens showed considerable tension 
stiffening effect compared to UHPC specimen. Also the bond factor increases with increase in the volume fraction 
of fibres up to optimum percentage variation of fibre content. The maximum tension stiffening bond factor was 
exhibited by the specimen with 0.75% steel fibre and 0.15% polypropylene fibre content. It may be due to the 
balling effect of fibres S1P0 and S0P0.2gives lesser bond factor values than S0.75P0 and S0P0.15. The average tensile 
strength in concrete increases even after the first crack, which leads to enhanced values of bond factor.

3.3 Crack pattern, crack spacing and crack width
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Fig 10. Crack pattern of steel fibre 
reinforced UHPC

Fig 11. Crack pattern of polypropylene fibre 
reinforced UHPC

Figure 10 & 11 shows the crack pattern of steel fibre and polypropylene fibre reinforced UHPC prismatic 
tension specimens subjected to uniaxial load. The first transverse crack appeared near the middle portion of the 
specimen. The first crack widened and additional cracks appeared as the load increased. On all sides of the specimen 
the development of cracks was not uniform.Also the longitudinal splitting cracks were appeared with transverse 
cracks. The number of transverse cracks increased and the spacing of cracks decreased with increasing fibre content. 
Maximum number of transverse cracks was obtained for UHPC specimen with 0.75% steel fibre and 0.15% 
polypropylene fibre content compared to other fibre reinforced UHPC specimens.

4.Conclusions
The tension stiffening and cracking behaviour ofUHPC and fibre reinforced mixes were studied in this work. An 
optimum steel fibre and polypropylene fibre volume fractions were found out based on the tension stiffening and 
cracking behaviour of specimens subjected to uniaxial tension test. Based on the results of this study, the following 
conclusions are made:

• In steel fibre reinforced UHPC mix, the maximum tension stiffening and yield load is obtained for the mix 
with 0.75% steel fibre content, it may be due to good confinement effect of fibres and ability of UHPFRC 
to carrying tensile stresses at the cracks.

• 0.75% steel fibre content increases the yield load, compressive strength and first crack load by 18%, 3% 
and 25% respectively than normal UHPC mix

• In polypropylene fibre reinforced UHPC mix, the maximum tension stiffening and yield load is obtained 
for the mix with 0.15% polypropylene fibre content, it may be due to good confinement effect of fibres and 
ability of UHPFRC to carrying tensile stresses at the cracks.

• 0.15% polypropylene fibre content increase the yield load, compressive strength and first crack load by 4%, 
1% and 18% respectively than normal UHPC mix.
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Abstract. This paper deals with the evaluation of stress-block parameters for concrete with metakaolin admixed 
recycled concrete aggregate. An experimental investigation was carried out on the stress-strain characteristics of 
concrete by replacing 100% of coarse aggregate by recycled aggregate for varying design strength of 20 MPa and 30 
MPa under increasing axial compression. As these recycled aggregate causes reduction in strength, mineral admixture 
was used to improve the properties of recycled aggregate. In this study, metakaolin was used by 2.5%, 5%, 7.5%, 10% 
and 12.5% of recycled aggregate and the optimum value of metakaolin was obtained as 10% in M20 and M30 mixes. A 
total of 18 cylinders were prepared to develop a stress strain model for concrete with metakaolin admixed recycled 
concrete aggregate. The results indicated that Saenz stress-strain model was applicable for concrete with metakaolin 
admixed recycled concrete aggregate and the proposed stress-block parameters could be used to determine the flexural 
strength of members made using above composites.

Keywords: Metakaolin, Admixed, Recycled concrete aggregate, Stress block parameters, Saenz model.

1. Introduction
Concrete is a major construction material and plays a crucial role in the improvement of infrastructures such as 

highways, bridges, buildings etc. It is estimated that the total annual concrete production over the world is more than 
10 billion tons. The concrete industry alone uses 20 billion tons of aggregates, 1.5 billion tons of cement and 800 
million tons of water [1]. The idea of the conservation of natural aggregate (NA) has been largely ignored despite the 
fact that coarse aggregates make up 40-50% of a concrete mix by volume while cement makes up about 10% [2]. 
Volume of cement and concrete production probably will continue to increase. The overexploitation of NA may 
reduce the resources to a crucial level, compromising the needs of future generation. Thus the necessity of 
conservation of NA leads to the use of recycled concrete aggregates (RCA) and this may provide sustainable 
development. RCA has lower compressive strength, less stiffness, increased creep, increased shrinkage, weak 
interfacial transition zones, high porosity, high levels of sulphate and chloride contents, impurities, poor grading, and 
lower quality as compared to NA concrete. Mineral admixtures can be successfully used as partial replacement of 
cement in order to mitigate the poor performance of the RCA, thus obtaining admixed recycled concrete aggregate. 
Mineral admixtures such as fly ash (FA), silica fume (SF), metakaolin (MK) and Ground granulated blast slag 
(GGBS) have been utilized for many years either as supplementary cementitious materials in Portland cement 
concrete or as a component in blended cement. Generally, due to their high pozzolanic activity, the mineral admixture 
improves the mechanical and durability properties of the concrete [3]. Two stage mixing approach (TSMA) is used to 
mix recycled concrete aggregate, in which the mixing process is divided into two parts and the required water is 
proportionally split into two, which is added at different timing. First, fine and coarse aggregates are mixed for 60 s 
before half of the water required is added and mixed for another 60 s; then cement is added and mixed for 30 s before 
the remaining half of water is added and mixed for 120 s. Improvement of strength is achieved up to 21.19% for 20% 
of RA used under 28-day curing conditions under TSMA [4].
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Fig.1. Interfacial zones in RCA

Stress block parameters are extensively used in the analysis and design of concrete structural members and offer a 
convenient way to determine flexural capacity. Better the stress-strain model, more reliable is the estimate of strength 
and deformation behaviour of concrete structural members.

In this paper, an attempt has been made to develop a stress-strain model for concrete with metakaolin admixed 
recycled concrete aggregate and to evaluate the stress block parameters such as, the effective average concrete stress 
ratio (aO and the effective stress-block depth factor (P1).

2. Experimental Programme

a. M aterials and Mix Proportions
The materials used in this study includes Portland pozzolana cement conforming to IS 1489 (1) -  1991, river sand 
passing through 4.75mm IS sieve conforming to grading zone II of IS 383:1970 (reaffirmed 2002) having specific 
gravity of 2.75 and coarse aggregate with a maximum size of 20mm and specific gravity of 2. The mixes were 
designed using IS 10262:2009. Slump was fixed as 85-90mm. Polycarboxylate ether based super plasticizer was 
used to improve the workability of the mix. Mix proportion of M20 and M30 mixes were 1:1.97:3.81 and 
1:1.93:3.58.

Recycled concrete aggregate (RCA) was obtained from the demolished building wastes and was sieved to get a 
maximum size of 20mm. The specific gravity of RCA obtained was 2.69, which was lower than coarse aggregate. 
Also the water absorption was obtained as 2.1%, which was higher than coarse aggregate. Coarse aggregate was 
then replaced by 100% RCA.

Metakaolin admixed RCA was obtained by mixing metakaolin with RCA by replacing RCA by 2.5,5,7.5,10 and 
12.5% by weight of RCA in each mixes.

As the 100% replacement of coarse aggregate with RCA, the mixes were found to be less workable and thus, the 
amount of super plasticizer was increased, so that the mixes achieve a slump of 85-90mm. Cube specimens of size 
150mm were cast and tested for 28 day compressive strengths to obtain the optimum percentage of metakaolin in 
each mixes.

Table 1. Mix proportion of cylindrical specimens for 1m3

Mix
Cement

(kg)

FA

(kg)

CA

(kg)

d 
S) 

R 
(k

Metakaolin
(kg)

Water

(L)

Super 
plasticizer (L)

M20 1268 - - -

M20R100 340 674 - 1148 - 193 0.002

M20R100-10 - 1033 114 0.0035

M30 1289 - - -

M30R100 360 693 - 1196 - 163 0.004

M30R100-10 - 1077 119 0.0047
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b. Testing
The determination of stress-strain characteristics was carried out by testing 18 cylindrical specimens of diameter 
150mm and height 300mm using an UTM of 1000 kN capacity. For each mix, three specimens were cast and tested 
and the average of the test results was taken for analysis. While casting the specimen, two steel flats were inserted 
into the core concrete through the slots made in the cylinder moulds so that the vertical distance between the inserted 
flats was 100mm. The core deformations corresponding to every 10 kN increment of load were recorded during 
loading using Linear Variable Differential Transducer (LVDT) attached to the flats. The test setup is shown in Fig.2. 
The specimens were subjected to monotonic axial compression until failure. The tests were terminated when the 
load suddenly dropped to a fraction of the maximum and resulted in complete destruction of the specimen. The 
failure pattern of the specimen was also observed.

Fig.2. Testing of cylindrical specimen
3. Saenz stress-strain model
For the formulation, it was assumed that no exact theory is available for stress-strain curve of concrete. However, 
the theoretical stress-strain curve can be verified by comparing it with experimental stress-strain curve developed 
from the observed data. The procedure adopted in this model is explained below [7].

Saenz proposed the following equation to represent stress-strain relationship of concrete in compression.
Ae

f _  : -  3 r  (1)

where,
e = Strain in concrete
f  = Stress corresponding to strain in concrete
A and B are the constants for a stress-strain curve without normalizing and are calculated by the equations (3) and
(4)

Expressing the stress-strain relation in non-dimensional form,

(2)

where,
A’ and B ’ are constants of stress-strain curve
fu = peak stress 
eu = peak strain 
f/fu = stress ratio 
e/ eu = strain ratio

The constants A’ and B ’ can be find out by using the following boundary conditions:
(i) At the point where the curve departs from its straight line portion
(ii) The strain ratio and stress ratio at the peak of the non dimensional stress-strain curve is unity

. Then, the constants A & B in the stress-strain relation without normalizing are calculated as follows:
A=A’(f/fu) (3)
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B=B’(1/ eu)2 (4)

Using the values of constants A and B for each mix, the theoretical stresses are calculated by keeping the 
experimental strain as such in Eqn.(1). The obtained theoretical stresses were then normalized by dividing each 
value by their peak stress. And a graph is plotted between normalized theoretical stress v/s normalized experimental 
strain. Again a graph is plotted between normalized experimental strain and normalized experimental stress. If the 
normalized theoretical stress-strain curve matches with the normalized experimental stress-strain curve, then Saenz’s 
stress-strain model will be applicable. If this model is satisfied, the equations pertaining to this model would be used 
to find out the stress block parameters which are explained below.

Expressions for compressive force and tensile force
The expression for compressive force (C) is written as:

C=a1 ’fcubXu (5)

where,
Xu = Depth of neutral axis
fcu = Stress corresponding to ultimate strain in concrete
C = compressive force
a 1 ’ = stress block parameter without partial safety factor

The idealization of stress-strain curve is assumed as shown in Fig.3. And the area under stress-strain curve (Ab) is 
given by:

Ab= a 1 ’fcu ecu (6)

Thus,
a1 ’= Ab/ fcu ecu (7)

Where, a 1 ’ is a stress block parameter without partial safety factor and the modified parameter is found by dividing 
this by partial safety factor of 1.5. Thus a 1 is the stress block parameter, called effective average concrete stress 
ratio.
Now, by substituting Eqn. (7) in Eqn. (5),

r - h ^  a  < 8 >-  -  b 
t CU

Then, the tensile force (T) is expressed as

As per clause 38.1of IS 456:2000
(0.37 fy)

oo: (10)

Hence.

f__ = f r—
0.87

Substituting Eqn. (7.11) in Eqn. (7.9), we get

To derive the expression for compressive force, idealization of stress-strain curve was assumed. The assumption of 
idealization was proved with respect to each mix. For idealization, the stress-strain curve obtained from 
experimental data was extrapolated beyond the experimental ultimate stress point. The extrapolation of the curve 
was done by obtaining further theoretical ultimate values of stress and strain by considering the condition of 
equilibrium of forces (Compressive force = Tensile force)
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Fig.3. Assumed idealized stress-strain curve[7]

.The area under the stress-strain curve (Ab) is given by 
A 1 +  Becu3 '

-  ■ 3 3 l o ; 7 ^ 3 7 7  (13)
By substituting Eqn. (7.13) in Eqn. (7.8), we get 

‘ bX^A 1 +  Be^
T 1o-; - ^ 3 7 T  (14)

where,
b = breadth of the section
£1 = Initial strain in concrete
£cu = Ultimate strain in concrete
A & B = constants obtained from Eqns. (2) & (3)
For idealizing stress-strain curve, different values of compressive force were generated. For this, values were 
assigned for the parameters Xu, £1, £cu, and b in Eqn. (14). Similarly, to generate different values for tensile forces, 
values were assigned for the parameters Ast, Es, and £s in Eqn. (12). While the parameters £1, b, Ast, and Es were
considered as constants & the remaining parameters were considered as variables.

The values for various parameters were assumed as follows: 
£1 = 0, b = 100mm, d = 125mm, Es = 2.1 x 105 MPa 
Xu = 0.1d to 0.5d with an incremental value of 0.1d 
£cu = 1 x 10-4 to 1 x 10-3 at an interval of 1 x 10-4

2 x 10-3 to 1 x 10-2 at an interval of 1 x 10-3
2 x 10-2 to 1 x10-1 at an interval of 1 x 10-2

£s = 2.2 x 10-3 to 1 x 10-2 at an interval of 1 x 10-3

The value of Xu at which the compressive force (C) is equal to the tensile force (T) was identified and the exact 
value of strain at which C=T, was found by plotting the force against the strain. The theoretical ultimate value of 
strain, in concrete was thus obtained. Then, area under the stress-strain curve (Ab) was calculated using Eqn. (7.13) 
and by taking fu = fcu, the stress block parameter was obtained from Eqn. (7.7). The theoretical ultimate value of 
stress, fcu was then obtained from Eqn. (7.5) as all other parameters being known. Now, using the value of fcu , the 
stress-strain curve is extrapolated until this value and the idealization of stress-strain curve is compared. If the 
experimental and theoretical stresses are almost same then the assumption is valid. The same procedure was 
repeated for all the mixes. The stress block diagram is shown in Fig.4.

£---b ---c r-
at'fcu

t
X*

4

1
/ ’

I 2

Xi

. r

/ T

Es

Fig.4. Stress block diagram [7]
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From the above figure, using similar triangles, the values of xi and x2 was found using Eqns. (15) and (16)
v  E“ x i =  —  

t CU
(15)

(16)

Where £cu is substituted as 0.0035 here as it is the ultimate strain in any concrete as per IS 456:2000. X 1 is the depth 
of the parabolic portion of the stress-block & X2 is the depth of the rectangular portion of the stress block.
The compressive force component for parabolic portion of stress block without partial safety factor is given as:

(17)

The compressive force component for rectangular portion of stress block without partial safety factor is given by 
^2 = X2 («i'fcu)b (18)
Thus, the total compressive force (C) is given by:
C = C1 + CZ ' (19)
Let X be the distance of the line of the action of compressive force from the extreme top fibre, then

C i( |x 1 + x2) + c2( ^ )
X =  -

u

X = P i X u
where,
P1 = effective stress block depth factor & is a function of X 1, X2, C1, C2 and C

(20)

(21)

Thus, we get X in terms of Xu and the constant connecting that gives the value for p. By using the principle of 
equilibrium, the compressive force equal to the tensile force, the value of Xu/d was calculated.
Thus a new set of stress block parameters were obtained by using this model which could be used for rapid design 
checks. This procedure was adopted for all the mixes.

4. Results and Discussion
Three specimens were tested to determine the stress-strain characteristics in M20 and M30 mixes and the average 
value of the three results were taken for the analysis. The stress-strain curves were then plotted for M20 and M30 
mixes and shown in Fig.5 & Fig.6.

Fig.5. Stress-strain curve of M20 mixes Fig.6. Stress-strain curve of M30 mixes

The peak stress and strain values of each mixes can be seen from the Fig.5 and Fig.6. It was observed that when the 
recycled aggregate is used, the stress value decreased and the strain value increased comparing to control mix. This 
is because of the low strength of recycled aggregate. Also, when metakaolin is used, the stress value increased and 
strain value decreased comparing to control mix. And this is because of the high strength of the mix. Due to the filler 
effect of metakaolin, it reduces the pores in the recycled aggregate and reduces the water absorption and thus 
increased the strength of the mix.

All the stress-strain curves show a linear behaviour till the first crack load and at higher levels of stress, the 
behaviour was highly non-linear. As a result of formation of micro cracks, the softening behaviour of concrete 
started at early stages and this was continued up to the peak load. These micro cracks developed both in mortar and
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mortar-aggregate interface. When stress was increased beyond peak stress, micro cracks propagate suddenly and this 
increases the compressive strain. At this stage cracks got widened and failure occurred.

A typical failure pattern of M20 and M30 cylinder specimens observed after the test is shown in Fig.7 and Fig.8.

a) M20 b) M20R100 c) M20R100-10

Fig.7. Failure pattern of M20 mixes

a. Illustration of Evaluation of Stress Block Parameters
A typical illustration of the Saenz stress-strain model has been done for M30R100-10. The normalized experimental 
and theoretical stress and normalized experimental strain data derived from Eqn. (1) and Eqn. (3). By applying 
boundary conditions, the values of A’ and B ’ are 3.216 and 2.216. Hence by solving Eqn. (3) and Eqn. (4), the 
values of A and B are obtained as 60430.41 and 246619.79. Using the values of A’ and B ’, the theoretical stress- 
strain curve is drawn and it is seen to be in good agreement with the experimental curve (Fig.9). Hence the 
assumption of Saenz’s stress-strain model is valid for M30R100-10

a) M30 b) M30R100 c) M30R100-10
Fig.8. Failure pattern of M30 mixes
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The experimental peak stress and strain corresponding to peak stress obtained are 23.12 MPa and 0.00193 
respectively. Different values for compressive force (C) and tensile force (T) by substituting the values of the 
parameters in Eqn. (14) and Eqn. (12). The values of the force was plotted against the strain values as shown in 
Fig.10 and the value of ecu at which the compressive and tensile stresses were found to coincide was obtained as 
0.0035.Knowing the value of ecu,, the values of Ab and fcu were calculated from Eqn. (13) and Eqn. (5) as 0.0415mm2 
and 24.05 MPa respectively. The idealized stress-strain curve was found to be coinciding with the extrapolated 
stress-strain curve as shown in Fig. Hence the assumption of idealization of stress-strain curve is also proved.

Fig.10. Force-strain curve for M30R100-10 Fig-11- Idealized stress-strain curve for M30R100-10

The depth of parabolic portion and rectangular portion of stress block and the corresponding compressive force 
component were then obtained as

X1 = 0.63Xu

X2 = 0.365Xu

C1 =740.352Xu

C2 = 185.088Xu

Thus, the total compressive force, C =925.44Xu 

The stress block parameters were obtained as follows: 

a1’ = 0.54 

a1 = 0.36 

P1 = 0.381

Considering the equilibrium condition,

T = 52056 N

Equating C and T, Xu/d = 0.452

This procedure was adopted for all considered mixes of M20 and M30 and the stress-strain relation and stress block 
parameters were evaluated. The values of the constants in the stress-strain relation for various mixes along with the 
proposed values are shown in Table. The correlation coefficient for actual values and proposed values of the 
constants were calculated and all the values were found to be nearly equivalent to unity. The average values of stress 
block parameters for M20 and M30 mixes were found and shown in Table 2.

Table 2. Average values of stress block parameters for M20 and M30 mixes

Stress block parameters
M ix Designation ______________________________

a 1 P1 X u/d

M xR100-y 0.33 0.39 0.44
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MxR100 0.32 0.41 0.42

M x (IS 456:2000) 0.36 0.42 0.48

x denotes the grade of concrete and y denotes the optimum percentage of metakaolin

5. Conclusions
The following are the conclusions obtained from this study:

• Saenz model was found to be applicable for all M20 and M30 mixes.
• The effective average concrete stress ratio (011) , the effective stress block depth factor (P1 ) , neutral axis 

depth to effective depth ratio (Xu/d) were found to be comparable with the values for concrete as per IS 
456: 2000.

• As the regression coefficients are closer to unity, the proposed values of stress block parameters could be 
used to determine the flexural strength of members made using the above composites.
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Aggregates generally occupy 60% to 75% o f  the concrete volume and strongly influence the fresh and hardened 
properties and economy o f concrete. The continued extraction o f  aggregates from nature has caused its depletion at 
an alarming rate. The worldwide depletion o f  natural resources and the simultaneous accumulation o f  waste 
materials call for the need for sustainable development in the construction industry. Hence, recent researches have 
been focussed on the use o f  locally available waste materials such as coconut shell, plastic, etc., in concrete to 
replace the mineral aggregates. This study deals with the strength characteristics o f  PET fibre reinforced coconut 
shell concrete (PFRCSC). Earlier studies have shown that when coconut shell was used in concrete to replace the 
coarse aggregates, compressive strength was decreased considerably. But, this reduction in strength was 
significantly low for 10% coarse aggregate replacement. Also, the inclusion o f  polythene fibres made from waste 
plastic bottles was noted to improve the strength characteristics o f  concrete. Hence, an attempt has been made to 
combine the positive characteristics o f  both coconut shell concrete (CSC) and PET Concrete. M30 normal concrete 
and CSC concrete with 10% coarse aggregate o f  normal concrete replaced by coconut shell has been taken as the 
control mixes. PET fibres made from waste plastic bottles were added at volume fractions o f  0, 0.5, 1, 1.5,2 and 
2.5%. The mechanical properties such as density, compressive strength, tensile strength and flexural strength were 
determined and compared with the control mixes. The experimental investigations were carried out on a total o f  180 
specimens which includes cubes, cylinders and prisms. The results indicate that PFRCSC is a sustainable, eco- 
friendly and economical concrete with better engineering properties and strength characteristics in comparison with 
normal concrete and coconut shell concrete.

Key Words: coconut, fibres, plastic, polythene, and sustainable 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

1. IN T R O D U C T IO N

Sustainability in building developments is a vast and complex subject that must be considered from the very earliest 
stages as the potential environmental impacts are very significant. In the present day construction industry, the rising 
cost of building construction materials is becoming a factor of great concern. The prices of building materials are 
rising day by day. Concrete has always been considered as the premier building material and aggregates form the 
main ingredient of concrete. The continued extraction of aggregates from nature has caused its depletion at an 
alarming rate. The worldwide depletion of natural resources and the simultaneous accumulation of waste materials 
have called for the need for sustainable development in the construction industry. This mainly involves the use of 
locally available materials as replacement of the natural aggregates, both coarse and fine aggregates. Hence, recent 
researches have been focussed on the use of locally available waste materials such as coconut shell, plastic, etc., in 
concrete to replace the mineral aggregates.
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Coconut shells are one of the agricultural waste products abundantly available from local coconut fields in Kerala 
and accounts for around 45% of the production in India. In many countries, coconut shell is subjected to open 
burning which contributes significantly to CO2 and methane emissions. The disposal of coconut shell poses various 
environmental issues as it is not easily degradable and it is an agricultural waste. In India, coconut shell when used 
as an agricultural waste requires huge dumping yards. The dumping of coconut shell also causes breeding place for 
mosquitoes. If this material can be utilised to replace the coarse aggregates in concrete, then it should be a boon to 
the civil engineering society. Various researchers [1-5] have investigated the use of coconut shells and their 
derivatives in civil engineering construction. This will not only reduce the weight of the resulting concrete, but also 
provides an efficient solution to the disposal of coconut shells.
Plastic waste is yet another crucial issue posing various environmental hazards. The amounts of plastics, especially 
the plastic bottles consumed annually have been increasing steadily. There are several factors that contribute to the 
rapidly growth of plastics consumption such as low density, fabrication capabilities, long life, lightweight, and low 
cost of production. The problem gets further complicated since plastic waste is not degradable and may cause 
environmental disturbance. Treatment method through incineration will provide toxic gas like dioxin that could be 
dangerous to human health. The main disadvantage of PET (Polyethylene Terephthalate) bottles is the shear amount 
of time they take to decompose, an average plastic bottle takes 500 years. The decomposition can be affected by 
various factors, such as climate and acids in the landfill. Of the mass numbers of plastic bottles consumed 
throughout the world, most of them are not recycled because only certain types of plastic bottles can be recycled by 
certain municipalities. They either end up lying stagnant in landfills, leaching dangerous chemicals into the ground, 
or they infiltrate our streets as litter. They are found on sidewalks, in parks, front yards and rivers, and even if you 
chop them into tiny pieces they still take more than a human lifetime to decompose.
A possible application of disposing these hazardous PET bottles is to chop them into fibres and use Polyethylene 
Terephthalate (PET)fibres obtained from waste plastic bottles as short fibre reinforcement in structural concrete. It 
can improve its tensile strength as concrete is good in compressive strength but lack tensile strength. The reduced 
strength is mainly due to presence of micro and macro cracks due to shrinkage of concrete. PET comes in the 
category of low modulus synthetic fibres along with fibres of polyethylene, nylon, polyester which are effective in 
controlling shrinkage cracking but is not so effective in increasing tensile strength. Also, PET bottles are being 
experimented to act as non-load bearing and partition walls in many parts of world. Previous researches 
[6,8,9,11,14] revealed that PET waste fibre in concrete has significant role in terms of bonding and strength. 
Increasing the PET waste increases the size of porosity and interfacial transition zone in concrete matrix and resulted 
in reduction in strength of concrete.

2. S IG N IFIC A N C E  O F TH E  W O R K

Though there are various waste materials that form a part of garbage, non-biodegradable wastes like plastic are more 
visible than other trash. This is especially true in case of PET (Polyethylene Terephthalate) bottles. These bottles not 
only result in waste of expensive material but also increase plastic waste which can cause environment pollution in 
the form of their disposal. Today, PET bottle wastes are seen everywhere: on the road, in garbage bins, railways 
tracks, play grounds, etc. This calls for a need for using these waste materials in a useful manner.
Studies have revealed that the addition of fibres improves the engineering properties of concrete such as ductility, 
post crack resistance, energy absorption capacity, etc. The inclusion of fibres also imparts better flexural strength, 
cracking resistance and toughness characteristics to the concrete. Research has been carried out on the properties of 
concrete including polythene fibres obtained from plastic bottles and it has been noted that the compressive strength 
was improved when the polythene fibre volume fraction was increased from 0 to 2.5%. Hence, the inclusion of such 
fibres would prove to be beneficial to the concrete properties.
This creates a possibility of including PET fibres to the Coconut Shell Concrete (CSC) to improve the strength 
characteristics of concrete. Research available on coconut shell concrete and polythene fibre concrete has been 
restricted to the studies on mechanical properties such as compressive strength, tensile strength, density, water 
absorption and flexural strength. The possibility of inclusion of polythene fibres to coconut shell concrete has not 
been explored so far.
This paper aims at analysing the mechanical properties of Polythene Fibre Reinforced Coconut Shell Concrete 
(PFRCSC).
The major objectives are

• To study the characteristics of coconut shell concrete with 10% coconut shell as partial replacement of 
coarse aggregates.
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• To analyse the possibility of inclusion of polythene fibres to coconut shell concrete at volume fractions of 
0, 0.5, 1, 1.5,2 and 2.5%.

• To evaluate the engineering properties such as density, compressive strength, tensile strength and flexural 
strength of Polythene Fibre Reinforced Coconut Shell Concrete

3. E X P E R IM E N T A L  PR O G R A M M E

3.1 M ateria ls  an d  M ix P ro p o rtio n s

Ordinary Portland cement of 53 Grade having specific gravity 3.15 and normal consistency of 38% and conforming 
to IS:12269-1987(Reaffirmed 2004) [15]was used. M sand passing through 4.75 mm IS sieve conforming to grading 
Zone II of IS 383-1970 (Reaffirmed 2002) [16] was used as fine aggregate. Crushed stone having effective size of 
10.2mm conforming to IS: 2386-1997 [17,18] and IS: 383-1970 (Reaffirmed 2002) [16]was used as coarse 
aggregate.
The mix designs were carried out for obtaining 28day concrete compressive strengths of 30MPa. Locally available 
coconut shells were crushed and sieved to get coarse particles with effective size of 15 to 20mm and bulk density 
1.69 g/cc as shown in Fig.1. The natural coarse aggregates were replaced at a volume fraction of 10% with coconut 
shell and polythene fibres obtained from polythene bottles were added at volume fractions of 0, 0.5, 1, 1.5,2 and 
2.5%.

Fig 1 Coconut shell

The coconut shell content was restricted to 10% by volume of coarse aggregates as the optimum value of coconut 
shell content for desirable compressive strength for the mix was found to be 10% from past literature [7,12,13]. 
Polyethylene terephthalate (PET) fibres having an aspect ratio of 88 were cut from waste PET bottles (Fig.2). The 
length of the fibres was 40mm.Potable water available in the laboratory, which satisfies drinking standards, was 
used for the concrete mixing and its subsequent curing.The mix proportion used is as given in Table 1.

Fig 2 PET Fibres
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Table 1 Mix proportions

Cement
(kg/m3)

Coarse
Aggregate

(kg/m3)

Fine
Aggregate

(kg/m3)

Water
(L)

Water
Cement
Ratio

360 1285 710 192 0.4

3.2 T esting an d  specim en details
The specimens were designated as shown in Table 2. A total of 180 specimens were cast and tested to obtain the 
mechanical properties of NC, CSC and PFRCSC. The details of specimens cast for each mix are as follows.

(i) 18 cube specimens of 150mm size to evaluate the unit weight, 28 day, 45 day and 60 day compressive
strength

(ii) 6 cylindrical specimens of 150mm® and 300mm height for the split tensile strength

(iii) 6 prisms of 100 x 100 x 500mm for the modulus of rupture

Tabic 2 Designation of specimens

Designation Details
Coconut 
shell %

Volume 
fraction 
of PET 
fibres
(%)

NC
Normal
Concrete

0 0

CSC
Coconut

Shell
Concrete

10 0

PFRCSC1

PET Fibre 
Reinforced 

CSC
10

0.5

PFRCSC2 1.0

PFRCSC3 1.5

PFRCSC4 2.0

PFRCSC5 2.5

4. R E SU L T S & D ISC U SSIO N S

4.1 W o rk ab ility

The concrete mixes with coconut shell aggregates were found to have better workability because of the smooth 
surface on one side of the coconut shells. The workability in terms of slump value was seen to follow an increasing 
trend with addition of coconut shells as well as PET fibres. The slump values increased by 13.7% between NC and 
CSC. The slump values gradually increased from 33 to 45mm as the PET fibre volume fraction was increased from
0.5 to 2% as shown in Fig 3. For PFRCSC with 2% fibres, the increase in workability was 55.17% and 36.36%with 
respect to NC and CSC respectively.
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Fig 3Slump values of mixes

The workability based on compaction factor was observed to increase from 0.91 to 0.924 as the percentage of PET 
fibres in CSC increased from 0 to 2% as shown in Fig 4. Increase in compaction factor between NC and CSC was 
noted to be 19%. For PFRCSC with 2% fibres, the increase was 12% and 6.4% with respect to NC and CSC 
respectively.

Fig 4Compaction factor values of mixes
4.2 D ensity

The densityof PFRCSC was seen to decrease with increase in fibre volume fraction. The maximum value of density 
for CSC was observed to be 2540.2kg/m3 as shown in Fig 5. The density dropped down to 2056.3kg/m3(20%) as 
volume fraction PET fibres in CSC was increased to 2%. The decrease in density between NC and CSC was2.8%. It 
was also observed that the density values obtained for CSC and PFRCSC were lesser than the density of normal 
concrete, which usually ranges between 2300 to 2600kg/m3. Hence the concrete obtained by adding coconut shell 
and PET fibres could be categorised as light weight concrete.

Density

3 000
C  2500
1  2000
&  1500
'£■ 1000
a 500 <u
O 0

NC CSC CSC CSC CSC CSC CSC 
0 0 .5 1 1.5 2 2.5

PET fibres (°/o)

Fig 5 Density

4.3 Compressive Strength
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Compressive strength of all concrete mixes was determined at 7 and 28 days of curing. The compressive strength 
test results are given in Table 4.4. The variation of compressive strength at 7 and 28 days with different mixes is 
shown in Fig 4.5. It has been observed that the polythene fibre reinforced concrete show an increasing trend in the 
compressive strength with increase in PET content. From these results, it was observed that compressive strength of 
all mixes was found to increase till 2% and that compressive strength of all mixes was greater than the control mix. 
Compressive strength decreases for addition of fibres above 2%.Maximum strength at all ages occurs with 2% 
addition of fibre. From test results it was concluded that there is an increase in the early age compressive strength 
due to the addition of fibre in concrete .Comparing to CSC 0, CSC 2has showed an increase in strength of 15% at 28 
days. When compared to NC, CSC 2 has showed an increase in strength of 23.43% at 28 days. From the 
compressive strength test, CSC 2 was obtained as the optimum percentage.

Compressive strength

NC CSC CSC CSC 1 CSC CSC 2 CSC 
0.5 1.5 2.5

PET fibres (®/o)

Fig 6 Compressive strength

4.4 Splitting  Tensile S treng th
Splitting tensile strength test was carried out on cylindrical specimens horizontally placed between the loading 
surfaces of the compression testing machine. The load was applied until failure of the cylinder along the vertical 
diameter was observed. Split tensile strength was found to increase with increase in percentage of PET fibres as 
shown in Fig 7. The split tensile strength values increased to4.56MPa as the fibre percentage was increased from 0 
to 2%. The tensile strength for PFRCSC with 2% fibres, that splitting tensile strength of cylinder of CSC 2 was 
higher than CSC 0.Percentage increase in strength of CSC 2 was 27.97% than CSC 0 and 31.73% when compared 
to Normal concrete So 2% PET Fibre addition can be considered as optimum content.

Splitting Tensile strength

PET fibres (®/o)

Fig 7 Split tensile strength
4.5 Flexural Strength
Flexural strength or the modulus of rupture (extreme fibre stress in bending) was found out by testing prisms under 
two-point loading. Flexural strength was observed to follow an increasing trend with increase in percentage of PET 
fibres as shown in Fig 8. But, when compared to NC, Flexural strength decreased by 42.8 % between normal
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concrete and CSC. For coconut shell concrete with 2% fibres the increase was 32.203 % with respect to normal 
concrete and 28.57% with respect to CSC 0.

Fig 8 Flexural strength

5. C ost analysis

According to the mix design, weight of coarse aggregate for one cubic meter is 1153.75 kg which costs Rs.1396. By 
the replacement of 10% of coarse aggregate with coconut shell, the weight of coarse aggregate obtained is 1038.375 
kg, which costs Rs.1256. This gives a reduction of Rs.140 for CSC when compared to normal concrete. The PET 
fibres and coconut shell are completely a waste material which does not cause any additional cost to the work. 
Hence, it was observed that around 25% cost reduction was obtained by using coconut shell and PET fibres in 
concrete and our project work was economical.

CONCLUSIONS
An attempt has been made to effectively utilise waste materials like coconut shell and PET bottles in concrete as a 
solution to the huge disposal problems and environmental pollution hazards posed by these waste materials. Based 
on the above studies, the following conclusions are arrived at;

• CSC and PFRCSC are concretes which promote green construction.
• Coconut shell and PET fibres are compatible with the cement in concrete and improves the workability of 

the concrete mix.
• PFRCSC exhibits improvement in compressive strength, flexural strength and split tensile strength in 

comparison to conventional concrete and coconut shell concrete.
• 2% PET Fibre addition considered as optimum percentage.
• PFRCSC can be categorised as light weight concrete.
• PFRCSC also contributes to the reduction of coarse aggregate usage in concretes, thereby reducing the 

production cost and depletion of natural resources.
Hence it can be concluded that PFRCSC is a low cost, light weight and an eco-friendly concrete with improved 
strength characteristics.
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Abstract. The concrete filled tubes (CFT) have the complete utilization of strength of its components both steel 
and concrete due to its peculiar positioning. The presence of outer steel improves the confinement of concrete 
which leads to high stiffness and strength, where as core concrete will support the steel tube from local buckling 
and enhance the overall performance. The application of CFT is limited due to the lack of design guidelines for 
the joint between CFT and structural steel beams especially in seismic regions. This paper attempts to evaluate 
and compare the hysteretic performance of two extended end plate exterior beam column connection suitable for 
square and circular CFT by investigating the strength, stiffness, ductility and energy dissipation. The results 
indicate the adaptability of both connections for Special moment resisting structure with consistently stable, 
ductile and good energy dissipation nature .

Keywords: CFT column, Through bolt, Cyclic loading.

1 Introduction

Recent research focus on the ways to improve the strength of joint region to avoid connection failure before 
reaching ductility of components under seismic action by maintaining strength hierarchy . During a seismic event 
the overall performance of the CFT building will be characterized by the connection pattern. The connection 
between steel beams and CFT columns can be broadly classified into two categories namely exterior and interior 
connections. Exterior joints are made by attaching the steel beam to the outer steel tube alone, which may lead to 
high distortion on tube wall. From the literature review joint failures reported in Northridge Earthquake were weld 
failures which were categorized under exterior joint. The second method is interior connection which allows stress 
transfer to concrete core also, by penetrating extended beam elements or beam itself through the column. Even 
though this method will improve the seismic performance, practical construction difficulties prevails. Alternate 
solution to these problems are use of semi through type connections in which the entire beam is not passing through, 
instead extended anchor rods or bolts are transmitting the stresses to concrete core and making the confined concrete 
to actively participate in lateral stability. The selection of semi through connection has to be properly analyzed for 
easiness in construction, location of plastic hinge and cost benefit ratio[1-5]. On comparison circular CFT has better 
performance than square CFT due to higher confinement. But the application limited due to the difficulties in joint 
configuration and performance [6-8]. Current study aims to the performance evaluation of semi rigid semi through 
exterior connection of extended end plate steel beam to CFT square and circular columns under cyclic loading. This 
kind of bolted connection helps to avoid field weld completely which in turn increases the speed as well as quality 
of construction [9]. This paper describes the guidelines for design, methodology for testing and analyzing the 
performance of exterior joint under cyclic loading and results were compared in detail. It also evaluates the 
adaptability of split bolt assembly for circular CFT compared to square CFT with normal through bolt assembly 
[10].
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2 Experimental Programme

2.1 Specimen Design

The design criteria selected was Four Bolt Stiffened Extended (4ES) End-Plate connection configuration, as per the 
capacity design approach [11]. The presence of stiffener helps to push the location of plastic hinge away from the 
face of column which will in turn improve the joint performance [12]. End plate thickness was arrived on the 
assumption to avoid prying force, which leads to the fixation of required diameter of bolts and pretension force. 
Representative sub assemblage of exterior joints were selected by assuming inflection points on the midspan of 
beam and column. Square CFT joint was considered as control specimen and its modified version was adopted for 
circular CFT specimen.

2.2 Test Specimen Fabrication

Control specimen 1ESFF220 illustrated in Fig.1(a) composed of square tube 220*220*8mm with 300 grade and 
beam ISMB175 with 250 grade. The steel beam is welded to extended end plate of 16mm thick using 6mm fillet 
weld at factory. 10mm thick triangular Stiffeners were provided above and below the top and bottom flanges. 16mm 
rod with 8.8 grade were specially fabricated to form through bolts.

Specimen 2ECSC220 shown in Fig. 1(b) was fabricated with circular tube of 220 mm diameter and 8mm thick with 
300 grade and beam remains same. For the connection curved endplate was chosen with a special split bolt assembly 
which allows diametrical intersection of through bolt at same level as shown in fig. 3.

M30 grade concrete from 12mm aggregate, with plasticizer for 100mm slump was used to fill the steel tube. Mix 
design was carried out as per IS10262-2009 by considering good workability without compromising the strength 
requirement. Overall height of 1500mm and cantilever projection of 800mm were selected for all specimens 
considering the convenience of testing. After the fabrication of assembly the through bolts were placed as snug tight. 
Bolts were post tensioned after 28 days of concrete placing inside the tube. 100Nm torque was applied on either side 
of the rod using a calibrated torque wrench.

A) SPECIMEN 1 ESFF220 B) SPECIMEN 2 ECSC220

Fig-1- Exterior Joint Details

Mechanical properties of steel used for column, beam and HSFG bolt were identified using tension test and the 
values are presented in table 1, which shows that all the test results satisfies the design requirement. Concrete
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strength properties were characterized by cube and cylinder compression test and tensile properties using split 
tensile test.

Table l.Material Properties

Specimen Yield Strength (MPa) Ultimate Strength (MPa)

HSFG bolt (8.8 grade) 640 835

Steel Tube square 322 465

Steel Tube Circular 346 492

ISMB175 (flange) 284 393

(web) 268 381

Fig.2. Split Bolt Assembly

2.3 Test setup and Instrumentation

The test setup shown in Fig 3 was designed to simulate seismic loading effect on exterior joint by giving 
displacement controlled cyclic loading vertically on the free end of the beam by the use of manually controlled 
750kN hydraulic actuator. 15% of the axial capacity of the column was given as static axial load over the top of the 
column and this minimum maintained throughout the test. Bolt prestress level also kept same for both specimen and 
its variation was monitored during the testing. High precision LVDT of LC 0.001 were used to capture the 
displacements accurately. Universal load cells were placed above the double acting hydraulic jack to measure both 
push as well as pull over the cycles. 5mm electric foil strain gauges were attached over the bolts and other critical 
locations of the specimen were high stress variations are expected. All data were collected by a 40 channel data 
acquisition system and recorded in an automated computer using lab view software with 80Hz frequency. The real 
time response was monitored continuously and the feedback used to control displacement excitation of quasi static 
cyclic loading.
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Fig.3. Schematic diagram of test setup

The loading protocol was chosen as ANSI/AISC 2002 cyclic loading programme as shown in Fig. 4 [13]. The 
rotation mentioned in the protocol was converted as tip displacement of the beam and was monitored in real time, 
according to these measurement corresponding vertical load were captured and stored continuously. Experimental 
setup photograph is shown in Fig. 5.

Fig.4. Loading protocol
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Fig.5. Test Arrangement

3 Experimental Results and Discussions

The observed physical phenomenon and key structural response parameters captured during the experiment are 
presented and discussed in  detail in  the following sections.

3.1 General observations

The test specimen ESFF220 exhibited good ductile properties with characteristics of plastic hinge formation on 
beam near the vertical stiffener. Actual material test data was used to find out the plastic flexural strength of beam 
(Mp). In order to calculate moment, force at the tip of beam multiplied by the distance between face of the column to 
the loading line were used. The initial cycles were perfectly elastic. During 0.02rad cycle of loading peeling of 
surface paint on the beam near the stiffener region was observed. Slight buckling of top flange was observed during 
the second cycle of 0.05 rad and which almost get flattened over the negative cycle. Weld failure occurred during 
the first cycle of 0.06rad and the load dropped to 90% of the peak load. The experiment stopped at an angular 
rotation of 5.663%rad on the negative side.
Second Specimen ECSC220 also showed similar ductile behaviour. When the angular displacement reaches 0.03rad 
cracks perpendicular to the beam length originating from top and bottom flange location were visible in  the painted 
area of beam near the vertical stiffener. During the second cycle of 5%rad specimen showed drop in moment 
capacity with slight torsional buckling which may be due to non uniform distribution of stresses between end plate 
and steel beam.
For both the specimens peak minimum rotation observed was greater than 0.04 rad in both positive and negative 
cycles, which satisfy the guidelines provided by AISC 341-10 for composite special moment resisting frame. Hence 
this type of semi through type connection can be utilized for seismic region.

3.2 Moment Rotation relation

The hysteretic loops of moment at the column face and angular rotation in % rad is presented in Fig.6. The total 
rotation of the structure is contributed by beam, column and panel zone. From the experimental data evaluation of 
local and total rotation it was clear that major contribution was from beam because of the design philosophy, strong 
column strong joint and week beam. The result shows a stable hysteretic pattern with increase in loop area for both 
the specimen.
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Fig.6. Moment Rotation hysteresis curve

Envelope curve of the moment rotation relationship were extracted from hysteretic curve and plotted in Fig. 7 for 
detailed investigation on stiffness comparison. The experimental results o f flexural strength and comparison with 
beam plastic moment capacity are listed in Table 2. Beam plastic moment capacity was calculated based on the true 
strength observed from coupon test.

-8 -6 -4 -2 0 2 4 6 8
R otation (% R ad)

Fig.7. Moment -  Rotation Envelop curve

General yield point method was adopted to find the yield point from the skeleton curve. The ductility o f the joint can 
be evaluated by using displacement ductility coefficient, given by the ratio of ultimate displacement to the yield 
displacement. The yield point was corresponding to 45.57MPa moment for 1ESFF220 and 43.09MPa for 
2ECSC220.

For the first specimen displacement ductility coefficient calculated was 4.36 while specimen 2 was having 
higher value of 5.27 even though total drift angle observed was lesser by 1%rad. Maximum displacement was 
choosen corresponding to last successful cycle before failure whose moment resisting capacity of specimen does not 
fall below beam plastic moment capacity Mp.

Table 2.Test Results

Specimen Peak Moment (MPa) Mtest/Mp Initial stiffness (kNm/Rad)

+Mmax -Mmax Hogging Sagging Hogging Sagging
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1ESFF220 72.813 67.221 1.544 1.425 33.0 24.66

2ECSC220 65.126 61.664 1.38 1.308 44.8 34.09

The initial stiffness o f the circular specimen 2ECSC220 was higher than that o f square CFT specimen by 35.7% and 
38.24% respectively on hogging and sagging.

3.3 Energy Dissipation capacity

Energy dissipation can be found by calculating area bounded by each loop of hysteretic curve. Cumulative energy 
dissipation is plotted in Fig. 8. Plot shows remarkable increase in energy dissipation capacity after reaching 0.01rad. 
This parameter gives a clear picture of rate of stiffness degradation and deformation occurred during the increment 
of rotation cycles. Both the specimen follow almost same path which indicate that split bolt assembly is comparable 
to conventional straight bolt configuration.

0 10 20 30 40

Fig.8. Moment -  Rotation Envelop curve

3.4 Failure Mode

During the first cycle of 6% rad. there was a breaking sound followed by initiation of weld crack occurred between 
top flange and endplate. After that there was no increment in loading but rotation was increasing. Once the load was 
reduced to 85% of the ultimate load, experiment terminated. On removal of load the beam shows permanent overall 
deflection and slight local flange buckling at plastic hinge location. The photograph of the joint region after testing 
is shown in Fig.9. The confinement effect of prestress induced by bolt tightening increases the strength and stiffness 
of panel zone, which reduces the chance of panel zone failure at seismic regions. No inelastic deformations were 
observed at the endplate and predrilled hole locations on the column as in case of surface bolted connection [14]. 
Photograph showing the plastic hinge formation and weld failure is marked in  Fig. 9.

Department of Civil Engineering, MBCET 87



ICID 2018 21-23 June, 2018

Fig.9. Photograph of specimen after test

For circular specimen experiment was terminated at second cycle of 5% rad were moment resistence tends to fall 
below Mp and observed minor torsional buckling of beam which leads to non uniform distribution of stress at joint. 
There was difference between through bolt and split bolt on maintaining the prestress force during the cyclic 
loading. Split bolt assembly strength depends on the bolt lap length and bond between bolt and concrete which 
usually reduce during cyclic loading. After debonding the resistance to bending and axial pull/push depends on the 
tread capacity of the bolt and split assembly.

4 Conclusions

The proposed connection allows to completely avoid field weld. So the erection speed can be increased, thus 
reducing construction uncertainties.

The presence of triangular stiffener is effective in reducing the local distress like prying on end plate and 
successfully moves the plastic hinge away from the face of the column which reduces early stage failures o f joint.

The test structure response indicate that connection using through bolt can achieve excellent seismic performance by 
incorporating the participation of the panel zone in resisting the story drift without physical damage for both 
circular and square specimens.

The specimens shows good hysteretic behaviour with enough energy absorption capacity and stable rotation more 
than 0.04 rad. The joint can be classified as composite special moment resisting frame as per AISC 341-10. Split 
bolt assembly configuration proves to be practically good choice for circular column joint without compromising 
the seismic performance when compared to conventional straight through bolt in  square sections.

The failure mode observed was weld cracking at the beam flange - endplate connection region and shows ductile 
failure pattern with better deformation ability when compared to surface bolting.

The total rotation of the connection is largely contributed by the bending of beam by yielding. Also stiffness 
degradation was predominant when compared to strength degradation, which ensure the elimination of brittle 
failures.
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Abstract.Beam-Column Joint is the portion of column where a beam is used to join. These joints are the most critical 
portions of a Reinforced Concrete Moment Resisting Framed structures (MRF) because, the loads from adjacent beams 
and columns are transferred through the joint. Joints have no problem when it is subjected to dead load and live load 
only, but when it is subjected to seismic load the condition will be different and large. These would be developed even 
with dead load and live load, concentrated at the critical zone ie, joints . Failure due to shear is often sudden and 
catastrophic. The shear cracks progress rapidly without warning, and the diagonal cracks are considerably wider than 
the flexural cracks. Usually vertical stirrups are provided as shear reinforcement. Here in this study two types of shear 
reinforcements will be provided :- traditional stirrups and swimmer bars. Swimmer bar system is defined as inclined 
bars, with its both ends bent horizontally for a short distance and welded to both top and bottom flexural steel 
reinforcement. Eight exterior beam column joints were cast and tested under reverse cyclic loading in this study. The 
specimens with swimmer bars exhibited better performance in terms of ultimate strength, energy absorption, 
dissipation, displacement ductility and stiffness.

Keywords: Swimmer bars, exterior beam column joints, moment resisting structures, reverse cyclic loading

1. Introduction
Moment Resisting Frames (MRF) are the rectilinear assemblages of structural elements such as beams and 

columns, with beams rigidly connected to the column [1]. In the times when the importance of earthquake was 
unknown, the buildings were designed only for gravity loads. So such buildings will be in a safe zone until it is 
affected by an earthquake. Earthquake is a destructive phenomenon which causes severe damage to structures. In 
most of the structures, failure occurs in the joint portion. So that is why beam-column joint is considered as the 
major failure zone of a structure.

The portion of the column at which beam is used to join is called beam-column joints. Beam-column joints 
are the most vulnerable part of a MRF system because of that the forces from adjacent beams and columns are 
transferred through the joint. As a result of that brittle shear failure will occur at the joint. A beam-column joint has 
no problem if it is subjected to normal dead load and live loads. When it is subjected to lateral loads such as seismic 
load, the behavioural action of beam-column joints are entirely different. To enhance the safety of a Reinforced 
Concrete (RC) structures against seismic loadings, designers should mainly concentrate on the shear strength and 
ductility performance of joints and ensure that brittle shear failure at joint should be avoided. Shear strength of a 
beam-column joint is the resistance of the joint against the shear forces developing in it. Shear strength is an 
important criterion of design considerations in beam-column joints of both exterior and interior types. During the 
construction of RC structures congestion of reinforcement normally occurs at beam-column joints. In exterior joints, 
longitudinal bars of beam should be properly anchored into the column for ensuring good bond of bars in joint. The 
transverse reinforcement help to provide adequate ductility of beam-column joints and also resist shear force which 
helps to reduce the cracking and crushing of concrete. Stirrups are most commonly used as transverse reinforcement.

The beam-column joint is defined as the portion of the column within the depth of the deepest beam that 
frames into the column [2]. In a MRF structure three different varieties of joints can be found out

(i) Exterior Beam-Column Joints
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(ii) Interior Beam-Column Joints

(iii) Corner Beam-Column Joints
In concrete building construction, stirrups are most commonly used as shear reinforcement, for their 

simplicity in fabrication and installation. Stirrups are spaced closely at the high shear region. Congestion near the 
support of the reinforced concrete structures due to the presence of the closely spaced stirrups, increases the cost and 
time required for installation. Bent up bars are also used as shear reinforcement along with the normal stirrups in 
ordered to resist the applied shear force. Bent up bars also used as shear reinforcement. The use of bent-up bars is 
not preferred nowadays. Inclined bars also used as shear reinforcement, they are known as swimmer bars. There are 
three types o f inclined bars. They are single, rectangular and rectangular with cross bracings.

Fig.1 Swimmer bars

Inclined bars are very effective in beams as transverse reinforcement. Heba(2017)investigated the effect of 
swimmer bars on the behavior of normal and high strength reinforced concrete beams. The test result showed that 
swimmer bars increases the shear capacity and reduces the number and propagation of shear cracks. Also showed 
that the shear strain by using swimmer bars were higher than those by using traditional stirrups [5]. Saravanakumar 
and Govindaraj (2016) conducted an experimental study on RCC beams to investigate the strength and shear 
resisting capacity of various shear reinforcements such as traditional shear reinforcements, inclined shear 
reinforcements, combination of vertical and inclined shear reinforcement and vertical shear reinforcement with 
inclined cross bracings. The various parameters like load deflection characteristics, strength characteristics, shear 
cracks and failure mode of concrete were investigated. It was found that the shear reinforcement configuration 
influence the strength characteristics of the beam [6].Omar and Sinan (2014) investigated the effect of position and 
type of shear reinforcement of high strength reinforced concrete deep beams. Test was conducted on eight reinforced 
concrete deep beams with stirrups in  different type and position using high strength concrete. The test variables were 
type and position of web reinforcement, shear stress on horizontal stirrups and shear stress of inclined stirrups with 
in  shear span, within middle span and along the beam. The test results indicated that beam with vertical an inclined 
bars with in  the shear span has better shear carrying capacity than others [8]

Only few studies were conducted to study the effect of inclined bars as shear reinforcement. This paper 
aimed to investigate the effect o f inclined bars on the behavior of beam column joints.

2. Research significance
The present study demonstrates the effect o f using swimmer bars instead of traditional stirrups on 

improvement o f shear performance in  exterior beam column joints and to identify the most efficient shape of 
swimmer bars in the critical zone of beam column joint

3. Experimental investigations
Four types seismically detailed exterior beam column joint specimens were cast and tested. The cross 

sectional dimensions adopted were 200mm x 200mm for column and 150mm x 200mm for beam. M40 grade 
concrete and Fe 415 grade steel are adopted for design. The exterior beam column joint is considered and designed 
as per the norms specified in IS 456:2000[20]. The mix design was conducted as per IS 10262:2009.The 
reinforcement detailing as shown in fig 2.
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Fig. 2 Reinforcement detailing of beam column joint

3.1 Characteristics of specimen
Four types of joint detailing are considered for the present study. All joints are identical in cross- sectional 

dimensions and the variations are limited in transverse reinforcement detailing. The conventional ductile beam 
column joint specimen satisfying joint detailing stipulated in IS 456:2000 is referred to as specimen C. The newly 
proposed detailing essentially involves the use of diagonal welded bars in the joint region. The ties in the joint 
region is replaced by diagonal welded bars. The specimen with welded diagonal bars at the joint region is referred to 
as CX. Other two types o f specimens are CXS and CXX. CXS with diagonal bars at the joint and single swimmer 
bars at the critical zone of beam. In CXX specimen instead of single bars rectangular with cross bracings are 
provided. These specimens are shown in the fig. 3.

a) C b) CX c) CXS d) CXX

Fig. 3. Specimens

The specimen are cast using Portland Pozzolona Cement. Manufactured sand (M sand) conforming to zone 
II is used as fine aggregate. Crushed granite stone of maximum size not exceed 20 mm is used as coarse aggregate. 
The mix proportion arrived at is 1:1.81:3.36 by weight and water cement ratio kept as 0.4. The 28thday average 
compressive strength from 150 mm size size cube test is obtained as 48.65 N/mm2.

3.2 Test setup and loading
The schematic diagram of test set up is shown in Fig.4. The specimens are tested in an upright position in a 

1000 kN capacity loading frame after 28 days of curing. The bottom end portion of column is kept fixed and top end 
is kept as hinge support. The hinged condition was incorporated by using a steel ball which is placed in-between the 
groove portions of the two identical plates made of steel. To make joint in  stable condition during reverse cyclic 
load, the column of each beam column joint was subjected to an axial load of 20% of the axial load carrying 
capacity of the column was applied over it by using a hydraulic jack. Reverse cyclic load was applied at the tip of 
beam through a hydraulic jack. A load cell, attached to the plunger measures the load. The deflection of beam tip is 
measured at every 2 kN load interval for forward and backward cycles using LVDTs. The test setup in the 
laboratory is shown in fig 5.
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4. Results and discussion
The behaviour of beam-column joints under reverse cyclic loading is determined and parameters such as failure 
crack pattern, load-deflection characteristics, envelop curve, first crack load, ultimate load, energy absorption 
capacity, energy dissipation capacity, displacement ductility factor and stiffness degradation are discussed. The 
observations during the test and the results are briefly described below

4.1 Crack pattern
Cracking pattern is very important parameter in assessing the performance of a beam column joint. Failure

of beam column joint by formation of brittle joint shear cracks are undesirable. The crack pattern of the specimens
are shown in fig 6.

In the control beam column joint, the first crack was observed near the joint portion. The further increasing 
load causes additional formation of cracks on beam portion of joints, extending and widening of initial cracks were 
also occurred. The failure of control specimen was seen at the interface between beam and column. In the case of 
CX, CXS and CXX specimens, no cracks were seen during the initial load cycles. As load increases horizontal and 
inclined cracks were seen in the effective depth portion. At ultimate load CX specimen failed at the effective depth 
portion of beam. It is away from the beam column interface. CXS specimen also failed as in the same pattern. But so 
many thin hairline cracks are observed at failure. In the specimen CXX, first crack observed in the fifth loading 
cycle when the load reached 10 kN in the upward cycle. The specimen were failed at the interface between beam 
and column.
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c) CXS d) CXX

Fig.6 Crack pattern of specimens

4.2 First crack load and ultimate load
Table 1 summarizes the details of first and ultimate load carrying capacity of tested specimens. Swimmer 

bars improved the load carrying capacity of the exterior beam column joints. The specimen with diagonal bars at the 
joint and rectangular bracing with cross bracings at the effective depth in the beam portion have more load carrying 
capacity. The ultimate strength of the specimens CXX, CXS and CX showed a percentage improvement of 35%, 
17% and 16% respectively over control specimen C.

Table 1. First crack load and ultimate load of specimens

Specimen First Ultimate load(kN) Percentage
designation crack Forward Backward Average increment

load(kN) cycle cycle
C 6 16 -15.2 15.6 -
CX 8 18.1 -18 18.05 16
CXS 8 18.4 -18.1 18.25 17
CXX 10 21.4 -20.6 21 35

4.3 Hysteresis loops
The force-displacement hysteresis loops for the specimens are shown in the fig 7. Hysteresis loops show 

the performance of beam column joint under reverse cyclic loading. The area under the curve denotes the potential
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energy stored in the structure at the maximum displacement position. The wider the loop, the larger will be the 
energy dissipation capacity and better will be the seismic performance. The shear strength possessed by the joint 
CXX was observed to be higher compared to the specimens C, CX and CXS as evident in the load cycles sustained

by specimen. The shear strength of the joints is in the order of CXX, CXS, CX and C. CXS and CX specimen’s 
shows similar results. From the hysteresis curves it can be clearly seen that the area enclosed by the hysteresis curve 
of specimen CXX is large compared to the area enclosed by the remaining three specimens. The performance of the 
specimen CXX in the context o f energy dissipation and strength was far superior to that of specimen CX, CXS and 
C. This shows that addition of inclined welded bars improves the seismic resistant behaviour of joints.
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Fig. 7 Hysteresis loops of specimens

4.4 Energy dissipation capacity

Energy dissipation capacity is another important parameter that helps to assess the behaviour of beam 
column joint under reverse cyclic loading. Fig.8 summarises the details o f energy absorption capacity of tested 
specimens. The specimen CXX shows more energy dissipation capacity than others. Which shows better 
performance under seismic excitation.
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Fig.8 Energy dissipation capacity of specimens

4.5 Envelope curve

The envelop curves for the control and retrofitted joints are plotted in fig. 9. The envelop curve is a curve 
obtained by joining the peak points of all the cycles of hysteresis loop. It was used to calculate the first crack load, 
ductility factor and energy absorption capacity of each specimens.

Fig.9 Envelope curve

4.6 Energy absorption capacity

Energy absorption capacity is another important parameter that helps to assess the behaviour of beam 
column joint under seismic loading. Table 2 summarizes the details of energy absorption capacity of tested beams. 
The specimen CXX exhibited an increase of 71% in energy absorption capacity.

Table 2. Energy absorption capacity of specimens

Specimen Energy absorption capacity(kNmm) Percentage
designation Forward Reverse Average Increment

Department of Civil Engineering, MBCET 96



ICID 2018 21-23 June, 2018

cycle cycle
C 295.14 287.80 291.47 -

CX 348.80 365.67 357.24 23

CXS 344.58 362.06 353.32 21

CXX 496.83 499.61 498.22 71

4.7 Displacement ductility factor

Ductility of a structure is its ability to undergo deformation beyond the initial yield deformation while still 
sustaining load. The displacement ductility factor is the measure of ductility of a structure. It is calculated by taking 
ratio of maximum displacement (5m) to the yield displacement (5y). The yield displacement, (5y) is calculated from 
the line which is extended from first crack load point of the load deflection plot, this line is extended and allowed to 
intersect with the 80% load capacity horizontal line. The corresponding displacement is considered as yield 
displacement. The other point of intersection of the curve on the 80% of the ultimate load capacity line is the 
ultimate displacement, (5m). The displacement ductility factor of control and retrofitted specimens are given in table
3.

Table 3. Displacement ductility factor
Specimen

designation
Displacement 
ductility factor

Percentage increment 

(%)

C 1.79 -

CX 2.33 30

CXS 2.35 31

CXX 3.23 81

The ductile nature of the structure allows it to dissipate the energy induced during earthquake. The ductility 
of a structure is commonly measured in terms of displacement ductility factor. Ductility factor of CXX specimen has 
the maximum value as compared to other specimens. The percentage increase in ductility factor is in the order of 
CXX followed by CXS and CX, and corresponding values are 31, 31 and 81% respectively as compared to control 
specimen. The usage of diagonal bars in the joint portion and effective depth of beam portion has clearly influence 
the ductile behaviour of CXX specimen.
4.8 Stiffness degradation

Stiffness is defined as the load required to produce a unit deflection. Stiffness of the reinforced concrete 
beam-column joint gets reduced when the joint is subjected to cyclic or reverse cyclic load. This stiffness reduction 
of the specimens can be calculated by computing the secant stiffness and which is the measure of stiffness 
degradation of the beam-column joints. The secant stiffness of each cycles was calculated by drawing a line between 
the maximum positive and negative displacement points in each halves of a cycleand takes the slope. Stiffness 
degradation curve of each specimen is given in fig. 10.
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0  2  4 6 8 1 0  1 2
Load cycles

Fig. 10 Stiffness degradation

From the graph it understood that joint confinement could increase the initial stiffness as compared to the control 
specimens. Maximum value of initial stiffness is obtained for CXX specimens. The increase in initial stiffness 
values is in the order of CXX followed by CXS and CX respectively as compared to control specimen.

5. Conclusion
Here the effect of swimmer bars as transverse reinforcement on the behaviour of exterior beam-column 

joints was studied. Behaviour of control and non-conventional beam-column joints were studied under reverse cyclic 
load and their performance was compared based on the parameters such as crack pattern, first crack load, ultimate 
load, energy absorption capacity, energy dissipation capacity, displacement ductility factor and stiffness degradation 
values. The energy absorption capacity was found to increase by 21, 23 and 71 percentage for CXS, CX and CXX 
respectively when compared to the control specimen. Likewise the ultimate load value was found to increase by 16, 
17 and 35 percentage for CX, CXS and CXX respectively as compared to the control specimen. Similarly the 
ductility factor also increased by 32, 31 and 81 percentage for CX, CXS and CXX respectively. The crack pattern of 
the non-conventional joints were also flexural but was found to shift more towards the joint region. Ductility 
behaviour and energy dissipation capacity of non-conventional beam column joints were found to be better than the 
conventional joints. The increase in initial stiffness values is in the order of CX followed by CXS and CXX 
respectively as compared to control specimen and after each cycle of reverse cyclic load the stiffness of joint 
reduces upto failure.

From the results it is understood that all o f the parameters were improved significantly for the non- 
conventional specimens. Among the non-conventional specimens CXX exhibited better performance and can be a 
possible alternative to avoid reinforcement congestion in the joint region.
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Abstract. In this paper, a detailed study was carried out on strength behaviour of flyash based geopolymer 
concrete with hollow space below neutral axis. Use of hollow space at and near the neutral axis will reduce the 
selfweight and saves concrete materials. This paper focuses on material minimization by introducing hollow 
space using pvc pipe in tension zone of beams. By this method, we can reduce the dead loads which contribute to 
seismic effect in high rise structures. Geopolymer concrete shall be produced without using any amount of 
ordinary Portland cement. Alkaline solution produced aluminosilicate gel that acts as the binding material for the 
concrete. Thus many efforts are being made to reduce the usage of opc which responsible for carbondioxide 
emission. M30 grade concrete is used for ordinary and geopolymer concrete. Experimental validation was done 
by ANSYS software.

Keywords:Fly ash, alkaline solution, opc ,pvc.

1. Introduction

The global warming is an environmental problem caused due to the emission of greenhouse gases, such as carbon 
dioxide (CO2), to the atmosphere. As the demand for concrete increases in construction field, the demand for 
Portland cement also increases . Cement industry is held responsible for some of the CO2 emissions. Thus many 
efforts are being made to reduce the usage of cement. The concrete just above neutral axis is less stressed whereas 
the concrete below the neutral axis acts as a shear transmitting media. Sustainability can be achieved by replacing 
the partially useful concrete ,by saving concrete, which reduces the demand for material and cost. So new 
technology materials like geopolymers offer waste utilization and emissions reduction, in which fly ash is used as a 
base material instead of OPC in geopolymerconcrete. Geopolymer concrete is an innovative construction material 
which is produced by the chemical action of inorganic molecules. Fly Ash, a by- product o f coal obtained from the 
thermal power plant is available in plenty worldwide. Flyash is rich in silica and alumina reacted and an excellent 
alternative construction material to the existing plain cement concrete .In this work flyash based geopolmer is used. 
Flyash is a waste product generated from thermal power plant. Hence we can protect water bodies from 
contamination due to flyash disposal and by creating hollow space at tension zone by inserting the pvc pipe we can 
reduce the quantity o f concrete and cost can be reduced. The electrical conduits, air conditioning small ducts etc 
.also been taken through these hollow beams.
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2. Objective

The main objectives of the present study is

>  The main aim of this study is to find the structural behaviour of hollow GPC beam.

>  To study the flexure behaviour of hollow pcc concrete beam at different diameter pvc pipe.

>  To determine the flexural strength.

>  To determine the load carrying capacity of hollow concrete beams.

3. Methodology

The work methodology consist of,

1) Selection of grade of concrete; M30 for opc and geopolymer concrete.

2) Mix design of M30 grade concrete.

3) Creating the hollow section inside the beam with two dia 25mm pipes and 32mm pipe.

6) Casting, Curing and Testing

7) Result and discussion

4. Material Used

4.1. F lyash

Fly ash is a by-product of coal-burning power plants. Therefore, huge quantities of fly ash will be 
available for many years in the future. Fly ash can be used in Portland cement concrete to enhance the 
performance of the concrete. Flyash has been successfully used to manufacture geopolymer concrete 
when the silicon and aluminum oxides constituted about 80% by mass.

4.2. A lkaline solution

A combination of sodium silicate solution and sodium hydroxide (NaOH) solution can be used as the 
alkaline liquid. It is recommended that the alkaline liquid is prepared at least 24 hours before use. The 
addition of sodium silicate solution to the sodium hydroxide solution as the alkaline activator enhanced 
the reaction between the source material and the solution. The concentration of sodium hydroxide 
solution was 16 Molar.

4.3. C oarse aggregate

Coarse aggregate used was locally available crushed angular granite metal of 20mm size .These 
aggregates are bound together by the cement and fine aggregate in the presence of water to form concrete.

4.4.F ine aggregate
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Fine aggregate consist of natural sand or crushed stone sand. It should be hard, durable and clean and be 
free from organic matter .sand conforming to zone II is used.

5. Material Test

Test results on cement, fly ash, and fine aggregate and coarse aggregate are given in table 1.

Table 1: Material property

TEST MATERIAL USED VALUES OBTAINED

Specific gravity Cement (53grade) 3.16

Specific gravity Fine aggregate (m sand) 2.56

Specific gravity Coarse aggregate 2.96

Specificgravity Fly ash 2.3

Water absorbtion Fine aggregate 2.01%

Water absorbtion CoarseAggregate 0.326%

workability Geopolymer M30 grade 100mm

Workability Opc concrete (M30 grade) 120mm

6. Mix design
The compressive strength and the workability of geopolymer concrete are influenced by the proportions 
and properties of the constituent materials .Table 3 and 4 shows the mix proportion of geopolymer 
concrete and OPC concrete

TABLE 2: Mix Design of GPC

Flyash(kg/m3) 550

Sodium silicate(kg/m3) 239.64

Sodium hydroxide(kg/m3) 95.86

Fine aggragte(kg/m3) 576.51

Coarse aggregate(kg/m3) 854.68

Extra water(l/m3) 16.5
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TABLE 3:Mix Design Of OPC

cement(kg/m3) 394.32

Fine aggregate(kg/m3) 643.15

Coarse aggregate(kg/m3) 1246.6

water(kg/m3) 197.16

Water cement 
ratio(kg/m3)

0.5

7. Experimental setup

7.1 M ixing of geopolym er

In the laboratory, the fly ash and the aggregates were first mixed together for about three minutes .The 
alkaline solutions, sodium hydroxide solution and sodium silicate solution were prepared separately 
before one day of casting to get the required strength and mixed together at the time of casting. Since lot 
of heat is generated when sodium hydroxide pellets react with water, the sodium hydroxide solution was 
prepared a day earlier to casting. The alkaline solutions were added to mixed materials. The mixing of 
total mass was continued until the mixture become homogeneous and uniform in colour.

7.2 C u rin g  of geopolym er

After casting the specimens, they are kept in rest period in room temperature for one day. Heat-curing 
substantially assists the chemical reaction that occurs in the geopolymer paste the geopolymer concrete is 
de-moulded and then placed in an autoclave for steam curing for 24 hours at a temperature of 60degree 
Celsius. The compressive strength of geopolymer concrete cubes increase with the increase in age.

8. Test Procedure

Geopolymer concrete cubes, cylinder and beam according to standard dimension were cast. cube 
compressive strength, cylinder split tensile strength and beam flexural strength are determined by UTM 
.7,14,28 days results were taken. Typical PCC beams of size 100x100x500mm were used with hollow 
neutral axis are made by PVC pipes of 25 mm ^ and 32 mm ^. For plain geopolymer beam the neutral 
axis will be at at the centre. The length of the pipe inside the beam neutral axis is 450mm and an 
anchorage length of 25mm on each side is provided for the transfer of load. The depth of neutral axis is 
taken as half of total length. All the beams were subjected to 2-point flexural test. Figure 1 shows the 
beam with pipe.
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Fig 1:Beam with pipe

9. Result and Discussion

9.1. C om parison  of geopolym er and  conventional concrete

PARAM ETRES GPC OPC

Compressive
strength

31.01N/mm
2

30.82 N/mm2

Tensile strength 4.46N/mm2 4.3 N/mm2

Flexural strength 4.85N/mm2 4.5 N/mm2

Poisson’s ratio 0.224 0.2

M odulus o f 
elasticity

22360M pa 27386M pa

From this it is observed that geopolym er concrete has same properties as that o f  ordinary Portland cement 
concrete

9.2 C om parison  of solid geopolym er and  geopolym er w ith  tw o d iam eter p ipe beam .

PARAM ETRES Solid
GPC

25mm dia 32mm
dia

Ultimate load 9.7KN 10.2KN 11.8KN

Flexural strength 4.85N/m
m2

5.1N/mm2 5.9N/mm
2

Bending moment 1.21KNm 1.29KNm 1.47KN
m

Deflection 0.135mm 0.142mm 0.164mm
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9.2.1 U ltim ate load ca rry in g  capacity

Fig.1 show the Ultimate load comparison of solid and hollow beams

Figure 2 : Comparison of load

It is observed that ultimate load carrying capacity of GPC beam with hollow space is higher than the 
geopolymers solid beam

9.2.2 F lexural streng th
In this test, plain geopolymer concrete beam was subjected to flexure using symmetrical two point 

loading until failure occurs. The comparative study of flexural strength of control beams with beams 
having hollow near neutral axis zone is as shown in Fig. 3

Solid GPC GPC with 25rmm dia GPC with 32mm dia

F ig u re  3 : Comparison of flexural strength

9.2.3 Deflection
The corresponding deflection of solid control beam and beam with hollow neutral axis is given in 

fig:4 from manual calculation.it shows that it lies within the limit as per code IS456-2000.
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F ig u re  4: Comparison of deflection

9.3 C rac k  p a tte rn

In initial stages of loading, all beams were un-cracked beam. When the applied load reached the rupture 
strength of the concrete on specimens, the concrete started to crack. The failure pattern in all the tested 
beams was observed as a flexure failure. All the beams showed the same pattern of failure.

Figure 6: Crack pattern

10. Analytical Investigation

A N S Y S  w a s  e m p l o y e d  t o  s i m u l a t e  t h e  f l e x u r a l  a n d  s h e a r  b e h a v i o u r  o f  t h e  b e a m  b y  f i n i t e  

e l e m e n t  m e t h o d .  A N S Y S  i s  a  g e n e r a l  p u r p o s e  f i n i t e  e l e m e n t  a n a l y s i s  ( F E A )  s o f t w a r e  p a c k a g e .  

F E A  i s  a  n u m e r i c a l  m e t h o d  o f  d e c o n s t r u c t i n g  a  c o m p l e x  s y s t e m  i n t o  v e r y  s m a l l  p i e c e s  c a l l e d  

e l e m e n t .  T h e  s o f t w a r e  i m p l e m e n t s  e q u a t i o n s  t h a t  g o v e r n  t h e  b e h a v i o u r  o f  t h e s e  e l e m e n t s  a n d  

s o l v e s  t h e m  a l l .  T h e s e  r e s u l t s  c a n  b e  p r e s e n t e d  i n  t a b u l a t e d  o r  g r a p h i c a l  f o r m s .  T h i s  t y p e  o f  

a n a l y s i s  i s  t y p i c a l l y  u s e d  f o r  t h e  d e s i g n  a n d  o p t i m i z a t i o n  o f  a  s y s t e m  f a r  t o o  c o m p l e x  t o  a n a l y z e  

b y  h a n d .
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E lem ent Types an d  R eal constan ts

T ab le  5  :Element Types For Model

M aterial type Element type

Concrete Solid 65

Pvc pipe 4 noded quad shell 
element

10 .1 .M aterial P ro p erties

Table 6: Material Properties Of Elements

Young’s
modulus

Poisons
ratio

density

PVC 4.7Gpa 0.4 1.38g/cm3

GPC 22360Mpa 0.224 2400Kg/m3

10.2. M odelling O f  B eam :

The analysis has been carried out for the comparison and the study of effect ofGPC with and without pvc 
pipe experimental and ANSYS results. The beams modelled in ANSYS for the same Load from 
experiment.
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11. R e su lts  F ro m  A n a ly s is

11.1.Total deflection

Deflection or deformation is the degree to which a structural element is displaced under aload. It may 
refer to an angle or a distance. The deflection distance of a member under aload is directly related to the 
slope of the deflected shape of the member under that load.The maximum deformation for static loading 
from experiment is given below.

A: GP PCC Beam Concrete A N S YS
R18.1

Total Deformation 
Type: Total Deformation 
Unit mm 
Time: 1

Figure 10 :Beam without pipe
J L
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B: GP PCC Bum Coitode D <2 in in
Total Deformation 
Type Total Defcimatico 
Unltnw 
Time: 1

Figure11 :Beam with 25mm dia pipe

Figure12:Beam with 32mm dia pipe

11.2 E qu ivalen t B ending S tress

E q u i v a l e n t  s t r e s s  ( a l s o  c a l l e d  v o n  M i s e s  s t r e s s )  i s  o f t e n  u s e d  i n  d e s i g n  w o r k  b e c a u s e  i t  a l l o w s  

a n y  a r b i t r a r y  t h r e e - d i m e n s i o n a l  s t r e s s  s t a t e  t o  b e  r e p r e s e n t e d  a s  a  s i n g l e  p o s i t i v e  s t r e s s  v a l u e .  

E q u i v a l e n t  s t r e s s  i s  p a r t  o f  t h e  m a x i m u m  e q u i v a l e n t  s t r e s s  f a i l u r e  t h e o r y  u s e d  t o  p r e d i c t  y i e l d i n g  

i n  a  d u c t i l e  m a t e r i a l .
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A: G P PCC Beam Concrete ANSYS
R18.1

Equivalent Stress
Type: Equ ivalent (von-Mises) Stress 
Unit: MPa 
Time: 1

F i g u r e  1 3  : B e a m  w i t h o u t  p i p e

Y

F i g u r e 1 4  : B e a m  w i t h  2 5 m m  d i a  p i p e

B: GP PCC Beam Concrete D»: mm
Equivalent Strwt
Type Equivalent fwcn-Mu«) Strets • Top/8ottcro
Umt MPa
Tm w .i

I

E

13.861 Max
12 878 

118SS 
10.911 
9.928 

7*447 

5.9614 

3.978

1W7
0.011367 Min

F i g u r e  1 5 : B e a m  w i t h  3 2 m m  d i a  p i p e

11.5.3 Equivalent Elastic Strain
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A: GP PCC Beam Concrete
Equivalent E la s t ic  Strain 
T y p e :  E q u i v a le n t  E la s t ic  S t ra in  

Unit: mm/mm 

T i m e ;  1

0.000512 Max
0.000491

0.000403

0.000361
0.000-214

0.000129

0.000113
0.000101

8.9962e-5
3.9916e-7Min

F i g u r e  1 6  : B e a m  w i t h o u t  p i p e

C: GP PCC Beam Concrete D25mm
E q u w a le n t  Elastic S tra in
T y p e ' E q u iv a le n t  E las tic  S tra in  T o p / B o t t o m
Unit mm/mm
Time: 1

00005573 Max
0.00045446
0.0003993

0.000313
0.0002691

0.0002014

0.000165
0.000219
8.288e-5
1.1756e-7 Min

F i g u r e  1 7 : B e a m  w i t h  2 5 m m  d i a  p i p e
X
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B: GP PCC Beam Concrete 032mm
t qurfdlpnt t  last* Strain
Type: Equivalent [tactic Strain ■ Top/Bottom
Unit n m /n m
lime: 1

12. Comparison of Results

A n a l y t i c a l  a n d  e x p e r i m e n t a l  r e s u l t s  w e r e  c o m p a r e d  a n d  i t  i s  f o u n d  t h a t  g e o p o l y m e r  w i t h  h o l l o w  

s p a c e  s h o w s  s a m e  p r o p e r t i e s  a s  t h a t  o f  w i t h o u t  h o l l o w  s p a c e .

PROPERTIES ANALYTICAL EXPERIMENTAL

Without Pipe Deflection 0.13902mm 0.135mm

Bending stress 9.571N/mm2 7.26N/mm2

Strain 0.000512 0.000327

Shear force 4910N 4850N

25mm Dia Pipe Deflection 0.14665mm 0.142mm

Bending stress 12.42N/mm2 7.54N/mm2

Strain 0.0005573 0.000339

Shear force 5186.5N 5100N

32mm Dia Pipe Deflection 0.16551mm 0.164mm

Bending stress 13.861N/mm2 8.641N/mm2
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Strain 0.000594 0.000398

Shear force 5981.3N 5900N

12.1. C oncrete

Total Volume beam V1=0.1x0.1x0.5 = 0.005m3 

Volume of pipe V2= n x 0.0125x0.45x2 = 0.00221 m3 

% of reduction in concrete = (V1 /V2)*100 = 14.20%

Since we have assumed a small

beam, the percentage reduction is also small. When we assume this for a larger section, the percentage 
reduction will be larger.

12.2. L ab o u r R eduction:

Labours are one of the major factors in construction industries. Construction labour is most 
disorganised in India. Direct labour cost is also a part of the prime cost. It is clearly evident from the 
study that the total volume saving in concrete is directly proportional to the percentage reduction in 
labour. Concreting works in construction industry is labour intensive. When the volume of concreting 
works reduce, the need for labour also get decreased simultaneously, which in turn minimise the 
production cost.

12.3. Cost reduction :

In current days of competition, it is necessary that a business concern should have utmost 
efficiency and minimum possible wastages and losses to reduce the cost of production. If the cost of input 
increases, then naturally, the cost of the production will go up. The inputs in construction fields include 
material, machines, labour and other overhead expenses. From the above conducted study we have come 
to a conclusion that by using geopolymer beam with hollow neutral axis, we can save significant amount 
of concrete without compromising the strength up to a limit. This saving in material cost is more 
effectively utilised when considering large depth and length of beam or in similar other works, where 
abnormal reduction of concrete occurs. This can be compared to a chain reaction because as the volume 
of concrete decreases, the material cost reduces which decreases the labour cost, which in turn minimises 
the construction cost.

12.4 D ecrease in self w eight

Dead load shall include weight of all structural and

Architectural components which are permanent in nature. It includes self-weight of the structure. The unit 
weight of concrete is 23kN/m3. If we can reduce the volume of concrete then the self-weight of the beam 
also get reduced.

Weight of 1 m3 concrete = 2300 kg 

Weight of beam, W1 =12 kg
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Weight of concrete replaced by pipe, W2 = 0.83 kg 

Weight of hollow beam = W1- W2 = 11.4 kg

Since we have assumed a small beam, the self-weight reduction is also small. When we assume this for a 
larger section, the weight reduction will be larger.

13. Conclusion

1. GPC has almost same properties as that of OPC.

2. From the above results, it is concluded that Hollow beam of 25mm and 32mm diameter provides 
higher strength and better performance and hence it is used for structure in effective way as electrical 
conduits, when compared to the solid conventional beam

3. Mode of failure is flexural in hollow beam of 25mm and flexure in solid and hollow (32mm)

4. It is seen that there is not much difference in the flexural strength of control beams and that of beams 
with low grade concrete near neutral axis zone and hollow neutral axis.

5. It can also be seen that with the increase in size of pipe replaced at neutral axis, there is no large 
difference in flexural strength

6. Thus in the overall study, it can be concluded that behaviour of PGC beams with hollow neutral axis 
behaves almost in the same manner as that of conventional concrete.
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Abstract. Bridge columns are the most critical components of a bridge responsible for its overall stability. In recent 
years, concrete-filled fiber reinforced polymer (FRP) tube (CFFT) system has been widely investigated as a durable and 
cost-effective alternative design for robust bridge columns. This study summarizes the results of thermal analysis of 
RCC and CFFT columns of same axial capacity. The resilience of the CFFT system to each type of hazard is measured 
as column’s capability to retain its axial characteristics after thermal analysis. The axial performance of CFFT columns 
subjected to each threat is quantified in terms of axial capacity, axial ductility and initial axial stiffness. The results 
show that CFFT column system can be used an effective fire-resistant bridge column system.

Keywords:CFFT column, bridge piers, fire resistance, Residual axial capacity, finite element analysis

1. Introduction

Columns are the most critical structural elements of a bridge for its overall stability. Traditional column materials 
for bridge include steel, concrete, and timber and these have limited service life and high maintenance costs when 
used in marine environments due to corrosion, degradation and marine borer attack. Concrete filled fiber reinforced 
polymer (FRP) tube (CFFT) columns were first introduced as marine piles by Mirmiran and Shahaway (1995). in 
corrosive environments. This column system can be used as bridge columns to enhance the durability and corrosion 
resistance of bridge columns. Recently, the CFFT column system has been validated as a high-performance 
alternative to RCC columns for multi-hazard resilience.

CFFT system consists of an external FRP tube and a regular concrete fill inside. Minimum number of 
longitudinal reinforcements is provided and spirals are provided to hold the longitudinal reinforcement in its place. It 
was discovered that an FRP tube system with fibers wound at ±55° provides comparable capacity and superior 
ductility to conventional RCC columns when filled with lightly reinforced regular concrete. Experiments have 
proved that the ±55° fiber orientation is optimal for the flexural capacity and ductility of CFFT columns. The 
durability of these composite tubes has been proven through several instances where they have stayed in-service in 
highly corrosive environments for nearly forty years [1].

CFFT column system provides several advantages over RCC columns in terms of structural performance and 
structural performance and construction including:

•  Sufficient longitudinal strength and confinement to the core concrete, which allows for elimination of the 
entire lateral steel reinforcement and a significant reduction of longitudinal bars

•  A self-curing environment for the concrete core
•  Omission of the scaffolding, frame work, and frame removal stages of column construction
•  Protection of the inner core in highly corrosive environments

Unlike FRP wrapping or jacketing that serve as retrofit measures for existing columns, the FRP tube of the CFFT 
column system serves as both formwork and reinforcement for precast or cast-in-place construction. Static and 
pseudo dynamic test results showed that the structural performance of this column system was improved from the 
composite action of FRP tube that acts as both longitudinal and transverse reinforcement and provides confinement 
for the concrete core. Prior to 2012, specifications regarding the design and implementation of CFFT members were 
absent. In 2012, AASHTO released the 1st Edition LRFD Guide Specifications for Design of CFFTs for Flexural 
and Axial Members (2012b), referred as “Guide Specification” [3]. The main objective of this study is to compare 
and study the axial performance of RCC and CFFT columns of same axial capacity under fire loading. This study
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consists o f an analytical research program comparing the fire resistant capability of RCC and CFFT columns of 
same axial capacity. The comparative basis for the fire resistance of the columns is in terms of axial load carrying 
capacity, axial ductility and initial axial stiffness.

2. Methodology

2.1 Details of RCC and CFFT column

The details o f RCC column was adopted from the bridge column located at Mohan Nagar junction in Ghaziabad, 
Uttar Pradesh. The column had a diameter of 1.3 m and a height o f 8m. The longitudinal reinforcement consisted of 
30#, 32 mm diameter bars. The transverse reinforcement of the RCC column was provided by 10 mm diameter 
spirals at a pitch of 240 mm. The axial capacity of this bridge column is 20400 kN [4].A CFFT column was 
designed for an axial capacity of 20400 kN as per AASHTO LRFD guide specifications for design of concrete filled 
FRP tubes for flexural and axial members. The CFFT column designed as AASHTO LRFD guide specifications had 
a diameter of 700 mm and a height o f 8m. The transverse reinforcement consisted o f six number of 32 mm diameter 
bars and no transverse steel reinforcement was included. Only spirals were provided at top and bottom to hold the 
longitudinal reinforcement in its place. Fig. 1 shows the details of RCC and CFFT columns.

2.2
Fig.1. (a) RCC column [4] 

Finite element modelling of columns
(b) Designed CFFT column

Concrete Modelling

Linear and non-linear properties were to be assigned for concrete. For linear properties modulus of elasticity and 
Poisson’s ratio were given. Poisson’s ratio was given a value of 0.2 and modulus of elasticity was determined with 
concrete strength (fck = 25MPa) using the equation 2. Solid65 element requires linear isotropic and multi-linear 
isotropic material properties to properly model concrete. The multi-linear isotropic material uses the Von-Misses 
failure criterion to define the failure of the concrete. Simplified stress strain relationship for concrete in compression 
is obtained and is shown in Fig. 2.

E =  5 0 0 0 ^ (1)

Fig.2. Stress strain relationship for concrete in compression [2]
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The non-linear properties for concrete are provided as given in Table 1.

Table 1. Non-linear material properties of concrete [2]

Shear transfer coefficients for an open crack 0.3
Shear transfer coefficients for a closed crack 1
Uniaxial tensile cracking stress 3.5
Uniaxial crushing stress 1

Fibre reinforced polymer tube modelling

An assumption commonly made in FRP modelling is that FRP is a linear elastic material until it reaches its tensile 
strength and has orthotropic material properties, even when a very large pressure load is applied. It is commonly 
modelled as an orthotropic material. Input data needed for the FRP composites in the finite element models is given 
in the Table 2.

Table 2. Orthotropic material properties of FRP tube [5]

Elastic Modulus (GPa) Shear Modulus (MPa) Poisson’s ratio
Ex Ey Ez Gxy zGyz Gxz yz, Sxz

200 48 48 3270 3270 1860 0.22 0.22 0.3

Reinforcement modelling

An elastic- perfectly plastic material model was assumed for steel. Elastic properties such as Young’s Modulus and 
Poisson’s ratio were as 200000 N/mm2 and 0.3. The bilinear model was considered for the stress-strain relation 
which is defined by the yield stress (fy= 415 MPa) and the tangent modulus of the steel as 1480 MPa.

Fig.3. (a) CFFT column (b) Reinforcement of CFFT column

Contact modelling

The contact between the inner surface of steel and outer concrete surface of concrete was provided using surface to 
surface contact elements. The 3-D contact surface elements CONTA174 is associated with the 3-D target segment 
element TARGE170 via a shared real constant set. ANSYS looks for contact only between surfaces with the same 
real constant set. Here the FRP tube is the target surface and concrete core is the contact surface. The concept is that 
contact surface moves in to the target surface.

Loading and Boundary Conditions

Displacement boundary conditions of the model were constrained to get a unique solution. Fixed-pinned conditions 
are used in the FE model. Bottom end of the column is given fixed support. A pinned support can resist both vertical 
and horizontal forces but not a moment. They will allow the structural member to rotate, but not to translate in any
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direction. A pinned connection could allow rotation in only one direction; providing resistance to rotation in any 
other direction. The compression load is applied to the top along z axis.

3. Direct coupled thermal analysis
The fire performance of RCC and CFFT columns is studied by performing direct coupled thermal structural analysis 
in finite element analysis software, ANSYS Workbench. When coupling is considered in both directions, it can be 
modelled with two way or direct coupling. In this study, two way or direct coupling was done to obtain the thermal 
response of RCC and CFFT columns.To represent direct coupling, APDL commands should be used. Coupled field 
elements were selected for the analysis. Coupled field elements can include several degrees of freedom and the 
associated couplings between them are represented in the equation 2 and 3.

[M] {u} + [C] {u}
[C] {T} + [K\ {T}

Where[M]= mass matrix
[C\ = damping matrix 
[K\ = stiffness matrix 
{u} = nodal acceleration vector 
{u} = nodal velocity vector 
{u} = nodal displacement vector 
{F(t)} = load vector 
[C\ = specific heat (J/kg-K)
{T} = Temperature 
[K \ = thermal conductivity (W/m-K)
{T} = Rate of temperature change 
{Q} = Total heat energy

Firstly, a static structural analysis was done followed by time- transient thermal analysis by describing bulk 
temperature loads and convective heat transfer coefficients as a function of time. Then transient structural analysis 
was done in the thermal coupled model Structural loads and boundary conditions were applied as usual. Thermal 
loads were applied on nodes and elements, via Named Selections. The surface of a structural member exposed to a 
fire is subjected to heat transfer by convention and radiation. The influence of convection and radiation were 
included in, and the heat convective coefficient o f the fire side is taken as 25 W/ (m2 oC), the adiabatic surface taken 
as 9 W/ (m2 oC); the surface radiation emissivity is selected as 0.5 (ECCS 1998).

3.1 Coupled Field Elements

For coupled model for concrete, SOLID5 element is used and is shown in Fig.4 (a)was used in this study. SOLID5 
has a 3-D magnetic, thermal, electric, piezoelectric, and structural field capability with limited coupling between the 
fields. The element has eight nodes with up to six degrees of freedom at each node. When used in structural analysis, 
SOLID5 has large deflection and stress stiffening capabilities [6\.A three-dimensional coupled-field element, 
SOLID226 was used to model outer FRP tube and is shown in Fig.4 (b). The element has twenty nodes with up to 
five degrees of freedom per node. Structural capabilities include elasticity, plasticity, hyper-elasticity, creep, large 
strain, large deflection, stress stiffening effects, and prestress effects. For modelling reinforcement bars, LINK33 
element shown in Fig.4 (c) was used. It acts as a three- dimensional conduction bar. LINK33 is a uniaxial element 
with the ability to conduct heat between its nodes. The element has a single degree of freedom, temperature, at each 
node point. The conducting bar is applicable to a steady-state or transient thermal analysis.

Fig.4. (a) SOLID5 Coupled thermal element
[6\ (b)SOLID226 element [6\ (c) LINK33 element [6\

+ [K] {u} = {F(t)} (Structural solution) (2)
= {Q} (Thermal solution) (3)
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3.2 Thermal properties of concrete and FRP

Time dependent thermal properties such as thermal conductivity, specific heat and stress-strain relationships for 
concrete were given as input and the variation of these properties with temperature is shown in Fig.5- 
7respectively.The orthotropic thermal parameters for the FRP tube was provided as in the Table 1. For a structural- 
thermal analysis, UX, UY, UZ and TEMP are the DOF labels for SOLID226 coupled element and force and heat 
flow are the reaction solution.

Table 3. Input thermal properties for FRP tube [ 5]

Density Specific 
(p) heat (C)
kg/m3 J/kg K

Conductivity(k)
W /m K

Parallel 450 to 900
to fiber fiber fiber

to

Diffusivity (a)
10-6m2/s 

Parallel 450 to 900
to fiber fiber axis fiber

to

axis axis axis axis axis

1530 950 4.5 2.95 0.67 3.096 2.029 4.609

Fig.5 .Variation in thermal conductivity of concrete Fig.6. Variation in specific heat of concrete [7]

Strain (%)

-X -  23'C 
■  100‘CA- 200“C 

-© - 300" C 
O  400"C

Fig.7. Stress-strain response of normal strength concrete at elevated temperature[7]

Because FRP materials are vulnerable to extreme temperatures, the insulation system was applied to the 
surface of the CFFT columns and was modelled using SOLID70 element.The initial temperature was defined as 
20°C. The RCC and CFFT columns were subjected to fire according to ASTME119 standard fire curve for one hour 
and two hours separately and the post-fire resistance of each column was studied by comparing the axial strength 
parameters. The columns were fixed at the bottom and hinged at the top and axial load was applied and 
corresponding axial deformation were obtained by performing coupled thermal analysis. The columns were exposed 
to fire from one side providing the actual furnace conditions as in the fire testing laboratory. Firstly, the load was
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applied to the design value at the ambient temperature, after which the temperature field results calculated above 
were imported, during heating and load was increased until the failure of columns occurred.

3.3 Thermal boundary and loading conditions

Only one face of the columns was exposed to fire in this study as shown in Fig. 8. Convective type heat transfer was 
considered with a coefficient o f heat transfer equal to 25 W/m2 °C and a conduction coefficient of 200 W/ m2K was 
adopted in the contact between FRP tube and the concrete.

(a) Face of the column (b) Plan of the column

Fig.8 .Schematic representation of fire exposure

For this study, two types of fire exposure were selected to simulate a moderate and severe fire hazard. In 
the moderate test, RCC column and CFFT column were subjected to one hour of extreme temperature following the 
ASTM E119 curve and for severe test, columns were subjected to two hours of the ASTM E119 temperature curve 
and is referred to as the 1-lir test and 2-lir test, respectively. The standard ASTM E l 19 fire curve used in 1-lir test 
and 2-lir is given in Fig. 9 (a) and (b) respectively.

Fig.9. (a) 1 -hr and (b) 2-hr ASTM E119 curve [7]

The failure mode selected was the maximum strain. The deformation response of RCC and CFFT columns 
after thermal analysis were plotted for each load until failure. From the load- deformation behavior, the residual 
axial capacity of columns, axial stiffness and axial ductility were evaluated. The ductility value less than one 
indicates buckling collapse mode and ductility value greater than one indicates yielding type collapse mode [8].

4. Thermal response of RCC and CFFT columns

When concrete columns are exposed to fire, the material properties of concrete and the reinforcements change as a 
result o f the increase in temperature. Temperature propagation inside the concrete structure is non-uniform and 
results in the degradation o f the structure and leads to the failure of the entire structure. The decreases in yield
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strength and modulus of elasticity reduce the overall strength of the column. Columns fail by crushing or by flexural 
buckling when the column strength decreases lower than the applied load. In experimental fire performance testing, 
a column is placed in furnace and subjected to a controlled fire while being axially loaded. The length of time from 
the beginning of fire exposure to failure is the fire resistance rating o f a column. The modes of concrete failure under 
fire exposure depend on the nature of fire, loading system, and types of structure. Failure can also be due to 
reduction of bending or tensile strength, loss of shear or torsional strength, loss of compressive strength.

The response of CFFT and RCC columns were evaluated after direct coupled thermal analysis for 1-hr and 
2-hr fire exposure. The temperature distribution of RCC and CFFT columns subjected to 1- hr and 2- hr fire 
exposure was obtained as shown in Fig.10 and 11. The load- deformation behavior was presented in Fig.12. The 
summary of axial test results of fire damaged columns was given in Table 4.

Fig.10. Temperature distribution of columns under moderate fire(a) RCC - Moderate (b) CFFT - Moderate

Fig.11. Temperature distribution of columns under severe fire (a) RCC - Severe (b) CFFT - Severe
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Axial Load vs Axial Deformation

25000

Axial deformation (mm)

Fig.12. Load-deformation relationship of RCC and CFFT fire damaged columns

Table 4.Axial capacity parameters for fire damaged columns

Column

type

Threat

level

Axial

capacity

(kN)

Axial

stiffness

(kN/mm)

Axial

ductility

Percentage reduction (%)

Axial Axial Axial 

capacity stiffness ductility

No threat 20400 1630 2.06 - - -

RCC Moderate 15398 1083 1.02 25 34 50

Severe 11510 668 1.22 44 59 41

No threat 20400 1810 4.38 - - -

CFFT Moderate 19646 1111 3.21 4 38 27

Severe 18160 1090 2.52 11 40 42

Although CFFT column exhibited rupture of the FRP tube after 2-hr exposure, the Tyfo® VG system provided 
sufficient fire protection to the CFFT columns allowing them to maintain their axial load carrying capabilities after 
more than two hours of extreme temperature exposure. The significant loss of axial strength and stiffness observed 
in the 2-hr fire damaged RCC columns resulted in larger values of axial ductility when compared to the 1-hr fire 
damaged column. On an average, axial ductility of CFFT columns were 3 times that o f RCC columns for each 
damaged state which indicates the high deformability of CFFT columns before reaching failure.

6. Conclusions
The following conclusions are made from the study

• The RCC columns exhibited losses of 25% and 44% in axial capacity and 34% and 59% in initial axial 
stiffness after one hour and two hours of exposure to extreme temperature, respectively.

• The percentage loss in axial capacity observed in CFFT columns was low when compared to that o f RCC 
columns under moderate and severe fire exposure.

• Axial ductility of the CFFT columns were 3 times the axial ductility of the RCC columns, for each 
damaged state

• The significant loss of axial strength and stiffness observed in the 2-hr fire damaged RCC columns resulted 
in larger values of axial ductility when compared to the 1-hr fire damaged column.
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Abstract: The undegradable nature of the rubber and consequent disposal problem has lead to a serious 
environmental issue in the recent decades. To overcome this problem, usage of this waste tire in concrete can 
be done, along with which natural resources can also be preserved. In this research a study was carried out 
on the use of recycled rubber tyre as a partial replacement for the fine aggregate in concrete construction 
using locally available waste tyre. The specimens were cast percentage replacement of fine aggregate 5%, 
10%, 15% and 20% by the crumb rubber aggregate and 10% of silica fume with cement.. The data collection 
was mainly based on the tests conducted on the prepared specimens in the laboratory.
Key Words: waste tire, recycled rubber tyre, silica fume
I. INTRODUCTION
During the last three decades, there have been dramatic changes in the way of thinking about industrial 
processes and the approach and evaluation of new and innovative materials. Concrete, in its m ost basic 
form, is one of the world's oldest building materials. Concrete is a substance composed of only a few simple 
and commonly available ingredients that when properly mixed and cured, may last for centuries. New 
ingredients to include in concrete mixes are also constantly being researched and developed. In general, 
concrete has low tensile strength, low ductility, and low energy absorption. Concrete also tends to shrink 
and crack during the hardening and curing process. These limitations are constantly being tested with hopes 
of improvement by the introduction of new admixtures and aggregates used in the mix. One such method 
may be the introduction of rubber to the concrete mix. Shredded or crumbed rubber is waste being of non- 
biodegradable and poses severe fire, environmental and health risks.

II. OBJECTIVES
The objective of this study is to test the properties of concrete when crumbed rubber used as aggregate by 
partial replacem ent of fine aggregates and silica fume foe cement. The param eters of this investigation 
include the compressive strength, flexural strength and split tensile strength of concrete specimens. Cubes of 
15 x 15 x 15cm size for compressive strength, cylinders of diameter 15cm and height 30cm size for split 
tensile strength and beams of size 50 x 10 x 10cm for flexural strength are casted for the testing of concrete. 
The concrete having compressive strength of 25 N/m m 2 (M2 5) is used and percentages of rubber aggregates 
are 0, 5, 10, 15 and 20% of fine aggregates and 10% of cement with silica fume. The natural aggregates are 
replaced by rubber aggregates on volume basis. The strength performance of modified concrete specimens 
was compared with the conventional concrete.
III. MATERIALS USED
The basic materials for mixing Concrete are required such as
A. Cement

The cement used for the present investigation was ordinary Portland cement. OPC 53 Grade cement is 
required to conform to BIS specification IS: 12269-1987 with a designed strength for 28 days being a 
minimum of 53 MPa or 530 kg/ sqcm.

Table 1: P ro p ertie s  of C em ent
Sl No Property Value Range

1 F ineness 8% < 10%
2 S tan d ard  consistency 30% 26% -33%

3 Initial Setting  Tim e 35 m in N ot less th a n  30 
m inu tes
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4 Final Setting Tim e 510 m in N ot g re a te r  th an
600 m inu tes

B. Fine Aggregate
The locally available riv er san d  is u sed  as fine aggregate in  th e  concrete  design  mix. Sand is of 

Zone-II as p e r IS: 383-1970.
____________ Table 2: P ro p ertie s  of Fine A ggregate________________

Sl No Property Value
1 Specific grav ity 2.6

2 Bulk d en sity 1.67 g /cc

3 Void ra tio .447

4 p o ro sity 30.9%

C. Coarse Aggregate
A ggregates a re  th e  m o s t m ined  m ateria l in  th e  w orld. A ggregates a re  a co m p o n en t o f com posite  

m ateria ls  such as concrete  an d  a sp h a lt concrete ; th e  aggregate serv es  as re in fo rcem en t to  add  
s tren g th  to  th e  overall com posite  m ateria l. C oarse aggregate of size 16m m  is sieved  an d  used.

Table 3: P ro p ertie s  of Coarse A ggregate
Sl No Property Value

1 Specific grav ity 2.7

2 Bulk d en sity 1.78 g /cc

3 Void ra tio .67

4 p o ro sity 40.05%

Tire
Crum b ru b b e r  is recycled  ru b b e r  p ro d u ced  from  au tom otive  an d  tru ck  scrap  tires. D uring  the  

recycling  p ro cess , s teel an d  tire  co rd  (fluff) a re  rem oved , leav ing  tire  ru b b e r  w ith  a g ran u la r 
consistency. C ontinued p ro cessin g  w ith  a g ran u la to r o r  cracker m ill is done. Specific grav ity  is 
ev a lu a ted  in  accordance w ith  ASTM 127 [ASTM, 1997a] an d  th e  range is in  b e tw e en  1.14 to  1.27
E. Water

W ater con tain ing  less th an  2000 p a r ts  p e r  m illion (ppm ) of to ta l d isso lved  solids can 
generally  be u sed  satisfac to rily  for m aking  concrete.
F. Silica Fume
The m ain  field of app lica tion  is as pozzolanic m ate ria l for high perfo rm an ce  concrete. This m akes it 
app rox im ate ly  100 tim es sm alle r th an  th e  average cem en t partic le . The bu lk  d en sity  of silica fume 
d ep en d s on  the  d eg ree  of densifica tion  an d  varies from  130 (undensified) to  600 k g /m 3. The 
specific grav ity  of silica fum e is generally  in  th e  range o f 2.2 to  2.3.

IV. EXPERIMENTAL INVESTIGATIONS
Study the  feasib ility  o f in co rp o ra tin g  crum b  ty re  ru b b e r as fine aggregate in  concre te  m ixes and  
d e te rm in e  the  change in  the  p ro p e rtie s  a fte r th e  in co rp o ra tio n  o f the  ru b b e r  in to  the  concre te  mix. 
Investigation  on th e  influence of the  ru b b e r  c o n ten t on  th e  p ro p e rtie s  of ru b b e rized  concrete  
s ta rtin g  w ith  th e  0% ru b b e r  c o n ten t (i.e., w ith o u t ru b b e r) an d  up  to  20%  ru b b e r  c o n ten t and  
cem en t w ith  10%  of silica fum e in  th e  M25 g rade concre te  (i.e., w ith  a p a rtia l re p la cem e n t of th e  fine 
aggregate by 0%, 5%, 10%, 15%  an d  20%  by volum e o f th e  to ta l fine aggregate). For convenience, 
th e  m ix design  for M25 g rade concre te  has b een  done accord ing  to  IS: 10262 (1982).
In the  p re s e n t s tu d y  w e are  design ing  a C oncrete Mix for M25 Grade concrete  is (1:1:2) an d  the 
w a te r  cem en t ra tio  is 0.55 b e lo w  the  d iffe ren t p e rcen tag e  of ru b b e r  aggregate is rep laced  by  fine
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aggregate an d  cem en t w ith10%  silica fume. T hen  cubes, cy linders an d  b eam s w ere  te s te d  for 
com pressive  s treng th , sp lit ten sile  s tren g th  an d  flexural s tren g th  for 7th day, 14th day  and  28 th day.

Table 4 : Mix P ro p o rtio n  Of M25 Grade C oncrete
Crumb

tire
(%)

Silica
Fume
(%)

Cement
(%)

Fine
Aggregate

(%)

Coarse
aggregate

(%)

0 0 100 100 100

5 10 90 95 100
10 10 90 90 100
15 10 90 85 100

20 10 90 80 100
w /c
ra tio

0.55

V. TESTS AND RESULTS

A. Slump Cone Test

In g red ien ts  o f m ixes are  p ro p e rly  m ixed so as to  p ro d u ce  hom ogeneous an d  un ifo rm  fresh  
concre te  in m acro-scale in  o rd e r  to  k n o w  its w orkab ility  u sing  slum p test. Since as the  ru b b e r 
c o n ten t in  the  concrete  m ix increases, the  w orkab ility  of th e  m ix decreases. So for every  5% 
increase  in  ru b b e r  co n ten t 5%  of w a te r  is also be increased .

Table 5: O bservation  of Slum p te s t  fo r p e rcen tag e  o f ru b b e r  w ith  in c reased  w a te r

Percentage of 
Sludge added

Water
cem ent

ratio

Water
content

Slump
value

Slump type

0 0.5 50 70 T ru e  slum p

5 0.5 55 60 T ru e  slum p

10 0.5 60 55 T ru e  slum p

15 0.5 65 50 T ru e  slum p

20 0.5 70 50 T ru e  slum p

It is n o ted  th a t  w ith  a lte red  w a te r  co n ten t w orkab ility  seem ed  to  be increasing  along w ith  
th e  ad d itio n  of rubber. F o r no rm al mix, th e  slum p value is 70 cm  an d  w h en  ru b b e r  co n ten t 
increases along w ith  in creases w a te r  con ten t, th e  slum p value ten d s  to  be 50cm.

B. Compaction Factor Test
As p ercen tag e  of sludge ad d ed  increases, com paction  factor value decreases. C om pacting factor of 
th e  p re p a re d  concre te  is in  th e  range o f 0.85 to  0.89. So d eg ree  of w orkab ility  is m edium
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Table 6: O bservation  of com paction  factor te s t  for p e rcen tag e  of sludge

Percentage of crumb 
rubber added

Compaction factor

0% 0.89

5% 0.877

10% 0.872

15% 0.86

20% 0.85

It is n o ted  th a t  com paction  facto r value d ecreases  b u t rem ain s  w ith in  th e  limit.

C. Compressive Strength
C om pressive s tren g th  te s t  on  cubes w ere  ca rried  o u t u sing  th e  C om pression T esting  M achine. 

C om pressive te s t  w e re  ca rried  o u t on  cubes of d im ensions 150 x 150 x 150 m m  afte r 7 days, 14 and  
28 days. .

Table 7: O bservation  an d  calculation

Mix No % Of 
Crumb 

Tire 
Added

% Of Silica 
Fume Added

7th day 
Strength 
(N /m m 2)

14th day
Strength
(N/m m 2)

28 th day 
Strength 
(N /m m 2)

M1 0 0 13.66 17.487 26.1

M2 5 10 15.648 20.03 29.9

M3 10 10 14.86 19.028 28.4

M4 15 10 11.12 14.2 21.5

M5 20 10 10.3 13.28 19.83

COMPRESSIVE STRENGTH 
CHART35

Fig 1 Variation of Compressive strength
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The te s t  re su lts  show  th a t  ad d itio n  o f ru b b e r aggregates re su ltin g  to  sign ificant red u c tio n  in 
com pressive  s tren g th  co m p ared  to  conven tional concrete. This is due to  the  w eak n ess  of the  ru b b e r 
p artic le s  co m p ared  to  th e  fine aggregate partic les. H ow ever, th e  p artia l re p la cem e n t o f fine 
aggregates w ith  5%  of ru b b e r can  p o ten tia lly  be u sed  in  low  s tren g th  concrete  applications.

D. Flexural Strength
Increasing  th e  c o n ten t of ru b b e r  leads to  an  increase  in  th e  flexural s tren g th  o f th e  concrete  up to  
5%  of rep lacem en t of fine aggregate. T hen  th is sign ifican t d ro p  can  be a ttr ib u te d  to  p o o r bonds 
b e tw e en  ru b b e r  aggregate an d  cem en t p aste  an d  th e  p re sen ce  of m ore a ir voids due to  rubber.

Table 8: O bservation  an d  calculation

Mix no Crum 
b Tire

%

Silica
Fume

%

7th day 
strength 
(N/m m 2)

14th day 
strength 
(N /m m 2)

28th day 
strength 
(N /m m 2)

M1 0 0 2.11 2.71 3.8

M2 5 10 2.5 3.285 4.62

M3 10 10 2.28 2.9 4.1

M4 15 10 1.896 2.428 3.41

M5 20 10 1.58 2.02 2.84

6 FLEXURAL
 ̂ STRENGTH CHART

£  f l  14 28
jp A Y S D A Y S D A Y S

. 0% D5%ys of Ming

Fig 2 V ariation  of F lexural s tren g th

E. Split Tensile Strength

R esults ind icate  th a t  as th e  tire  c o n te n t increases from  5%  to  10%  along w ith  th e  ad d ition  
of 10%  silica fum e, m axim um  s tren g th  is sh o w n  a t  th e  M2 m ix w h e re  silica fum e co n ten t is m ore 
th a n  th e  crum b  tire  conten t. On fu r th e r increase  of ru b b e r  leads to  th e  d ec rease  in  tensile  
s treng th .
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Table 9: O bservation  an d  calcu lation

Mix
No

Crum 
b Tire

%

Silic
a

Fum
e

%

7th day 
strength 
(N /m m 2)

14 th day 
strength 
(N /m m 2)

28 th 
day 

strengt 
h

(N/mm
2)

M1 0 0 2.28 2.92 4.1

M2 5 10 2.73 3.5 4.9

M3 10 10 2.50 3.21 4.5

M4 15 10 2.07 2.57 3.6

M5 20 10 1.741 2.228 3.12

Fig 3 V ariation  of sp lit tensile  s tren g th

VI. CONCLUSION

C om pressive s treng th , sp lit tensile  s tren g th  an d  flexural s tren g th  w ere  o b ta in ed  by testing.

The m inim um  an d  m axim um  2 8 th day  com pressive  s tren g th  o b ta in ed  a re  1 9 .8 3 N /m m 2 and 
29.9N /m m 2
The te s t  re su lts  show  th a t  the  ad d itio n  o f crum b  ru b b e r  alone red u ces th e  com pressive 
s treng th . The m ain  re aso n  for s tren g th  red u c tio n  is due to  th e  lack o f ad h esio n  a t  b o u n d arie s  
o f ru b b e r  aggregate. T hese so ft ru b b e r p artic les  behave as voids in  th e  concrete  mix.
B ut b o th  the  com pressive  s tren g th  an d  sp lit tensile  s tren g th  in creases by  th e  ad d itio n  o f silica 
fume. I t is m ainly  because o f filling capability  of silica fum e w hich  p ro v id es good adhesion  
b e tw e en  th e  ru b b e r and  the  cem en t paste
T here  is an  increase  in  flexural s tren g th  w hich can be ach ieved  by  lim iting  th e  rep lacem en t 
am o u n t to  only 5%  of fine aggregate. For 15%  and  20%  ru b b e r conten t, flexural s tren g th  
red u c tio n  w as observed.
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• I t ind icates th a t  th e  im p ro v em en t in  flexural s tren g th  is lim ited  to  re la tive ly  sm all ru b b e r 
conten t. By th e  increasing  ru b b e r  c o n ten t in  the  concrete, th e  w orkab ility  o f concrete  
decreases.

• So for ev ery  5%  in crease  in  ru b b e r con ten t, 5%  ex tra  w a te r  w as added. Thus for a lte red  w a te r 
con ten t, th e  w orkab ility  of concrete  m ix increased .

• For th e  com bination  m ixes as th e  p ercen tag e  of crum b  ru b b e r  increases the  s tren g th  reduces 
gradually.

• B ased on  th is  study, th e  u se  of crum b  ru b b e r aggregates in  concrete  p ro d u ces ligh t w e igh t 
concre te  an d  is econom ical an d  env iro n m en ta lly  effective.

• Use of th e  w aste  ru b b e r  ty re  in  concre te  is a techno- econom ically  feasible an d  env ironm en ta lly  
co n sis ten t m eth o d  of w aste  disposal.

• Large vo lum es of w aste  ru b b e r  a re  genera ted , because  o f s tr ic te r  en v iro n m en ta l regula tions, 
landfill d isposal has becom e difficult an d  th e re fo re  d isposal co s t is escalating. Recycling is the  
b e s t  o p tion  over disposal; i t  he lps in  reducing  d isposal costs, conserves n a tu ra l resources. 
S ubstitu tion  of conven tional m ateria ls  by  recycled  w aste  m ateria ls  helps in  efficient use  of 
w aste  m ateria l an d  su sta in ab le  u se  of n a tu ra l resources.
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STRENGTHENING OF SELF COMPACTING CONCRETE USING 
POLYPROPYLENE AND STRIPS OF STEEL SCRUBBER
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C o r r e s p o n d i n g  a u t h o r  e m a i l :  6 6 6 6 b a b u a n j u @ g m a i l . c o m , T e l . : 8 8 4 8 9 3 9 8 4 2

ABSTRACT: S e l f  c o m p a c t i n g  c o n c r e t e  ( S C C )  i s  d e f i n e d  a s  t h e  c o n c r e t e  w h i c h  c o m p a c t  a n d  

s e t t l e  u n d e r  i t s  o w n  w e i g h t .  T h e  a i m  o f  t h i s  p r o j e c t  i s  t o  s t u d y  t h e  p e r f o r m a n c e  o f  s e l f  

c o m p a c t i n g  c o n c r e t e  c o n t a i n i n g  f i b r e s  s u c h  a s  p o l y p r o p y l e n e  a n d  s t r i p s  o f  s t e e l  s c r u b b e r  f i b r e .  

F o u r  m i x e s  w i t h  d i f f e r e n t  m i x  p r o p o r t i o n s  a r e  c a s t e d  f o r  t h i s .  A l l  f o u r  m i x e s  c o n t a i n i n g  e q u a l  

p r o p o r t i o n  o f  p o l y p r o p y l e n e  ( 0 . 2 5 % )  a n d  s t e e l  s c r u b b e r  f i b r e  i s  u s e d  i n  d i f f e r e n t  p r o p o r t i o n  s u c h  

a s  0 . 1 % ,  0 . 1 5 % ,  0 . 2 % ,  0 . 2 5 % .  A f t e r  c a s t i n g ,  s t u d i e s  a r e  c a r r i e d  o u t  o n  t h e  f r e s h  a n d  m e c h a n i c a l  

p r o p e r t i e s  o f  s e l f  c o m p a c t i n g  c o n c r e t e  f o r  a l l  t h e  m i x .  T h e  h a r d e n e d  p r o p e r t i e s  s u c h  a s  

c o m p r e s s i v e  s t r e n g t h ,  f l e x u r a l  s t r e n g t h ,  s p l i t  t e n s i l e  s t r e n g t h  a r e  d e t e r m i n e d  b y  c o n d u c t i n g  

s u i t a b l e  t e s t e s  o n  S C C .

I. INTRODUCTION
T h e  p r e s e n t  d a y  c i v i l  e n g i n e e r i n g  c o n s t r u c t i o n s  h a v e  t h e i r  o w n  s t r u c t u r a l  a n d  d u r a b i l i t y  

r e q u i r e m e n t s  r e l a t e d  w i t h  c o n c r e t e  t o  b e t t e r  s u i t  t h e  i n t e n d e d  f u n c t i o n  o f  t h e  s t r u c t u r e .  I t  i s  

t h e r e f o r e  n e c e s s a r y  t o  d e v e l o p  s e l f  c o m p a c t i n g  c o n c r e t e  o f  s p e c i a l  p r o p e r t i e s , s o  t h a t  t h e  

s t r u c t u r e s  c o n t i n u e  t o  p e r f o r m  t h e  i r i n t e n d e d  p u r p o s e .  I n t e r n a l  m i c r o - c r a c k s  a r e  i n h e r e n t l y  

p r e s e n t  i n  t h e  c o n c r e t e  a n d  i t s  p o o r  t e n s i l e  s t r e n g t h  i s  d u e  t o  p r o p a g a t i o n  o f  s u c h  m i c r o - c r a c k s ,  

l e a d i n g  t o  b r i t t l e  f a i l u r e  o f  c o n c r e t e .  T h i s  w e a k n e s s  c a n  b e  c o n s i d e r a b l y  o v e r c o m e  b y  t h e  

i n c l u s i o n  o f  p o l y p r o p y l e n e  a n d  s t e e l  s c r u b b e r  f i b r e s  i n  t h e  c o n c r e t e  m i x .  P o l y p r o p y l e n e  a n d  s t e e l  

s c r u b b e r  f i b r e s  a r e  a d d e d  t o  c o n c r e t e  t o  i m p r o v e  t h e  s t r u c t u r a l  p r o p e r t i e s ,  p a r t i c u l a r l y  t e n s i l e ,  

c o m p r e s s i v e  a n d  f l e x u r a l  s t r e n g t h .  T h e  e x t e n t  o f  i m p r o v e m e n t  i n  t h e  m e c h a n i c a l  p r o p e r t i e s  

a c h i e v e d  w i t h  p o l y p r o p y l e n e  a n d  s t e e l  s c r u b b e r  r e i n f o r c e d  s e l f  c o m p a c t i n g  c o n c r e t e  o v e r  t h o s e  

o f  p l a i n  c o n c r e t e  d e p e n d s  o n  s e v e r a l  f a c t o r s ,  s u c h  a s  s h a p e ,  s i z e ,  v o l u m e ,  p e r c e n t a g e  a n d  

d i s t r i b u t i o n  o f  f i S b r e s .

II. OBJECTIVES
•  T o  f i n d  t h e  w o r k a b i l i t y  o f d i f f e r e n t m i x e s  o f  S C C  a n d  S C C  w i t h  p o l y p r o p y l e n e  a n d  s t e e l  

s c r u b b e r  f i b r e

•  T o  f i n d  t h e  c o m p r e s s i v e  s t r e n g t h  a n d f l e x u r a l s t r e n g t h  o f  S C C a n d  S C C  w i t h  p o l y p r o p y l e n e  a n d  

s t e e l  s c r u b b e r  f i b r e

•  T o  f i n d  t h e  s p l i t t e n s i l e  s t r e n g t h  o f  S C C a n d  S C C  w i t h  p o l y p r o p y l e n e  a n d  s t e e l  s c r u b b e r  f i b r e

•  T o  c o m p a r e  t h e r e s u l t s o f  S C C  a n d S C C  w i t h  p o l y p r o p y l e n e  a n d  s t e e l  s c r u b b e r  f i b r e .

III. SCOPE OF THE STUDY
•  T h e  s t u d y  d e a l s  w i t h  t h e  d e t e r m i n a t i o n  o f  s l u m p  f l o w  o f  S C C  a n d  S C C  w i t h  p o l y p r o p y l e n e  a n d  

s t e e l  s c r u b b e r  f i b r e .
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•  T h e  s t u d y  d e a l s  w i t h  d e t e r m i n a t i o n  o f  t h e  m a x i m u m  l o a d  b y  t h e  a p p l i c a t i o n  o f c o m p r e s s i v e

l o a d  o n  t h e  c u b e  s p e c i m e n  o f  1 5 0  x  1 5 0  x  1 5 0  m m  i n  C o m p r e s s i o n t e s t i n g m a c h i n e .

•  T h e  s t u d y  d e a l s  w i t h  t h e  d e t e r m i n a t i o n  o f  t h e  b r e a k i n g  l o a d  b y  t w o  p o i n t  l o a d i n g  o n b e a m  o f

s i z e  5 0 0  x  1 0 0  x  1 0 0  m m  i n  f l e x u r a l  t e s t i n g  m a c h i n e .

•  T h e  s t u d y  d e a l s  w i t h  d e t e r m i n a t i o n  o f  t h e  b r e a k i n g  l o a d  b y  t h e  a p p l i c a t i o n  o f  t e n s i l e  l o a d  o n

t h e  c y l i n d e r  s p e c i m e n  o f  1 5 0  x  3 0 0  m m  i n  C o m p r e s s i o n  t e s t i n g  m a c h i n e .

IV. MATERIALS USED

A. CEMENT
O r d i n a r y  P o r t l a n d  c e m e n t  o f  g r a d e  5 3  c o n f i r m i n g  t o  I S 8 1 1 2 : 1 9 8 1  w a s  u s e d  . T h e  p h y s i c a l  

p r o p e r t i e s  a r e  s h o w n  i n  T a b l e  1 .

Table 1: Physical Properties of cement

Property Values

S p e c i f i c  g r a v i t y 3 . 1 0

I n i t i a l  s e t t i n g  t i m e 5 8  m i n

F i n a l  s e t t i n g  t i m e 2 8 0  m i n

S t a n d a r d  c o n s i s t e n c y 2 7 . 5 %

F i n e n e s s 4 . 5 %

B. Fine Aggregate

T e s t s  w e r e  d o n e  a c c o r d i n g  t o  I S  2 3 8 6  ( p a r t  3 ) : 1 9 6 3 , r i v e r  s a n d  p a s s i n g  t h r o u g h  4 . 7 5 m m  

s i e v e c o n f i r m i n g  t o  z o n e  2  a s  p e r  I S  3 8 3 : 1 9 7 0  w a s  u s e d  f o r  e x p e r i m e n t .  T h e  p r o p e r t i e s  o f  

f i n e a g g r e g a t e  a r e  g i v e n  i n  T a b l e  2 .

Table 2 properties of fine aggregate

S l .

N o

P r o p e r t y V a l u e

1 S p e c i f i c  g r a v i t y 2 . 6 3

2 F i n e n e s s  m o d u l u s 2 . 1 2 5

3 V o i d  r a t i o 0 . 5 3

4 P o r o s i t y 2 9 %

C. Coarse Aggregate

A s  p e r  I S  2 3 8 6  ( p a r t  3 ) : 1 9 6 3  t e s t s  w e r e  c o n d u c t e d  o n  c o a r s e  a g g r e g a t e  t o  d e t e r m i n e  t h e  d i f f e r e n t  

p h y s i c a l  p r o p e r t i e s .  T h e  p h y s i c a l  p r o p e r t i e s  a r e  s h o w n  i n  T a b l e  3 .
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Table 3 Properties of Coarse aggregate

S l .

N o

P r o p e r t y V a l u e

1 S p e c i f i c  g r a v i t y 2 . 6 8

2 B u l k  d e n s i t y 1 . 6 6  g / c c

3 V o i d  r a t i o 0 . 6 9

4 P o r o s i t y 4 1 . 0 7 %

D. Polypropylene
P o l y p r o p y l e n e  a l s o  k n o w n  a s  p o l y p r o p e n e  i s  a  t h e r m o p l a s t i c  p o l y m e r  u s e d  i n  w i d e  v a r i e t y  o f  

a p p l i c a t i o n s .  U s u a l l y  p o l y p r o p y l e n e  o f  1 2 m m  l e n g t h  i s  u s e d  f o r  c o n s t r u c t i o n  p u r p o s e s .  I t  h a s  t h e  

a b i l i t y  t o  p r e v e n t  c r a c k  f o r m a t i o n  i n  c o n c r e t e .  P o l y p r o p y l e n e  o f  d i a m e t e r  7 5 ^ m  a n d  l e n g t h  

1 2 m m  i s  u s e d .

E. Steel scrubber fibre
S t e e l  s c r u b b e r  f i b r e s  o f  1 2 m m  l e n g t h  a n d  0 . 5  m m  d i a m e t e r  a r e  u s e d .  I t  h a s  t h e  a b i l i t y  t o  p r e v e n t  

c r a c k  f o r m a t i o n  i n  c o n c r e t e .

F. Cerahyperplast
C e r a h y p e r p l a s t  X R  W 4 0  i s  u s e d  a s  s u p e r p l a t i c i z e r .  T h e  S u p e r p l a s t i c i z e r  o r  h i g h  r a n g e  w a t e r  

r e d u c i n g  a d m i x t u r e s  a r e  c h e m i c a l  a d m i x t u r e s  t h a t  a r e  a d d e d  t o  c o n c r e t e  m i x t u r e s  t o  i m p r o v e  

w o r k a b i l i t y .

G. Viscocrete
V i s c o c r e t e  i s  a  h i g h  r a n g e  w a t e r  r e d u c i n g  a n d  s u p e r p l a s t i c i z i n g  a d m i x t u r e .  I t  i s  i d e a l  f o r  

p r o d u c t i o n  o f  s e l f  c o m p a c t i n g  c o n c r e t e .  T h e  s u p e r p l a s t i c i z i n g  a c t i o n  o f  v i s c o c r e t e  p r o v i d e s  

e x c e l l e n t  w o r k a b i l i t y  a n d  m a y  b e  p l a c e d  w i t h  m i n i m a l  v i b r a t i o n  e v e n  a t  v e r y  l o w  w a t e r  c e m e n t  

r a t i o .

H. Water
D r i n k i n g  w a t e r  d i r e c t l y  d r a w n  f r o m  t h e  w a t e r  s u p p l y  l i n e  w a s  u s e d  f o r  t h e  e n t i r e  c a s t i n g  w o r k .

V. MIX PROPORTION
T h e  m i x  d e s i g n  w a s  d o n e  b y  t r i a l  a n d  e r r o r  m e t h o d .  T h e r e  i s  n o  s t a n d a r d  m e t h o d  f o r  m i x  d e s i g n  

o f  s e l f  c o m p a c t e d  c o n c r e t e .  M i x  d e s i g n  w a s  d o n e  f o r  M 30 g r a d e .  T h e  q u a n t i t y  o f  i n g r e d i e n t s  

f i x e d  b y  t r i a l  a n d  e r r o r  m e t h o d  i s  s h o w n  i n  t a b l e  4 .

T able 4 Quantity of materials per cubic meter of concrete

S l .  N o I n g r e d i e n t s Q u a n t i t y

1 C e m e n t 2 4 0  K g / m 3

2 F i n e  a g g r e g a t e 9 1 5  K g / m 3

3 C o a r s e  a g g r e g a t e 7 2 0  K g / m 3

4 C e r a h y p e r p l a s t 1 . 5 %  o f  c e m e n t

5 V i s c o c r e t e 2 . 5 %  o f  c e m e n t

6 w a t e r 1 9 2  K g / m 3
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A f t e r  f i n a l i z i n g  t h e  p r o p o r t i o n  o f  i n g r e d i e n t s ,  f o l l o w i n g  m i x  p r o p o r t i o n s  w i t h  d i f f e r e n t  

d e s i g n a t i o n s  a c c o r d i n g  t o  P o l y p r o p y l e n e  a n d  S t e e l  s c r u b b e r  f i b r e  c o n t e n t  w e r e  u s e d .

Table 5 Mix designations used

S l .  N o M i x

d e s i g n a t

i o n

%

p o l y p r o p y l e n e  

f i b r e  b y  w e i g h t  

o f  c e m e n t

%  s t e e l  

s c r u b b e r  

f i b r e  b y  

w e i g h t  o f  

c e m e n t

1 S C C 0 % 0 %

2 S C C 1 0 . 2 5 % 0 . 1 %

3 S C C 2 0 . 2 5 % 0 . 1 5 %

4 S C C 3 0 . 2 5 % 0 . 2 %

5 S C C 4 0 . 2 5 % 0 . 2 5 %

VI.EXPERIMENTAL INVESTIGATIONS

M i x i n g p r o c e d u r e a n d m i x i n g t i m e a r e m o r e c r i t i c a l i n S C C a s c o m p a r e d t o c o n v e n t i o n a l c o n c r e t e  

m i x t u r e s .  T h e  c o a r s e  a n d  f i n e  a g g r e g a t e  a r e  i n i t i a l l y  d r y  m i x e d  f o r  a b o u t  3 0  s e c ,  t h i s  w a s  

f o l l o w e d  b y  t h e  a d d i t i o n  o f  c e m e n t  a n d  1 /3  o f  t o t a l  m i x i n g  w a t e r .  A f t e r  1 .5  m i n u t e s  o f  m i x i n g ,  

t h e  r e s t  o f  t h e  m i x i n g  w a t e r  t o g e t h e r  w i t h  t h e  s u p e r p l a s t c i z e r  a n d  v i s c o c r e t e  w a s  a d d e d .  A l l  

b a t c h e s  w e r e  m i x e d  f o r  a  t o t a l  m i x i n g  t i m e  o f  4  m i n u t e s  i n  t h e  m i x e r .  T h e n  f i b e r s  w e r e  a d d e d  

a n d  m i x e d  f o r  1 m i n u t e .  A f t e r  t h e  m i x i n g  p r o c e d u r e  i s  c o m p l e t e d ,  t e s t s  a r e  c o n d u c t e d  o n  t h e  

f r e s h  c o n c r e t e .  T w o  t y p e s  o f  w o r k a b i l i t y  t e s t s  w e r e  p e r f o r m e d  o n  f r e s h  c o n c r e t e  m i x t u r e s ,  S l u m p  

f l o w  a n d  V - f u n n e l  t e s t .

S t a n d a r d  m o u l d s  w e r e  u s e d  f o r  c a s t i n g  1 5 0 m m  c u b e  s p e c i m e n s  o f  t h r e e  n u m b e r s ,  

1 5 0 m m d i a m e t e r  a n d  3 0 0 m m  h e i g h t  c y l i n d e r s  o f  t h r e e  n u m b e r s  a n d  1 0 0  x 1 0 0  x  5 0 0  m m  s i z e  

b e a m  s p e c i m e n s  o f  t h r e e  n u m b e r s .  A l l  s p e c i m e n s  a r e  c a s t  i n  o n e  l a y e r  w i t h o u t  a n y  c o m p a c t i o n .  

A f t e r 2 4  h o u r s ,  t h e  s p e c i m e n s  w e r e  d e - m o u l d e d  a n d  c u r e d  i n  w a t e r .  T h e s e  s p e c i m e n s  a r e  u s e d  f o r  

t h e  d e t e r m i n a t i o n  o f  c o m p r e s s i v e  s t r e n g t h ,  s p i l t  t e n s i l e  s t r e n g t h  a n d  f l e x u r a l  s t r e n g t h  o f  c o n c r e t e  

r e s p e c t i v e l y .

VII. TESTS AND RESULTS
A. SLUMP FLOW TEST
T h e  t e s t  i s  d o n e  t o  a s s e s s  t h e  h o r i z o n t a l  f l o w  o f  c o n c r e t e  a n d  t h e  f i l l i n g  a b i l i t y  o f  t h e  m i x  i n  t h e  

a b s e n c e  o f  o b s t r u c t i o n s .  T h e  h i g h e r  t h e  s l u m p  f l o w  v a l u e ,  t h e  g r e a t e r  i t s  a b i l i t y  t o  f i l l  f o r m w o r k  

u n d e r  i t s  o w n  w e i g h t .

B. V-FUNNEL TEST
V - f u n n e l  t e s t  i s  u s e d  t o  d e t e r m i n e  t h e  f i l l i n g  a b i l i t y  ( f l o w a b i l i t y )  o f  t h e  c o n c r e t e  w i t h  a m a x i m u m  

a g g r e g a t e  s i z e  o f  2 0 m m .

T h e  r e s u l t s  o f  v a r i o u s  w o r k a b i l i t y  t e s t e s  a r e  g i v e n  i n  t a b l e  6
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Table 6 Results of fresh property testes

Mix
Fibre cont ent (%) Slump 

diameter mm
V-funnel

secPolypropylene Steel scrubber

S C C 0 0 7 4 5 8 .1

S C C 1 0 . 2 5 0 .1 7 2 6 9 . 8

S C C 2 0 . 2 5 0 . 1 5 7 1 0 1 0

S C C 3 0 . 2 5 0 . 2 6 9 0 1 2 . 2

S C C 4 0 . 2 5 0 . 2 5 6 6 6 1 3

F r o m  t h e  a b o v e  d a t a  i t  i s  c l e a r  t h a t  t h e  w o r k a b i l i t y  o f  t h e  m i x  r e d u c e s  w i t h  i n c r e a s e  i n  f i b e r  

c o n t e n t  a s  c o m p a r e d  t o  p l a i n  s e l f  c o m p a c t i n g  c o n c r e t e .  T h e  w o r k a b i l i t y  r e s u l t s  o f  d i f f e r e n t  m i x e s  

a r e  g i v e n  i n  t a b l e  7

Table 7 Workability results of all mixes

Mix designation Workability results

S C C S C C  a c h i e v e d

S C C 1 S C C  a c h i e v e d

S C C 2 S C C  a c h i e v e d

S C C 3 S C C  a c h i e v e d  b u t  l i t t l e  b i t  d i f f i c u l t y  f o r  p a s s i n g  a b i l i t y

S C C 4 S C C  a c h i e v e d  b u t  l i t t l e  b i t  d i f f i c u l t y  f o r  p a s s i n g  a b i l i t y

C. COMPRESSIVE STRENGTH

T h e  c o m p r e s s i v e  s t r e n g t h  i s  t h e  c h a r a c t e r i s t i c  v a l u e  f o r  c l a s s i f i c a t i o n  o f  c o n c r e t e  i n  v a r i o u s  

g r a d e s .  T h e  t e s t i n g  w a s  d o n e  b y  c o m p r e s s i o n  t e s t i n g  m a c h i n e  a n d  l o a d  w a s  a p p l i e d  a t  a  r a t e  o f  

1 4  N / m m 2/ m i n ,  t h e n  f a i l u r e  l o a d  w a s  n o t e d  a n d  c o m p r e s s i v e  s t r e n g t h  i s  c a l c u l a t e d .  T h e  t e s t  

r e s u l t s  a n d  v a r i a t i o n  o f  7 th , 1 4 th a n d  2 8 th d a y  c o m p r e s s i v e  s t r e n g t h  a r e  s h o w n  i n  T a b l e  8  a n d  

F i g 1 .
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Table 8 Compressive strength results of cubes

Mix
No

Polypropylene
%

Steel
scrubber

%

7th day 
compressive 

strength 
(N/mm2)

14th day 
compressive 

strength 
(N/mm2)

28th day 
compressive 

strength 
(N/mm2)

S C C 0 0 1 2 . 3 1 2 0 . 8 3 4 5 . 3

S C C 1 0 . 2 5 0 .1 1 3 . 4 1 2 2 . 1 4 4 8 . 2 2

S C C 2 0 . 2 5 0 . 1 5 1 7 . 9 1 2 4 . 2 3 5 4 . 7 2

S C C 3 0 . 2 5 0 . 2 2 1 . 5 2 9 . 3 6 5 9 . 8 5

S C C 4 0 . 2 5 0 . 2 5 2 2 . 4 3 3 2 . 7 1 6 0 . 3

/  \  
-  COM PRESSIVE STRENGTH CHART
H
O

Fig 1 Variation of compressive strength of different mixes
I t  w a s  o b s e r v e d  t h a t  t h e r e  i s  a  c o n s i d e r a b l e  i n c r e a s e  i n  c o m p r e s s i v e  s t r e n g t h  w i t h  t h e i n c r e a s e  i n  

f i b r e  c o n t e n t .  A b o u t  1 5 %  t o  3 7 %  i n c r e a s e  i n c o m p r e s s i v e  s t r e n g t h w a s  o b s e r v e d  w h e n  v o l u m e  

f r a c t i o n  w a s  c h a n g e d  f r o m  0 %  t o  0 . 2 5 % .  T h e  m a x i m u m  c o m p r e s s i v e  s t r e n g t h  i s  a c h i e v e d  w h e n  

t h e  p e r c e n t a g e  o f  P o l y p r o p y l e n e  i s  0 . 2 5 %  a n d  s t e e l  s c r u b b e r  f i b r e  i s  0 . 2 5 %  .

Department of Civil Engineering, MBCET 137



ICID 2018 21-23 June, 2018

D. SPLIT TENSILE STRENGTH

T h r e e  c y l i n d e r  s a m p l e s  w e r e  t e s t e d  f o r  e a c h  m i x  t o  d e t e r m i n e  s p l i t  t e n s i l e  s t r e n g t h  a f t e r  7 th , 1 4 th 

a n d  2 8 thd a y s  u s i n g  C o m p r e s s i o n  T e s t i n g  M a c h i n e .  T h e  t e s t  r e s u l t s  o b t a i n e d  f o r  t h e  s p l i t  t e n s i l e  

s t r e n g t h  o f  S C C  a n d  S C C  w i t h  d i f f e r e n t  p e r c e n t a g e  o f  f i b r e  c o n t e n t  a r e  s h o w n  i n  t a b l e  9  a n d  

f i g 2 .  I t  w a s  o b s e r v e d  t h a t  s p l i t  v a l u e  i n c r e a s e s  w i t h  i n c r e a s e  i n  f i b r e  c o n t e n t .  T h e  m a x i m u m  

s t r e n g t h  i s  o b t a i n e d  w h e n  t h e  p e r c e n t a g e  o f  p o l y p r o p y l e n e  i s  0 . 2 5 %  a n d  s t e e l  s c r u b b e r  f i b r e  i s

0 . 2 5 % .

Table 9 Split tensile strength results

Mix
No

Polypropylene
%

Steel scrubber
%

7th day 
split tensile 

strength 
(N/mm2)

14th day 
split tensile 

strength 
(N/mm2)

28th day 
split tensile 

strength 
(N/mm2)

S C C 0 0 1 . 8 2 2 . 4 3 3 . 4 2

S C C 1 0 . 2 5 0 .1 2 . 0 1 2 . 5 6 3 . 5

S C C 2 0 . 2 5 0 . 1 5 2 . 1 1 2 . 7 6 3 . 7 1

S C C 3 0 . 2 5 0 . 2 2 . 5 6 3 . 4 1 4 . 2 4

S C C 4 0 . 2 5 0 . 2 5 2 . 8 1 3 . 6 3 4 . 2 6

/ --------------------------------------------------------------------------------------------------------------------------------- \
SPLIT TENSILE STRENGTH CHART

a
H

Fig 2 Variation of split tensile strength of different mixes
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E. FLEXURAL STRENGTH
T h r e e  b e a m  s a m p l e s  w e r e  t e s t e d  f o r  e a c h  m i x  t o  d e t e r m i n e  f l e x u r a l  s t r e n g t h  a f t e r  7 th , 1 4 th a n d  

2 8 th d a y s  u s i n g  F l e x u r a l  T e s t i n g  M a c h i n e  a s  p e r  I S  s p e c i f i c a t i o n s .  T h e  t e s t  r e s u l t s  o b t a i n e d  f o r  

f l e x u r a l  s t r e n g t h  o f  S C C  a n d  S C C  w i t h  d i f f e r e n t  p e r c e n t a g e  o f  f i b r e  c o n t e n t  a r e  s h o w n  i n  T a b l e  

1 0  a n d  f i g  3 .  T h e  f l e x u r a l  s t r e n g t h  i n c r e a s e s  w i t h  i n c r e a s e  i n  f i b r e  c o n t e n t .  T h e  m a x i m u m f l e x u r a l  

s t r e n g t h  i s  o b t a i n e d  w h e n  t h e  p e r c e n t a g e  o f  p o l y p r o p y l e n e  a n d  s t e e l  s t e e l  s c r u b b e r  f i b r e  a r e  i n  

e q u a l  p r o p o r t i o n ,  i e  0 . 2 5 % .

Table 10 Flexural test results

Mix No Polypropylene
%

Steel scrubber
%

7th day 
flexural 
strength 
(N/mm2)

14th day 
flexural 
strength 
(N/mm2)

28th day 
flexural 
strength 
(N/mm2)

S C C 0 0 2 . 8 2 3 . 6 2 4 . 3 2

S C C 1 0 . 2 5 0 .1 2 . 9 1 3 . 8 2 4 . 5

S C C 2 0 . 2 5 0 . 1 5 3 . 2 5 4 . 2 5 5 . 6 3

S C C 3 0 . 2 5 0 . 2 3 . 5 2 4 . 8 6 6 . 7 5

S C C 4 0 . 2 5 0 . 2 5 3 . 5 6 4 . 9 7 6 . 8 3

DAYS OF TEST

0 %  ■  0 . 1 0 %  1 0 . 1 5 %  * 0 . 2 0 %  f t  0 . 2 5 %
V_______________________________________________________________________________________________ /

Fig 3 Variation of Flexural strength of different mixes
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VIII. CONCLUSION
S t u d i e s  w e r e  c o n d u c t e d  b y  t h e  a d d i t i o n  o f  d i f f e r e n t  p e r c e n t a g e  o f  f i b r e s .  T h e  e v e n  d i s p e r s i o n  o f  

p o l y p r o p y l e n e  a n d  s t e e l s  s c r u b b e r  f i b r e s  i n c r e a s e s  t h e  c o m p r e s s i v e  s t r e n g t h ,  s p l i t  t e n s i l e  s t r e n g t h  

a n d  f l e x u r a l  s t r e n g t h  o f  s e l f  c o m p a c t i n g  c o n c r e t e .  T h e  d e v e l o p e d  S C C  m i x  w i t h  f i b r e  c o n t e n t  h a s  

s a t i s f i e d  a l m o s t  a l l  r e q u i r e m e n t  o f  s e l f  c o m p a c t i n g  c o n c r e t e .

•  C o m p r e s s i v e  s t r e n g t h ,  s p l i t  t e n s i l e  s t r e n g t h  a n d  f l e x u r a l  s t r e n g t h  w e r e  o b t a i n e d  b y  t e s t i n g .

•  T h e  m a x i m u m  2 8 th d a y  c o m p r e s s i v e  s t r e n g t h  i s  o b t a i n d  w h e n  p o l y p r o p y l e n e  a n d  s t e e l  

s c r u b b e r  f i b r e  a r e  i n  e q u a l  p r o p o r t i o n ,  i e ,  0 . 2 5 % .

•  T h e  m i n i m u m  a n d  m a x i m u m  2 8 th d a y  c o m p r e s s i v e  s t r e n g t h  o b t a i n e d  a r e  4 5 . 3  N / m m 2 a n d

6 0 . 3  N / m m 2 .

•  T h i s  r e s u l t  s h o w s  t h a t  t h e  a d d i t i o n  o f  p o l y p r o p y l e n e  a n d  s t e e l  s c r u b b e r  f i b r e  i n c r e a s e s  t h e  

c o m p r e s s i v e  s t r e n g t h  o f  S C C .

•  T h e  m a i n  r e a s o n  f o r  s t r e n g t h e n i n g  o f  S C C  i s  d u e  t o  a d d i t i o n  o f  f i b r e s .  A d d i t i o n  o f  f i b r e s  

r e d u c e s  t h e  c r a c k  p r o p a g a t i o n  a n d  i n c r e a s e s  t h e  l o a d  c a r r y i n g  c a p a c i t y .

•  A l o n g  w i t h  c o m p r e s s i v e  s t r e n g t h ,  t h e  s p l i t  t e n s i l e  s t r e n g t h  a n d  f l e x u r a l  s t r e n g t h  i n c r e a s e s  d u e

t o  t h e  a d d i t i o n  o f  f i b r e s .

•  T h e  m i n i m u m  a n d  m a x i m u m  2 8 th d a y  s p l i t  t e n s i l e  s t r e n g t h  o b t a i n e d  a r e  3 . 4 2  N / m m 2 a n d  4 . 2 6

N / m m 2, w h i c h  i n d i c a t e  t h e  i n c r e a s e  i n  s p l i t  t e n s i l e  s t r e n g t h .

•  T h e  m i n i m u m  a n d  m a x i m u m  2 8 th d a y  f l e x u r a l  s t r e n g t h  o b t a i n e d  a r e  4 . 3 2  N / m m 2 a n d  6 . 8 3

N / m m 2 , w h i c h  a l s o  i n d i c a t e  i n c r e a s e  i n  f l e x u r a l  s t r e n g t h .

•  P o l y p r o p y l e n e  i s  r e l a t i v e l y  i n e x p e n s i v e  m a t e r i a l  w h i c h  c a n  b e  u s e d  t o  p r o c e s s e s  h i g h  

f l e x u r a l  s t r e n g t h  i n  S C C .

•  P o l y p r o p y l e n e  h e l p  t o  r e d u c e  c r a c k  p r o p a g a t i o n  i n  c o n c r e t e  w h i c h  o f f e r  h i g h  s t r e n g t h  t o  

S C C .

•  A d d i t i o n  o f  p o l y p r o p y l e n e  a n d  s t e e l  s c r u b b e r  f i b r e  t o  t h e  c o n c r e t e  c a n  i m p r o v e  t h e  

m e c h a n i c a l  p r o p e r t i e s  o f  s p e c i m e n s  a n d  r e d u c e s  w o r k a b i l i t y .  F r e s h  s e l f  c o m p a c t i n g  c o n c r e t e  

w i t h  c o n s i d e r a b l e  f i b r e  i n c l u s i o n  c a n  o b t a i n  d e s i r e d  w o r k a b i l i t y  b y  p r o p e r  a d j u s t m e n t  o f  

s u p e r  p l a s t i z e r  d o s a g e .

•  U s e  o f  p o l y p r o p y l e n e  a n d  s t e e l  s c r u b b e r  f i b r e  i n  S C C  i s  a  t e c h n o - e c o n o m i c a l l y  f e a s i b l e  

m e t h o d  o f  s t r e n g t h e n i n g  o f  S C C .
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Abstract.Torsion occurs in many reinforced concrete structures in combination with flexure and shear. Structural 
components can fail due to severe torsional effects. An introduction to torsion, retrofitting using high strength 
ferrocement mortar and GFRP discussing in this project. There are total 12 specimens divided into four groups, 
each having three specimens each. First group is the control specimen group. Second group specimens retrofitted 
with high strength ferrocement mortar. Third group is test specimens retrofitted with GFRP wrapping. Fourth 
group is test specimens retrofitted with inclined GFRP wrapping. A normal M20 mix was designed for the beams. 
Special mixing, placing, and curing practices may be needed to produce and handle high-strength mortar. 
Wrapping with GFRP can significantly improve the strength and ductility. The behavior and performance of RC 
members strengthened with externally bonded GFRP sheets subjected to torsion and is presented in this paper. The 
test is done using a push pull jack on one end of the beam and giving a reaction to the floor on the other end of the 
beam. Load is transferred using fabricated lever arms fixed on the beam. The twisting of the beam is measured 
using dial gauges. Also the torsional behaviors are studied.First cracks occurred at the middle of the beam. They 
circulated along the periphery of the beam like a continuous spiral crack. Torsional resistance of retrofitted beams 
increased than that of normal beams.

Keywords: High strength ferrocement mortar, Glass fiber reinforced polymer

1. Introduction
When external loads act far away from the vertical plane of bending, the beam gets subjected to twisting about 

its longitudinal axis which is known as torsion. Numerous structural members are subjected to torsional moments 
which are critical in design. Torsion occurs in many reinforced concrete structures in combination with flexure 
and shear. Depending on the load transfer mechanism the torsion is classified as 'equilibrium’ torsion’ and 
'compatibility torsion'. Equilibrium torsion is induced in beams supporting lateral overhanging projections, and is 
caused by the eccentricity in the loading. In compatibility torsion, torsion is induced in a structural member by 
rotations (twists) applied at one or more points along the length of the member. The twisting moments induced 
are generally statically indeterminate and their analysis necessarily involves compatibility conditions. Hence it is 
named 'compatibility torsion'. The structural elements subjected to torsion show cracking if they are not designed 
and detailed properly. Further, change in loading or deterioration of structural element cause the deficiency in 
torsional resistance. Also in recent past earthquakes, it has been seen that structures showed failure and some have 
been severely damaged. Such disasters have demonstrated the need for retrofitting of seismically deficient 
structures. Shear stresses due to torsion create diagonal tension stresses that produce diagonal cracking. If the 
member is not adequately reinforced for torsion, a sudden brittle failure can occur. Structural components can fail 
due to severe torsional effects, particularly in vertical resisting components where torsion in the horizontal plane 
greatly amplifies seismic effect. In a reinforced concrete member, such a crack would cause brittle failure unless 
torsional reinforcement is provided to limit the growth of this crack. The first cracks are observed at the middle of 
the longer side. Next, cracks are observed at the middle of the shorter side. After the cracks connect, they circulate 
along the periphery of the beam. Retrofitting allows strengthening of elements to resist the strength demands 
predicted by the analysis, without significantly affecting the overall response of the structure. The cracking of 
reinforced concrete structures under load is a natural process. Because of concrete’s low ultimate tensile stress, 
cracks appear in it once this strength is exceeded. [2] It is often better to repair or upgrade the structure by 
retrofitting. Different methods of structural strengthening or retrofitting techniques that have been developed over 
the years include external bonding of steel plates, glass fibre reinforced plastic (GFRP), fibre reinforced polymer 
(GFRP) sheets, external pre- stressing, carbon fibre wrapping, external bar reinforcement and very recently 
improved external (bars) reinforcement techniques.
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2. E x p e r im e n ta l  s tu d y

A. Mix selection and casting of control beams
A  c o n c r e te  m ix  o f  g r a d e  M 2 0  w a s  d e s ig n e d  b a s e d  o n  th e  n a tu r e  o f  t h e  a v a i l a b le  m a te r ia ls .  M a te r i a l s  u s e d  a re  
P o r t l a n d  p o z z o lo n a  c e m e n t ,  2 0 m m  c o a r s e  a g g r e g a te  a n d  m a n u f a c tu r e d  s a n d .  M ix  d e v e l o p e d  is  1 :1 .9 6 :3 .9 0  w i th  
3 4 0 g m  c e m e n t  c o n te n t .  T h e  f r e s h  p r o p e r t i e s  w e r e  e v a lu a t e d  b y  m e a s u r in g  th e  s lu m p  a c c o r d in g  to  IS  1 1 9 9 :1 9 5 9  
( R e a f f i r m e d  2 0 0 4 )  [2 1 ]  a n d th e  h a r d e n e d  p r o p e r t i e s  w e r e  e v a lu a t e d  a c c o r d in g  to  IS  5 1 6 :1 9 5 9  ( R e a f f i r m e d  
2 0 0 4 ) .R e in f o r c e m e n t  w a s  p l a c e d  in s id e  th e  b e a m  m o u ld  w i t h  a n  e f f e c t iv e  c o v e r  o f  2 5 m m . T h e  c o n c r e te  w a s  
t h e n  p o u r e d  in s id e  a n d  c o m p a c te d  w e l l .  I t  w a s  d e - m o u ld e d  th e  n e x t  d a y  a n d  c o v e r e d  w i th  m o is t  r a g s  f o r  2 8  d a y s  
f o r  c u r in g .  T h e  r e in f o r c e m e n t  d e ta i l  i s  a s  s h o w n  i n  f i g  1.

Fig.1 Layout of beam

Fig.2 Reinforcement

Fig.3 Beams kept for curing

B. Torsion test
T h e  b e a m s  a r e  p l a c e d  o n  a  s im p ly  s u p p o r t e d  c o n d i t io n .  S h o t  p u t  b a l l s ,  o f  8  p o u n d s  e a c h ,  a r e  u s e d  to  

c r e a te  th e  s im p ly  s u p p o r t e d  c o n d i t io n .  M e ta l  p l a t e s  a r e  p l a c e d  a b o v e  a n d  b e lo w  th e  s h o t  p u t  b a l l s  h a v in g  C N C  
d o n e  o n  th e  c o n ta c t  s u r f a c e .  O n e  s h o t  p u t  b a l l  i s  b o l t e d  to  th e  p la te  b e lo w  i t  to  g iv e  t h e  h in g e  e f f e c t  to  th e  p la te  
p l a c e d  a b o v e  i t  a n d  th e  o th e r  s h o t  p u t  b a l l  i s  p l a c e d  i n  b e t w e e n  th e  C N C ’s to  g iv e  th e  r o l l e r  e f f e c t .  T w o  c o n c r e te  
p i l l a r s  w e r e  m a d e  h a v in g  c e n t r e  to  c e n t r e  d i s t a n c e  o f  2  m e t r e s  a n d  th e  h e ig h t  o f  th e  p i l l a r s  w e r e  f i x e d  a c c o r d in g  
to  th e  h e ig h t  r e q u i r e d  f o r  th e  t e s t  s e tu p .  T h e  s h o t  p u t  b a l l s  w i t h  p l a t e s  w e r e  t h e n  p l a c e d  o n  th e  p i l l a r s .  A f t e r  t h a t  
th e  t e s t  s p e c im e n  to  b e  t e s te d  w a s  p l a c e d  o n  th e  s im p ly  s u p p o r t e d  c o n d i t io n .  A f t e r  p l a c in g  th e  b e a m ,  f a b r i c a te d  
l e v e r  a r m s  o f  1 m  l e n g th  a r e  f i x e d  o n  to  th e  e n d s  o f  th e  b e a m .  O n e  l e v e r  a r m  i s  c o n n e c t e d  to  a  u n iv e r s a l  l o a d  c e l l  
w h i c h  i s  c o n n e c t e d  to  a  p u s h  p u l l  j a c k  c o n n e c t e d  to  a  lo a d in g  f r a m e .  T h is  p u s h  p u l l  j a c k  p u l l s  d o w n  th e  l e v e r  
a r m  to  c r e a te  t o r s io n a l  f o r c e  o n  th e  b e a m . T h e  s e c o n d  l e v e r  a r m  i s  c o n n e c t e d  o n  th e  o th e r  e n d  o f  th e  b e a m  i n  th e  
o p p o s i t e  d i r e c t i o n  a n d  th e  r e a c t io n  i s  t r a n s f e r r e d  th r o u g h  t u r n  b u c k le s  h o o k e d  to  th e  a n c h o r  b o l t  p r o v id e d  o n  th e  
f lo o r .  A n o th e r  s e t  o f  s m a l l  l e v e r  a r m s  a r e  f i x e d  a t  th e  e n d s  o f  th e  t e s t  r e g io n  o f  th e  b e a m  f o r  p l a c in g  th e  d ia l
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g a u g e s  to  m e a s u re  th e  a n g le  o f  tw is t .  T h e  lo a d in g  i s  d o n e  b y  u s i n g  th e  p u s h  p u l l  j a c k  a n d  a s  th e  l e v e r  a t  th e  
l o a d in g  e n d  i s  p u l l e d  d o w n ,  th e  o th e r  l e v e r  a r m  b e i n g  f i x e d  to  g r o u n d  u s in g  tu r n  b u c k le  r e s i s t s  th e  lo a d .  S in c e  
th e  s u p p o r t  c o n d i t i o n  is  s im p ly  s u p p o r te d ,  i t  a l lo w s  f r e e  r o t a t io n  o f  th e  l e v e r  a r m  w h i c h  in t u r n  e n d s  u p  i n  
tw i s t i n g  th e  b e a m s .  L o a d in g  o f  0 .2 k N  in te r v a l  w a s  a p p l i e d  w i t h  th e  h y d r a u l i c  j a c k ,  h a v i n g  a  u n iv e r s a l  l o a d  c e l l  
a t t a c h e d  o n  i t ,  u n t i l  th e  s p e c im e n  f a i l e d  to  t a k e  f u r t h e r  lo a d .  D e f le c t io n s  w e r e  n o te d  b y  d ia l  g a u g e s  o f  l e a s t  c o u n t
0 .0 1 m m  a n d  a n g le  o f  tw i s t s  w e r e  f o u n d  o u t  f o r  th e  c o r r e s p o n d in g  lo a d s .  C r a c k  p a t t e r n s  w e r e  a ls o  n o t e d  w h i le  
t e s t i n g .

Fig 5. Ferrocement mesh wrapped beam

Fig 6. High strength ferrocement retrofitted beam

T h e  m o r ta r  i n  t h e  f e r r o c e m e n t  m a t r ix  w a s  d e s ig n e d  b y  a d o p t in g  c e m e n t  -  s a n d  r a t io  o f  1 :2 a n d  th e  
w a t e r  c e m e n t  r a t io  a s  0 .3 5 .  T h e  s i l i c a  f u m e  r e p l a c e m e n t  l e v e l  w a s  f o u n d  o u t  f r o m  th e  t e s t  r e s u l t s  o f  c o m p r e s s io n  
t e s t  o f  m o r ta r  c u b e s  h a v i n g  v a r io u s  p e r c e n ta g e s  o f  s i l i c a  f u m e .  W h i le  c o n s id e r in g  th e  2 8 th  d a y  c o m p r e s s iv e  
s t r e n g th  v a lu e s ,  5 %  c e m e n t  r e p l a c e m e n t  s h o w e d  th e c o m p r e s s iv e  s t r e n g th  e q u a l  to  5 6  M P a .  T h u s  5 %  s i l i c a  f u m e  
b y  w e ig h t  o f  c e m e n t  w a s  s e l e c t e d  a s  th e  o p t im u m  p e r c e n ta g e .

Fig 7. GFRP wrapped beam
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Fig 8. GFRP diagonal strip wrapped beam 

Table 1. Description of beams

Designation Description Number of

beams

CB Control beam 3

HSFB Beam retrofitted with High strength 3

ferrocement jacketing

GFRPB Beam retrofitted with GFRP 3

GFRPB1 Beam retrofitted with inclined GFRP 3

3. R e su lts  a n d  d isc u ss io n

A.Torque and angle of twist

Table 2.Initial and ultimate torques and corresponding angle of twists

Specimen Initial
cracking
torque
(kNm)

Angle of 
twist for 

initial 
cracking 
torque 

(rad/mm)

Ultimate
cracking
torque
(kNm)

Angle of 
tw ist for 
ultimate 
cracking 
torque 

(rad/mm)

Control 2.6 0.0071 3.9 0.0321

HSFB 2.6 0.0068 6.0 0.055

GFRPB 3.8 0.010 4.6 0.032

GFRPB1 4.0 0.012 5.2 0.0307
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Fig.9. Torque vs angle of twist curve

T h e  in i t i a l  c r a c k in g  to r q u e  o f  H S F B  a n d  c o n t r o l  b e a m s  w e r e  a lm o s t  s im i la r .  U l t im a te  c r a c k in g  lo a d  o f  
H S F B  b e a m  w a s  6 k N m . B u t  t h a t  o f  c o n t r o l  b e a m  w a s  o n ly  3 .9 k N m . B u t  i n  th e  c a s e  o f  G F R P  r e t r o f i t t e d  b e a m s ,  
i n i t i a l  c r a c k in g  to r q u e  o f  G F R P B  a n d  G F R P B 1 w e r e  3 .8 k N m  a n d  4 .0 k N m  r e s p e c t iv e ly .  U l t im a te  c r a c k in g  
to r q u e  o f  G F R P B  a n d  G F R P B 1 b e a m s  w e r e  4 .6 k N m  a n d  5 .2 k N m  r e s p e c t iv e ly .  T h e  a n g le  o f  t w i s t  f o r  in i t ia l  

c r a c k in g  to r q u e  o f  c o n t r o l  a n d  H S F B  b e a m s  w e r e  0 .0 0 7 1  a n d  0 .0 0 6 8  r e s p e c t iv e ly .  T h a t  i n  th e  c a s e  o f  G F R P B  
a n d  G F R P B 1 b e a m s  w e r e  0 .0 1 0 r a d /m m  a n d  0 .0 1 2 r a d /m m  r e s p e c t iv e ly .  A n g le  o f  t w i s t  f o r  u l t im a te  c r a c k in g  
to r q u e  o f  c o n t r o l  a n d  H S F B  b e a m s  w e r e  0 .0 3 2 1 r a d /m m  a n d  0 .0 5 5 r a d /m m  r e s p e c t iv e ly .

B. Crack patterns
T h e  f i r s t  c r a c k s  o c c u r r e d  a t  t h e  m id d le  o f  th e  b e a m .  T h e y  c i r c u l a t e d  a lo n g  th e  p e r ip h e r y  o f  th e  b e a m  l ik e  a  

c o n t in u o u s  s p i r a l  c r a c k .

Fig.10. crack pattern in control beam

Fig.11. Crack pattern in HSFB beam

Fig.12. Crack pattern in GFRPB beam

Fig.13. Crack pattern in GFRPB1 beam
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I n  H S F B  b e a m  f i r s t  c r a c k  o c c u r r e d  a t  th e  m id d le  o f  th e  b e a m  s im i l a r  a s  i n  th e  c o n t r o l  b e a m .  D e - b o n d in g  o f  
f e r r o c e m e n t  f r o m  th e  b e a m  s u r f a c e  t a k e s  p la c e  d u r in g  t e s t i n g  a n d  th e  n u m b e r  o f  c r a c k s  in c r e a s e d  c o n s id e r a b ly  
i n  th i s  c a s e  a n d  th e  s p a c e  b e t w e e n  th e  a d ja c e n t  c r a c k s  d e c r e a s e d  u p to  1 5 c m .  T h e  in i t i a l  c r a c k  o c c u r r e d  a t  a  

to r q u e  o f  3 .6 k N m . T h e  a n g le  o f  th e  c r a c k s  w e r e  m o r e  in c l in e d  w h e n  c o m p a r e d  to  th e  c o n t r o l  b e a m  T h e  n u m b e r  

o f  c r a c k s  i n c r e a s e d  a n d  i t  c l e a r ly  h a d  m o r e  l o a d  c a r r y in g  c a p a c i ty  t h a n  th e  c o n t r o l  b e a m .I n  G F R P B  b e a m s ,  

c r a c k  p a t te r n s  w e r e  n o t  p r o p a g a te d  th r o u g h  th e  r e t r o f i t t e d  s u r f a c e .  B e c a u s e  th e  c r a c k e d  s u r f a c e  w a s  f u l ly  
c o v e r e d  b y  G F R P  ‘U ’ w r a p .  N o  c o n s id e r a b le  d e - b o n d in g  o f  G F R P  s h e e t  w a s  o c c u r r e d .  T h e  n u m b e r  o f  c r a c k s  
d e c r e a s e d  i n  th i s  c a s e  a n d  th e  s p a c e  b e t w e e n  th e  a d j a c e n t  c r a c k s  r e m a in s  s a m e  a s  i n  th e  c o n t r o l  b e a m .  T h e  f i r s t  
c r a c k s  o c c u r r e d  a t  th e  m id d le  o f  th e  b e a m  a n d  th e  in i t i a l  c r a c k  o c c u r r e d  a t  a  to r q u e  o f  3 .8 k N m . T h e n  th e  c r a c k s  
p r o p a g a te d  f o r m in g  s p i r a l  c r a c k s .  T h e  a n g le  o f  th e  c r a c k s  w e r e  m o r e  in c l in e d  w h e n  c o m p a r e d  to  th e  c o n t r o l  

b e a m . W h ile  i n  G F R P B 1 b e a m ,  c r a c k s  c a n  b e  s e e n  th r o u g h  th e  r e g i o n  w h e r e  s t r ip  i s  a b s e n t .W h e n  c o m p a r e  w i th  

c o n t r o l  b e a m ,  r e t r o f i t t e d  b e a m s  h a v e  m o r e  n u m b e r  o f  m ic r o  c r a c k s  a n d  le s s  n u m b e r  o f  m a j o r  c r a c k s .  T h e  
d ia g o n a l  s t r ip  w r a p p e d  b e a m  ( G F R P B 1)  s h o w s  b e t t e r  c r a c k  p a t te r n .

4. C o n c lu s io n s
T h e  to r s io n a l  b e h a v io u r  o f  M 2 0  b e a m s  a n d  v a r io u s  r e t r o f i t t e d  b e a m s  w e r e  s tu d ie d  i n  th i s  w o r k .  B a s e d  o n  
th e  r e s u l t s  o f  th i s  s tu d y ,  th e  f o l lo w in g  c o n c lu s io n s  a r e  m a d e :

•  I t  i s  s e e n  t h a t  u l t im a te  c r a c k in g  to r q u e  o f  h ig h  s t r e n g th  f e r r o c e m e n t  r e t r o f i t t e d  b e a m  w a s  a b o u t  1 .5  
t im e s  h ig h e r  t h a n  t h a t  o f  M 2 0  c o n t r o l  b e a m . U l t im a te  c r a c k in g  to r q u e  o f  G F R P B  b e a m  w a s  a b o u t  1 .2  
t im e s  h ig h e r  t h a n  t h a t  o f  c o n t r o l  b e a m ,  a n d  th a t  o f  G F R P B 1 b e a m  w a s  a b o u t  1 .3 5  t im e s  h ig h e r  t h a n  
c o n t r o l  b e a m .

•  D ia g o n a l  s t r ip  w r a p p in g  i s  m o r e  e f f e c t iv e  i n  r e s i s t in g  to r s i o n  t h a n  ‘U ’ w r a p p in g .

•  I n  c o n t r o l  b e a m ,  f i r s t  c r a c k s  o c c u r r e d  a t  th e  m id d le  o f  th e  b e a m .  A f t e r  th e  c r a c k s  c o n n e c te d ,  th e y  
c i r c u l a t e d  a lo n g  th e  p e r ip h e r y  o f  t h e  b e a m  l ik e  a  c o n t in u o u s  s p i r a l  c r a c k .  B u t  i n  H S F B  b e a m s ,  D e 
b o n d in g  o f  f e r r o c e m e n t  f r o m  th e  b e a m  s u r f a c e  t a k e s  p la c e .
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A b strac t. High rise structures have fascinated mankind from the beginning of the civilization itself. In the last few 
decades the rate of growth in vertical structures has increased drastically. Seismic performance of a building is an important 
criteria to be considered in the design phase. Many building nowadays have irregular configuration both in plan and 
elevation. Usually, irregularities are unavoidable in the construction of buildings. This causes the structure to be more 
vulnerable to damages during earthquakes. Hence, it is necessary to assess the seismic performance of a structure in the 
design phase. In this work, a hybrid system which is a combination of conventional lateral load resisting system (bracings 
and shear wall) and a moment resisting frame is used, to improve the seismic performance of vertical irregular structures 
such as stepped building. Vertical discontinuity arises from reduction of the lateral dimension of the building along its height 
commonly known as stepped building. Different types of concentric bracing systems have been used. The regularity index 
provides a basis for assessing the degree of irregularities in a stepped building frame. Torsional effect of structures were also 
studied. The performance of the structure is assessed by means of modal analysis and nonlinear time history analysis in SAP 
2000 (version 2014).Shear wall with concentric brace and shear wall with X brace turned out to be the best hybrid system in 
terms of seismic performance.

K eyw ords: Stepped building frame, Dual system, Hybrid system, Regularity index

1. In tro d u c tio n

M any buildings in the present scenario have irregular configuration in both plan and elevation. 
Irregularities are not avoidable in the construction o f  buildings. Irregularities in buildings will cause 
damage during earthquakes. In multistoried buildings, damage from earthquake ground m otion 
generally initiates at locations where the structure is weak[2]. Structural weaknesses m ay be caused by 
discontinuities in stiffness, strength and mass difference between adjacent storeys.

Real structures are m ostly irregular, as perfect regularity is an idealization that occurs rarely. For 
practical purposes, m ajor seismic codes distinguishes irregularity in plan and elevation.

One o f  the greatest causes o f  damage to buildings has been the use o f im proper architectural- 
structural configurations which affects building response.

A  common form o f  vertical discontinuity arises from the reduction o f  the lateral dimension o f  the 
building along its height, Such buildings are commonly known as stepped buildings. Stepped 
buildings with vertical discontinuity have increased recently because o f its functional and aesthetic 
architecture. Stepped form provides adequate daylight and ventilation in an urban locality with closely 
spaced tall buildings [5]. Stepped buildings are characterized by staggered abrupt reductions in floor 
area along the height o f the building.
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1.1 Stepped building Frame

Stepped buildings are characterized by abrupt reductions in floor area along the height of the building. 
Height-wise changes in stiffness and mass, imparts render the dynamic characteristics to a stepped 
building. Stepped buildings are a typical form of vertical geometric irregularity that required special 
design consideration due to transverse and torsional responses and higher mode effects. As per IS 
1893:2016, stepped building forms are to be treated as vertically irregular when the lateral dimension 
of the maximum offset (A) at the roof level exceeds 25% of the lateral dimension of the building at 
the base (L) as shown in Fig.1.

a u ii!Hillll"lill>^HI ^ I I I ^ HlWIITI w

F ig . 1  Stepped building frame

1.2 Structural systems

A structural system consists of elements which are used to resist the various combination of vertical 
and horizontal loads. The selection of one structural system depends on various factorssuch as 
location, height and architectural requirements of the building[6].

One of the major consideration in the modern office building is the requirement of large working 
spaces.Therefore all the load carrying members especially the lateral load resisting members are 
placed over the exterior periphery and at the core of the structures. Currentlythere are different forms 
of structural systems, out of which moment resisting frame, braced frame and shear wall framed 
system are the conventional types.

Building frame with shear wall and structural system (bracing) combination is called hybrid system. 
In this study various structural systems are to be used such as;

a. Rigid Frame System
b. Braced Frame system
c. Shear wall frame system

2. M e th o d o lo g y

2.1 Problem formulation

A stepped building frame subjected to gravity loading was first modelled and designed and then 
design check is carried out as per IS 456: 2000. The structure was successful in the final design check 
carried out under gravity loads. Then seismic analysis (Modal analysis and nonlinear time history 
analysis) as per Indian seismic code has been carried out. After the seismic analysis, the seismic 
design check has been carried out. That is the structure can take gravity load but has poor performance 
under seismic loads. So, this structure requires an efficient lateral load system to resist the additional 
loads generated due to the seismic ground motion.
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The reason for poor performance was investigated and it was found that mass irregularity, 
discontinuity in strength and stiffness.

This is how stepped building structures shows poor performance during seismic ground motions, in 
the absence of an efficient lateral load resisting system. The dual frame system specified by Indian 
seismic code and a new structural system known as the hybrid structural systems are chosen to 
improve the seismic performance of this structure.The data chosen for the modeling of building frame 
as shown in Table 1.

Table 1 Preliminary data [5]

Building type Office

Zone factor, z 0.16

Zone III

Importance factor,I 1

Response reduction factor,R 5

Damping (% critical) 5

Soil type Medium

Plan dimension (m) 24x24

Bay width in x and y direction(m) 6

Upper storey height (m) 3.3

Opening area in infill (m) 1.5 x 1

Opening area in shear wall (m) 1 x 2

Ground storey height (m) 4.5

2.2 Validation

A regular bare frame has been modelled and analysed using response spectrum analysis. The base 
shear obtained after the analysis using SAP 2000 (version 2014) has been compared with the base 
shear obtained by theoretical calculation.

2.3 Modelling of building frame

The modelling of the structures had been carried out in SAP 2000(version 2014). The beams and 
columns are modelled as frame elements. The slab and shear wall are modelled as thin shell element. 
The external infill wall is modelled as diagonal strut element. The material data chosen for study is 
shown in Table 2. The model parameters are shown in Table3.
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Table 2 Material property

Material Type
Young’s modulus, 
(N/mm2)

E
Density,p (kN/m2)

Concrete M25 25000 25.00

Rebar Fe 415 200000 78.93

Brick Class 490 5500 18.87

Table 3 Modal parameter [28]

Parameter Dimensions

Slab thickness 150mm

Wall thickness 230mm

Shear wall thickness 250mm

Structural steel section ISMB 300

2.4 Computational model

Modelling a building involves the modelling and assemblage of its various load-carrying elements. 
The model must ideally represent the mass distribution, strength, stiffness and deformability. 
Modelling of the material properties and structural elements used in the present study is described in 
Table 4. Building frame and notations are shown in Table 3.4.Cross section details of primary 
elements of 12 storeyed building frame are shown in Table 5. Different structural models chosen are 
shown in Fig. 2.

Table 4 Building frame and notations
Building frame Notations

12 storey Stepped builing with one floor height S1 -  12

12 storey Stepped builing with two floor height S2 -  12

12 storey Stepped builing with three floor height S3 - 12

Bare frame BF

X brace XB

Diagonal brace DB

Chevron brace CB

Shear wall SW

Shear wall with X brace SW-XB

Shear wall with diagonal brace SW-DB

Shear wall with inverted brace SW-CB
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Table 5 Cross section data of 12 storeyed building frame [10]
Storey Beam Outer Column Inner column

1 300mm x 700mm 800mm x800mm 900mm x900mm

2 300mm x 700mm 800mm x800mm 900mm x900mm

3 300mm x 700mm 800mm x800mm 900mm x900mm

4 300mm x 700mm 800mm x800mm 900mm x900mm

5 300mm x 700mm 800mm x800mm 900mm x900mm

6 300mm x 700mm 700mm x 700mm 800mm x800mm

7 300mm x 700mm 700mm x 700mm 800mm x800mm

8 300mm x 700mm 700mm x 700mm 800mm x800mm

9 300mm x 700mm 700mm x 700mm 800mm x800mm

10 300mm x 600mm 700mm x 700mm 800mm x800mm

11 300mm x 600mm 600mm x 600mm 600mm x 600mm

12 300mm x 600mm 600mm x 600mm 600mm x 600mm

a) S1-12 b) S2-12

Fig . 2  Structural models

c) S3-12
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3 R e s u lt  a n d  D iscu ss io n s

3.1 Modal analysis

Modal analysis as per Indian seismic code were carried out on dual frame models such as XB, SW, 
CB, DB and on hybrid frame models such as SWXB, SWCB and SWDB. 79 models were considered 
for the analysis.

3.1.1 V aria tion  in fu n d am en ta l n a tu ra l period

The variation in fundamental time period of setback structure with structural systems are shown in 
Table 6.

Table 6 Variation in fundamental natural period of 12 storeyed stepped building frame

Models Fundamental time period (s)

S1 S2 S3

BF 1.47 1.22 1.18

XB 0.96 0.84 0.80

CB 1.00 0.95 0.91

DB 1.27 1.12 1.06

SW 0.66 0.63 0.59

XBDB 1.14 1.04 0.99

XBCB 1.00 0.95 0.89

DBCB 1.20 1.14 1.06

SWDB 0.78 0.71 0.65

SWCB 0.59 0.52 0.49

SWXB 0.48 0.42 0.40

From the result obtained for the fundamental period, it is observed that the time period of the systems 
increase with increasing number of storeys. By using dual frame in stepped building frame 
fundamental natural period of structure decreased due to increase the stiffness of structure and SW 
dual frame system is found to be more effective in the combinations considered. And also by using 
hybrid frame in stepped building frame natural period of structure decreased due to increase the 
stiffness of structure. It can conclude that dual and hybrid systems are more effective in high rise 
stepped building frame.

3.1.2 Quantifying irregularity in stepped building frame

The stiffness and mass distributions in the frame have to be considered in quantifying the irregularity 
of a stepped building. Studying the dynamic properties of regular building it was found that the 
participation of the first mode is dominant. However, when the vertical irregularities (step in the

Department of Civil Engineering, MBCET 153



ICID 2018 21-23 June, 2018

building frame) are introduced, it is observed that as the irregularity increases, participation on higher 
modes is prominent.

Generally, irregularity in the stepped frame can be captured by relative first mode participation factor. 
Accordingly, a regularity index (n) is proposed to quantifying irregularity of a stepped frame as 
Eqn.5.1. [5]

(5.1)

Where,

r 1 is the first mode participation factor for stepped frame under consideration

rref is the first mode participation factor for regular frame without steps

Building irregularity of 12 storeyed stepped building frame is shown in Table 7 to Table 9. From 
Table 7 to Table 9, it can be concluded that for any stepped building the value of regularity index (n) 
will be less than unity as the first mode participation factor will always be less than that of regular 
building. This regularity index accounts for properties associated with mass and stiffness distribution 
in the frame. Regularity index increases with increasing in number of storeys, the rate of increasing 
regularity index being stiffer when the number of storeys per step increases.

Table 7 Building irregularity of 12 storeyed stepped frame with S1

Building frame Regularity index Percentage Variation

S1BF 0.59 -

XB 0.77 30.51

CB 0.76 28.81

DB 0.74 25.14

SW 0.95 61.02

S1 XBDB 0.76 28.81

XBCB 0.79 33.90

DBCB 0.72 22.03

SWDB 0.87 47.46

SWCB 0.90 52.54

SWXB 0.92 55.93
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Table 8 Building irregularity of 12 storeyed stepped frame with S2

Building frame Regularity index Percentage Variation

S2BF 0.51 -

XB 0.74 45.10

CB 0.72 41.18

DB 0.70 37.25

SW 0.92 80.39

S2 XBDB 0.72 41.18

XBCB 0.75 47.06

DBCB 0.68 33.33

SWDB 0.84 64.71

SWCB 0.88 72.55

SWXB 0.90 76.47

Table 9 Building irregularity of 12 storeyed stepped frame with S3

Building frame Regularity index Percentage Variation

S1BF 0.48 -

XB 0.73 54.15

CB 0.70 45.83

DB 0.67 39.58

SW 0.83 72.92

S3 XBDB 0.70 45.83

XBCB 0.72 50.00

DBCB 0.65 35.42

SWDB 0.79 64.58

SWCB 0.84 75.00

SWXB 0.87 81.25
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4  Non linear time history analysis

Time history analysis (Elcentro -  earthquake data) is a step by step analysis of the dynamic response 
of a structure subjected to a specific ground motion. The dynamic input has been gives as a ground 
acceleration time -  history which was applied uniformly at all the points of the base of the structure, 
only one horizontal component ground motion has been considered.

4.2.1 V aria tion  of ro o f d isplacem ent

The variation of roof displacement of different building models are shown in Table 10 to 12. It can be 
concluded that the stepped building frame without structural system have higher displacement as 
compared to the dual and hybrid structural systems. Roof displacement of structure increase with 
increasing irregularity and number of storeys.

Stepped buildings with dual frame such as SW and hybrid structural system SWXB are more effective 
in reduction of roof displacement of structure. While with increasing number of storeys of structure, 
dual frame such as SW and hybrid structural systems SWXB and SWCB are more effective in 
reduction of roof displacement of structure. It can be concluded that hybrid structural systems are 
more effective in high rise structures.

Table 10 Roof displacement of 12 storeyed stepped frame with S1

Building frame Roof displacement (mm) Percentage Variation

S1BF 30.89 -

XB 10.11 67.27

CB 23.86 22.76

DB 26.49 14.24

SW 6.79 78.02

S1 XBDB 17.56 43.15

XBCB 15.03 51.34

DBCB 21.95 28.94

SWDB 10.54 65.88

SWCB 9.13 70.44

SWXB 8.28 73.20
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Table 11 Roof displacement of 12 storeyed stepped frame with S2

Building frame Roof displacement (mm) Percentage Variation

S2BF 35.60 -

XB 16.74 61.06

CB 27.57 26.00

DB 31.24 14.11

SW 14.56 68.11

S2 XBDB 22.07 43.80

XBCB 18.78 54.45

DBCB 27.12 27.45

SWDB 14.32 68.89

SWCB 11.02 79.57

SWXB 8.41 88.02

Table 12 Building irregularity of 12 storeyed stepped frame with S3

Building frame Roof displacement (mm) Percentage Variation

S1BF 38.00 -

XB 19.47 59.99

CB 30.01 25.87

DB 34.65 10.84

SW 16.45 69.76

S3 XBDB 28.14 31.92

XBCB 23.42 47.20

DBCB 31.90 19.75

SWDB 17.49 66.40

SWCB 15.91 71.51

SWXB 11.43 86.01
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3.2.2 V aria tion  of base shear
The variation of base shear of different building models are shown in Table 13to Table 15. It can be 
seen that stepped building frame without structural system have lesser base shear as compared to the 
dual and hybrid structural systems. Base shear of structure decrease with increasing irregularity and 
increase with increasing number of storeys.
Stepped buildings with dual frame such as SW and hybrid structural system SWXB are more effective 
in improving base shear of structure. While with increasing irregularity of structure hybrid systems 
SWXB and SWCB are more effective. When number of storeys of structure is increased, dual frame 
such as SW and hybrid structural systems SWXB and SWCB are more effective in improving base 
shear of structure.

Table 13 Base shear of 12 storeyed stepped frame with S1

Building frame Base Shear 
(kN)

Percentage
Variation

S1BF 620 -

XB 654 5.48
CB 648 4.52
DB 640 3.23
SW

S1
XBDB

820
640

32.26
3.23

XBCB 653 5.32
DBCB 646 4.19
SWDB 720 16.13
SWCB 795 28.23
SWXB 864 39.35

Table 14 Base shear of 12 storeyed stepped frame with S2

Building frame Base Shear 
(kN)

Percentage
Variation

S2BF 560 -
XB 598 6.79

CB 581 3.75

DB 579 3.39

SW 710 26.79

S2 XBDB 576 2.86

XBCB 592 5.71

DBCB 588 5.00

SWDB 592 5.71

SWCB 694 23.93

SWXB 758 35.36
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Table 15 Base shear of 12 storeyed stepped frame with S3

Building frame Base Shear 
(kN)

Percentage
Variation

S3BF 495 -
XB 535 8.08
CB 526 6.26
DB 519 4.85
SW 622 25.66

S3 XBDB 519 4.85
XBCB 534 7.88
DBCB 528 6.67
SWDB 586 18.38
SWCB 642 29.70
SWXB 663 33.94

5 Conclusions

The seismic performance of stepped building with hybrid structural system and dual frame system 
was investigated. Modal analysis and non - linear time history analysis were used to study the seismic 
performance of the structural systems. The poor performance of stepped building can be accounted 
due to mass reduction at top storeys which reduces the storey stiffness. This causes an increase in 
lateral displacement and twisting effect in stepped building frame during seismic ground motions, 
which leads to catastrophic failures.

• Structural systems are found to be more effective with increasing number of storeys.
• The given configuration of shear wall dual frames system improves the seismic performance 

of stepped building by reducing lateral displacement and base shear.
• The implementation of hybrid structural systems has reduced the irregularity effect and 

increased the mass and stiffness of the system.
• The best hybrid framed systems that can be adopted in stepped buildings are SWCB and 

SWXB. These systems have high lateral and vertical load carrying capacity.
• While considering the practical aspects, it is better to provide SW-CB system, since it creates 

much convenience for the movement of peoples and vehicles in ground storey.
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Abstract.Water cement ratio is one of the main factors which control the strength of concrete. Though workability 
of concrete increases due to the increase in water cement ratio strength of concrete decreases considerably. For 
increasing the workability with minimum water cement ratio, admixtures are used. It is necessary to note that the 
addition of these admixtures should not decrease strength and durability properties of concrete. Commonly used 
chemical admixtures are costly. Black liquor sludge is a waste product from paper industry causes environmental 
pollution, which may be considered to use as a workability aid. This project work is intended to find the amount of 
black liquor sludge to be added in M30 and M50 concrete mixes for getting a slump of 100 mm with a water 
cement ratio of 0.35 for medium workability and to study its mechanicaland flexural properties. All the results 
showed that, black liquor sludge is an effective material for the replacement of current chemical admixtures for 
improving workability.

Keywords: Black liquor sludge, workability, mechanical properties, flexural property

1. In tro d u c tio n
Concrete admixture is defined as a material other than water, aggregates or cement, used as an ingredient 

of concrete and added to the batch immediately before or during its mixing to modify one or more of the 
properties of concrete in the plastic or hardened state. They are used to modify the properties of concrete to 
achieve desired workability in case of low water cement ratio and to enhance setting time of concrete for long 
distance transportation of concrete.

The disposal of waste material is a major problem faced by the industries. If this waste can be used in 
construction industry as a replacement material, then it will become a solution to the problem. Some of the 
industrial waste and byproducts were used as concrete admixture such as iron splinters, minced rubber, polymer 
fibres, mineral dust, calcium carbonate etc [1, 2, 3]. Some natural products were also used as concrete admixture 
like broiler hen egg and Gum Acacia Karroo (GAK) [4, 5].

Super plasticizers are added to concrete with a low water-cement ratio to make high-slump flowing concrete. 
The commonly used superplasticizers are ligno-sulphonates and hydrocarbolic acid salts. They are usually based 
on lignosulphonate, which is a natural polymer, derived from wood processing in the paper industry. The 
disadvantages of using most of chemical admixtures like super plasticizers are its high cost, lack of availability 
etc.

In the present experimental investigation, improvement of workability of concrete with a minimum water 
cement ratio by using black liquor sludge as admixture was studied. Black liquor sludge is a waste product of 
paper industry during Kraft process. This is a process for conversion of wood into wood pulp, which consists of 
almost pure cellulose fibers, the main component of paper. One of the main ingredients in it is lignin, the material 
in trees that binds wood fibers together and makes them rigid. Approximately 7 tonnes of black liquor sludge is 
produced in the manufacture of one tonne of pulp. It is discharged to watercourses causing toxic to aquatic life. 
Hence studies can be conducted to find the suitability of black liquor sludge in construction industry as admixture. 
This approach will help to eliminate the environmentally polluting black liquor sludge waste.

Samar et al. (2011) conducted an experiment on utilization of black liquor, produced by the pulp and paper 
industry, as a workability aid and retarder admixture. The properties of black liquor and its performance on 
concrete at two different water cement ratio were studied. Water is replaced by black liquor for 5, 10, 15, 20 
percentage of water. The results showed that black liquor increases concrete workability, improve compaction 
and reduce honeycombing when 15% water replaced by black liquor [6].

The objectives of this study are:

i) To develop concrete mixes of BLC30 and BLC50 (concrete of grade M30 and M50 with Black liquor 
sludge as admixture) for a slump of 100 mm with water cement ratio of 0.35.

ii) To find the mechanical and flexural properties of BLC30 and BLC50.____________________________
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2. M a te r ia l  P ro p e r t ie s  a n d  M ix  P ro p o r t io n
P o r t l a n d  P o z z o la n a  C e m e n t ,  c r u s h e d  s to n e s  o f  2 0  m m  c o a r s e  a g g r e g a te ,  m a n u f a c tu r e d  s a n d  p a s s in g  

th r o u g h  s ie v e  o f  s iz e  4 .7 5  m m  a n d  c o n f i r m in g  to  z o n e  I I  o f  IS  3 8 3 - 1 9 7 0  ( r e a f f i r m e d  2 0 0 2 )  a s  f in e  a g g r e g a te s  
w e r e  u s e d  [7 ]. B l a c k  l i q u o r  s lu d g e  p r o c u r e d  f r o m  H in d u s t a n  n e w s p r in t  l im i te d ,  V e l lo r e ,  K e r a la ,  I n d i a  w a s  u s e d  
a s  s u p e r  p la s t i c iz e r .  T h e  m ix  d e s ig n  w a s  d o n e  a s  p e r  IS  1 0 2 6 2 - 2 0 0 9 ,  to  o b t a in  a  M 3 0  a n d  M 5 0  g r a d e s  o f  
c o n c r e te  [8 ]. T h e  m ix  p r o p o r t i o n  th u s  o b t a in e d  w a s 1 :2 .1 :4 .1  f o r  M 3 0  a n d  1 :1 .1 :3 .2  f o r  M 5 0 .  L a b o r a to r y  te s t s  
w e r e  c o n d u c te d  o n  b l a c k  l i q u o r  s lu d g e  to  d e te r m in e  th e  d i f f e r e n t  c h e m ic a l  p r o p e r t i e s  a n d  th e  r e s u l t s  a r e  s h o w n  
i n  T a b le  1 .[9 ]

Table 1.Properties of Black Liquor Sludge

Properties Values
p h 8

B io - c h e m ic a l  o x y g e n  d e m a n d  ( B O D )  ( m g /l) 1 6 0 0 0

C h lo r id e s  ( m g /l) 3 7 5
S u lp h id e s  ( m g /l) 3 0 0

T o ta l  s o l id s  (m g /l) 9 1 0 5
T o ta l  d i s s o lv e d  s o l id s  ( m g /l ) 2 1 1 5

T o ta l  s u s p e n d e d  s o l id s  ( m g /l) 6 9 9 0

3 . E x p e r im e n ta l  P r o g r a m

a. Fresh and Harden Properties
T h e  w o r k a b i l i ty  o f  c o n c r e te  w a s  d e t e r m in e d  b y  s lu m p  t e s t  [ 1 0 ] .T h e  d i f f e r e n t  m e c h a n ic a l  p r o p e r t i e s  

s u c h  a s  c u b e  c o m p r e s s iv e  s t r e n g th ,  s p l i t t in g  t e n s i l e  s t r e n g th ,  f l e x u r a l  s t r e n g th ,  c y l in d e r  c o m p r e s s iv e  s t r e n g th  a n d  
m o d u lu s  o f  e la s t ic i ty  w e r e  d e te r m in e d  [1 1 ] , [1 2 ].

b. Flexural Behaviour of RCC Beams

B e a m  s p e c im e n s  w e r e  u s e d  to  d e te r m in e  th e  f l e x u r a l  s t r e n g th  w h ic h  a r e  s u b je c te d  to  tw o  p o in t  l o a d in g  
u s in g  U n iv e r s a l  T e s t in g  M a c h in e  o f  1 0 0 0 k N  c a p a c ity .  T h re e  n u m b e r s  o f  b e a m s  w e r e  p r e p a r e d  f o rC B 3 0  ( c o n t ro l  
b e a m  o f  M 3 0  m ix ) ,  C B 5 0 ( c o n tr o l  b e a m  o f  M 5 0  m ix ) ,  B L C 3 0  a n d  B L C 5 0  m ix e s .  T h e  b e a m  i s  o f  1 0 0  x  1 5 0  x  
1 0 0 0  m m  s iz e  w h ic h  a r e  p r o v id e d  w i th  r e in f o r c e m e n t  a s  p e r  IS  4 5 6  - 2 0 0 0  [1 3 ]. T h e  c l e a r  c o v e r  p r o v id e d  o n  a l l  
th e  s id e s  w a s  2 5 m m . T w o  n u m b e r s  o f  1 0 m m  d ia m e te r  b a r s  w e r e  u s e d  a s  t e n s io n  r e in fo r c e m e n t ,  8 m m  d ia m e te r  
b a r s  a s  c o m p r e s s io n  r e in f o r c e m e n t  a n d  6 m m  d ia m e te r  2  l e g g e d  s t i r r u p  h o ld e r s  a t  9 0 m m  c /c . D ia l  g a u g e s  w e r e  
u s e d  to  m e a s u re  th e  d e f l e c t i o n  a n d  th e  v a lu e s  o b ta in e d  w e r e  u s e d  to  p l o t  th e  lo a d - d e f le c t io n  g r a p h .  S t r a in  g a u g e s  
w e r e  p la c e d  o n  th e  t e n s io n  a n d  c o m p r e s s io n  r e in f o r c e m e n t  to  m e a s u re  th e  s t r a in s a n d  to  p l o t  th e  m o m e n t-  
c u r v a tu r e  r e la t io n s h ip .F ig  1. r e p r e s e n t s  th e  d e t a i l in g  o f  b e a m  s p e c im e n .

Fig 1. Details of reinforcement in beam specimen

Test set up
T h e  b e a m s  w e r e  t e s te d  u n d e r  tw o  p o in t  lo a d in g  i n  a  U n iv e r s a l  T e s t in g  M a c h in e .  D ia l  g a u g e s  a n d  s t r a in  

g a u g e s  w e r e  u s e d  to  m e a s u re  th e  m id  s p a n  d e f l e c t i o n  a n d  s t r a in  r e s p e c t iv e ly .  F i g  2 .  r e p r e s e n ts  th e  t e s t  s e tu p .  T h e  
v a lu e  o f  m o m e n t  i s  g iv e n  b y :

PI
L:. (1 0 )

M  =

W h e r e ,
M
P

I

M o m e n t  a t  m id  s p a n  
A p p l i e d  lo a d

= S p a n  o f  th e  b e a m  b e t w e e n  th e  s u p p o r ts  

T h e  c u r v a tu r e  w a s  o b ta in e d  b y :
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(1 1 )
W h e r e ,

0  = C u r v a tu r e
£ s  = T e n s io n  s te e l  s t r a in
£ c  = T e n s io n  s te e l  s t r a in  [1 4 ]

Fig 2. Testing of Beam
4. R e su lts  a n d  D iscu ss io n

c. Workability test

T h e  a m o u n t  o f  b l a c k  l i q u o r  s lu d g e  w e r e  a d d e d  f o r  M 3 0  a n d  M 5 0  c o n t r o l  m ix e s  b y  r e p la c in g  w a te r  f o r  
g e t t in g  a  s lu m p  o f  1 0 0  m m  a r e  g iv e n  i n  T a b le  2 .F r o m  th e  w o r k a b i l i ty  t e s t  r e s u l t s ,  th e  p e r c e n ta g e  o f  b l a c k  l iq u o r  
s lu d g e  to  b e  a d d e d  f o r  M 3 0  m ix  w a s  s e le c te d  a s  2 0 %  b y  r e p la c in g  w a te r  a n d  f o r  M 5 0  i t  w a s  2 5 %  f o r  g e t t in g  a  
s lu m p  o f  1 0 0 m m . T h e  in c r e a s e  i n  s lu m p  m a y  b e  d u e  to  t h e  a b i l i ty  o f  b l a c k  l iq u o r  s lu d g e  to  a c t  a s  a  d is p e r s in g  
a g e n t  b y  n e u t r a l i z in g  th e  e le c t r o s ta t i c  c h a r g e s  o f  th e  c o n c r e te  m ix tu re ,  e s p e c ia l ly  th e  c e m e n t .  T h is  n e u t r a l i z a t io n  
m in im iz e s  a s s e m b la g e  o f  th e  s o l id  p a r t i c le s  a l lo w in g  th e m  to  m ix  b e t t e r  w i th  w a te r .

Table 2.Percentage of black liquor sludge added in M30 and M50 mix
Black liquor sludge(% 
replacement of water) 

for M30 mix

Slump (mm) Black liquor sludge 
(% replacement of 

water) for M50 mix

Slump (mm)

1 15 10 4 0
5 3 5 15 6 3
10 5 0 2 0 8 0
15 8 0 2 2 8 8
16 8 4 2 3 9 5
18 9 2 2 4 9 7
19 9 6 2 5 1 0 0
2 0 1 0 0 - -

d. Mechanical properties

T h e  m e c h a n ic a l  p r o p e r t i e s  o f  c o n t r o l  B L C 3 0  a n d  B L C 5 0  a r e  s h o w n  i n  T a b le  3 .A l l  th e  h a r d e n e d  
p r o p e r t i e s  s u c h  a s  c o m p r e s s iv e  s t r e n g th ,  s p l i t t in g  t e n s i l e  s t r e n g th ,  f l e x u r a l  s t r e n g th ,  c y l in d e r  c o m p r e s s iv e  s t r e n g th  
a n d  m o d u lu s  o f  e la s t ic i ty  a re  w i th in  a c c e p ta b le  l im i t  f o r  a l l  m ix e s .  A ls o  a l l  th e s e  v a lu e s  s a t is f ie s  th e  IS  
s p e c i f ic a t io n .

Table 3. Mechanical properties of concrete

Properties____________________M30 C_______BLC30_______M50 C BLC50
C o m p r e s s iv e  s t r e n g th  ( N /m m 2) 3 8 .4 4 3 9 .1 2 5 9 .1 1 5 7 .8 5

S p l i t t in g  t e n s i l e  s t r e n g th  ( N /m m 2) 3 .2 5 3 .3 2 5 .0 9 4 .9 5
F le x u r a l  s t r e n g th  ( N /m m 2) 4 .4 0 4 .8 0 6 .0 0 5 .8 0

C y l in d e r  c o m p r e s s iv e  s t r e n g th  ( N /m m 2) 2 9 .6 0 2 9 .3 7 4 4 .8 0 4 3 .5 8
M o d u lu s  o f  e la s t ic i ty  ( N /m m 2) 2 .7 2  x  1 0 4 2 .7 1 x  1 0 4 3 .5 5  x  1 0 4 3 .5 4  x  1 0 4
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e. Flexural Behaviour of RCC Beams 

Crack Pattern

T h e  c r a c k  p a t t e r n  o b t a in e d  a f t e r  t e s t i n g  o f  b e a m s  w a s  s h o w n  i n  F i g  3 a n d  F i g  4 . F r o m  th e  f ig u r e s  i t  c a n  

b e  s e e n  th a t ,  M o s t  o f  th e  c r a c k s  i n i t i a te d  f r o m  th e  b o t to m  o f  th e  b e a m  a n d  p r o p a g a te d  to  th e  t o p  o f  th e  b e a m . 
C r a c k  p a t t e r n  o f  B L C  b e a m s  w e r e  a lm o s t  s im i l a r  to  th e  c o n t r o l  b e a m .

Fig 3. Crack pattern of CB30 and BLC30 beams

Fig 4. Crack pattern of CB50 and BLC50 beams 

Crack W idth Propagations

T h e  c r a c k  w id th  p r o p a g a t io n  o f  v a r io u s  m ix e s  i s  s h o w n  i n  F ig  5 . T h e  c r a c k  w i d t h  p r o p a g a t io n  o f  B L C  

b e a m s  w a s  s l ig h t ly  h ig h e r  t h a n  c o n t r o l  s p e c im e n s  b u t  th e  f in a l  c r a c k  w i d t h  w a s  a p p r o x im a te ly  s a m e .

r

Fig 5. Crack width propagation of beams

Ultimate, Yield and Initial Crack Load
T a b le  4  s h o w s  th e  u l t im a te  lo a d ,  y i e ld  l o a d  a n d  in i t i a l  c r a c k  l o a d  o f  a l l  th e  b e a m s  a n d  i t  c a n  b e  

o b s e r v e d  t h a t  u l t im a te  l o a d  a n d  in i t i a l  c r a c k  l o a d  o f  B L C  a n d  c o n t r o l  s p e c im e n s  w e r e  a p p r o x im a te ly  s a m e  b u t  
th e  y i e l d  l o a d  o f  B L C  s p e c im e n s  w e r e  l e s s  t h a n  c o n t r o l  m ix e s .

Table 4. Initial crack, ultimate and yield load of beams

Specimen Initial crack load (kN) Yield load (kN) Ultimate load (kN)
C B 3 0 18 51 6 8

M 3 0  B 1 7 .5 4 7 .5 6 7 .5
C B 5 0 2 1 6 0 7 7

M 5 0  B 2 0 5 7 7 6

Load Deflection Plot
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The load-deflection curve for each beam specimens were plotted as shown in Fig 6. It was observed 
that the curves for BLC specimens showed similar load-deflection behaviour with control specimens. There is a 
linear portion till initial cracking and thereafter, non-linearly varying curve till the yield load. Beyond the yield 
point, the deflection of the beams increased considerably until the ultimate load was reached.

Fig 6. Load deflection plot of beams 

Moment Curvature Relationship
The moment curvature obtained for control beam and BLC beams are shown in Fig7. Moment 

curvature graph has three stages, first stage ends at initial crack of specimen then linearly increase due to the 
yielding of tension steel. Final stage is contributed by the limiting value of strain taken by the concrete. Similar 
trend is followed by the test specimen. It has a linear portion up to initial crack and comparatively after the 
formation of cracks and non-linear bending behaviour till the yield point and thereafter large deformations 
beyond yield load. Similar trend is followed by the test specimen. It was observed that the curves for BLC 
specimens showed similar moment curvature behaviour with control specimens.

Curvature (nr1)
V________________________________________________ J

Fig 7. Moment - curvature graph 

Energy absorption and ductility indices

From the load-deflection and moment-curvature plots, the energy absorption characteristics, 
displacement ductility and curvature ductility for each specimen was derived. Energy absorbed by each 
specimen during the test was calculated by the area under the load-deflection curve. Due to the limitations in the 
experimental set up, the load deflection graph could be plotted only up to 80% of the peak load, in the 
descending portion of the curve. Thus, the energy absorption was calculated as the area under the curve up to the 
peak load and under the descending portion up to 80% of the peak load. The displacement ductility was 
calculated from the load deflection plot by the ratio of deflection at ultimate load to that at the yield load and the 
curvature ductility was computed from the moment-curvature plot by the ratio of curvature at ultimate load to 
corresponding curvature at yield load. The obtained values are given in Table 5. The results show that the 
energy absorption, ductility index slightly reduced in the case of BLC mixes than control specimens.
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Table 5. Energy absorption capacity and ductility indices of beams

S p e c i m e n
E n e r g y  A b s o r p t i o n D i s p l a c e m e n t  d u c t i l i t y C u r v a t u r e  d u c t i l i t y

C a p a c i t y ( k N m m ) A b s o l u t e R e la t i v e A b s o l u t e R e la t i v e

C B 3 0 2 1 1 .4 1 3 .5 4 1 .0 0 4 .6 6 1 .0 0
B L C 3 0 1 9 2 .8 6 3 .2 9 0 .9 3 4 .4 2 0 .9 5

C B 5 0 2 5 1 .7 8 4 .2 3 1 .0 0 6 .5 3 1 .0 0
B L C 5 0 2 4 5 .8 8 4 .1 2 0 .9 7 6 .2 6 0 .9 6

5. C o n c lu s io n s
F r o m  th i s  e x p e r im e n ta l  in v e s t ig a t io n ,  t h e  f o l lo w in g  c o n c lu s io n s  w e r e  o b t a in e d :

•  T h e  a d d i t i o n  o f  B la c k  l i q u o r  s lu d g e  o f  2 0  a n d  2 5 %  b y  r e p l a c in g  w a t e r  p r o v id e d  a  s lu m p  o f  1 0 0  m m  i n  

M 3 0  C  a n d  M 5 0  C  m ix e s  r e s p e c t iv e ly .

•  A l l  th e  m e c h a n ic a l  p r o p e r t i e s  o f B L C 3 0  a n d  B L C 5 0  m ix e s w e r e  f o u n d  to  b e  w i th in  a c c e p ta b le  l im i t  a n d  
s a t is f ie s  IS  s p e c i f ic a t io n .

•  T h e  B L C 3 0  a n d  B L C 5 0  b e a m s  s h o w e d  s im i la r  b e h a v i o u r  w i th  r e s p e c t  to  c o n t r o l  s p e c im e n s .
H e n c e  B la c k  l i q u o r  s lu d g e  c a n  b e  e f f e c t iv e ly  u s e d  a s  a d m ix tu r e  i n  c o n c r e te  f o r  in c r e a s in g  w o r k a b i l i ty  f o r  
b o t h  n o r m a l  s t r e n g th  a n d  h ig h  s t r e n g th  m ix e s .  I t  c a n  b e  a l s o  u s e d  f o r  s t r u c tu r a l  a p p l ic a t io n s .
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Abstract. Major problem in the construction industry is deterioration of concrete structural elements. Replacement of 

deficient structural elements is uneconomical and inconvenience due to interruption of function of the structure. It is often 
better to upgrade the structure by retrofitting. External strengthening has become an acceptable way of improving the load 
carrying capacity of the existing structure. The present study intended to develop a technique of retrofitting of RCC beams, 
using geonet. In this study biplanar geonet was used as an externally bonded material. Prior to retrofitting, the specimens 
were subjected to different levels of distressing, 67%, 80% and 90% of the flexural capacity of control specimen. The 
flexural behaviour of control specimen and retrofitted specimen were studied. From the result obtained, a significant 
improvement in load carrying capacity was observed, which depends upon the distressing level.

Keywords: Biplanar Geonet, Flexural Behaviour, Retrofitting.

In tro d u c tio n

Reinforced concrete structures are one of the most important structure system. After a period of rapid economic 
growth, structural modification of existing infrastructures that have been aging rapidly. Reason for the demand 
for structural modification is the upgrading of load carrying capacity and resistance to withstand underestimated 
loads, to ameliorate the increased perceived risk from earthquakes.[1] In such circumstance replacement or 
retrofitting is adopted. Replacement is uneconomical and inconvenience due to interruption of function of the 
structure. It is often better to upgrade the structure by retrofitting. Retrofitting is the upgrading of existing 
structure for improving its structural performance even before or after the damage. Retrofitting is a more 
feasible economic alternative than demolition and reconstruction.[2] Studies were conducted on reinforced 
concrete members strengthened with ferrocement and steel plate bonding.[3,4] Ferrocement jacketing and steel 
plate bonding has become an acceptable way of improving the load carrying capacity of the existing structure. 
Major drawback with these retrofitting systems is the corrosion of externally bonded steel plate and wire mesh. 
To overcome these drawback, many alternative materials were introduced for retrofitting, which includes 
Textile-reinforced mortar (TRM) and Fibre reinforced polymer (FRP).[5-7] The present study intent to develop 
a new retrofitting system using biplanar geonet. Studies were conducted using geosynthetics as shear 
reinforcement. The use of geosynthetics was found to be effective in increasing the strength and ductility 
characteristics.[8] Biplanar geonet is a geosynthetic material consisting of two sets of intersecting ribs 
overlaying at different angles and spacings. Owing to the non-rusting properties of the geonet mesh, the wire 
mesh in the ferrocement jacketing can be replaced by the geonet.

The main aim of the paper is to introduce a new retrofitting material. In this study, the flexural behavior of 
pre-damaged reinforced concrete beams retrofitted with biplanar geonet was studied.

E x p e r im e n ta l  D e ta ils

M aterial Properties

Concrete with an average compressive strength of 28 N/mm2was used for casting the tested specimens. High 
tensile steel of diameter 10mm was used for bottom reinforcement and 8mm diameter was used for top 
reinforcement. Mild steel of diameter 6mm was used as shear reinforcement. The geonet used in the study had a 
thickness of 3.2mm with tensile strength of 30kN/mm2.
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Specimen Descriptions

N in e  r e in f o r c e d  c o n c r e te  b e a m s  w e r e  c a s t .  A l l  b e a m s  h a d  a  c r o s s  s e c t io n  o f  1 0 0  m m  x  1 5 0  m m , a n d  a  to ta l  

l e n g th  o f  1 m . . F o r  f l e x u r e  r e in f o r c e m e n t ,  tw o  r e i n f o r c in g  b a r s  o f  1 0 m m  h ig h  t e n s i l e  s t e e l  w e r e  u s e d  a s  t e n s io n  

r e in f o r c e m e n t  a n d  tw o  r e in f o r c in g  b a r s  8 m m  h ig h  t e n s i l e  s te e l  w e r e  u s e d  a s  c o m p r e s s io n  r e in f o r c e m e n t .  T h e  

s h e a r  r e in f o r c e m e n t  c o n s i s t  o f  2  l e g g e d ,  6 m m  d ia m e te r  s t i r r u p s  a t  9 0 m m  s p a c in g  th r o u g h o u t  th e  s p a n .  F ig .  1 

s h o w s  th e  r e in f o r c e m e n t  d e ta i l s  o f  t e s te d  s p e c im e n .

Fig. 1 R e in f o r c e m e n t  d e ta i l s  o f  t e s te d  s p e c im e n s .

T a b le  1 p r e s e n t s  th e  s u m m a r y  d e ta i l s  o f  t h e  b e a m s  u s e d  i n  th e  e x p e r im e n ta l  s tu d y .  T h e  b e a m s  d e s ig n a t io n  s ta n d s  

f o r  tw o  le t t e r s  a n d  n u m b e r ,  C S  s ta n d s  f o r  c o n t r o l  s p e c im e n ,  D  s ta n d s  f o r  d i s t r e s s in g  th e  b e a m  a n d  N  s ta n d s  f o r  

r e t r o f i t t in g  w i t h  g e o n e t .  T h e  n u m b e r  r e f e r s  to  th e  p e r c e n ta g e  o f  d i s t r e s s in g  w i t h  r e s p e c t  to  th e  u l t im a te  c a r r y in g  

c a p a c i ty  o f  c o n t r o l  s p e c im e n .

Table 1. Designation of specimens.

Beam Designation Description
No.
B1 CS0 Control specimen

B2 DN67 Beams distressed with 67% of ultimate load, then retrofitted
using geonet

B3 DN80 Beams distressed with 80% of ultimate load, then retrofitted
using geonet

B4 DN90 Beams distressed with 90% of ultimate load , then retrofitted
using geonet

T h e  r e t r o f i t t in g  o f  b e a m  w a s  d o n e  i n  c o n s ta n t  m o m e n t  r e g io n  o f  l e n g th  3 0 0 m m  a f t e r  d i s t r e s s in g  th e  b e a m  

s p e c im e n s .  T h e  b e a m  s u r f a c e  w a s  r o u g h e n e d  u s in g  a  g r in d in g  m a c h in e  to  im p r o v e  th e  b o n d  w i t h  c o n c r e te  

s u b s t ra te .  T h e  c o n c r e te  s u r f a c e  w a s  c l e a n e d  a n d  b o n d in g  a g e n t  w a s  p l a c e d  o v e r  th e  s u r f a c e .  G e o n e t  w a s  

w r a p p e d  a r o u n d  th e  s u r f a c e  u s in g  U - w r a p p in g  t e c h n iq u e .  F in a l ly  a  l a y e r  o f  m o r ta r  o f  1 :3 r a t io  w a s  a p p l i e d  o v e r  

th e  g e o n e t .

Test Setup

A ll  b e a m s  w e r e  t e s te d  u n d e r  tw o  p o i n t  lo a d in g  c o n d i t io n .  T h e  e f f e c t iv e  s p a n  o f  t h e  b e a m s  w a s  9 0 0 m m . A  d ia l  

g a u g e  w a s  u s e d  to  m e a s u r e  th e  d e f l e c t i o n  a t  th e  m id - s p a n .  T h e s e  v a lu e s  w e r e  u s e d  to  p l o t  lo a d - d e f l e c t i o n  

r e la t io n .  S t r a in  g a u g e s  w e r e  p l a c e d  o n  t e n s io n  r e in f o r c e m e n t  a n d  c o m p r e s s io n  r e in f o r c e m e n t  to  m e a s u re  th e  

s t r a in .  L o a d in g  w a s  a p p l i e d  u s in g  a  1 0 0 0  k N u n iv e r s a l  t e s t i n g  m a c h in e  a t  2 .5  k N lo a d  in c r e m e n t .  A l l  r e a d in g s  

f r o m  th e  d ia l  g a u g e  a n d  s t r a in s  w e r e  m a n u a l ly  r e c o r d e d .
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T e s t R e su lts  a n d  D iscu ss io n  

Cracking behaviour and Failure Mode

T h e  f a i lu r e  m o d e  o f  e a c h  t e s te d  s p e c im e n  w a s  d e t e r m in e d  b y  r e f e r r in g  to  th e  i n i t i a t i o n  a n d  p r o p a g a t io n  o f  th e  

c r a c k s .  F o r  th e  d i s t r e s s e d  b e a m s ,  a t  s p e c i f i e d  d i s t r e s s in g  l e v e l ,  th e  m a x im u m  c r a c k  w id th s  a t  c o n s t a n t  m o m e n t  

r e g io n  v a r i e s  b e t w e e n  0 .1 8  a n d  0 .3 6 .  A f t e r  th e  lo a d in g  is  r e m o v e d ,  th e  c r a c k s  w e r e  p a r t i a l ly  c lo s e d  a n d  th e  

m a x im u m  c r a c k  w i d t h  v a r i e s  b e t w e e n  0 .0 4  a n d  0 .1 . T h e  c r a c k  p a t t e r n s  o f  t h e  b e a m s  a f t e r  d i s t r e s s in g  in d ic a te s  

t h a t  th e  n u m b e r  a n d  d e p t h  o f  th e  c r a c k s  in c r e a s e s  w i t h  in c r e a s e  i n  d i s t r e s s in g  le v e l .  F o r  a l l  b e a m s ,  c r a c k  w a s  

in i t i a te d  i n  th e  s p a n  b e t w e e n  tw o  c o n c e n t r a t e d  lo a d s .  I n  th i s  r e g io n  th e  f l e x u r a l  s t r e s s  i s  h ig h e s t  a n d  s h e a r  s t r e s s  

is  z e r o .  T h e  c r a c k s  f o r m e d  w e r e  v e r t i c a l  a n d  w a s  p e r p e n d ic u l a r  to  th e  d i r e c t i o n  o f  th e  m a x im u m  p r in c ip a l  t e n s i l e  

s t r e s s  i n d u c e d  b y  p u r e  b e n d in g .  T h e  c r a c k  p a t t e r n  o f  r e t r o f i t t e d  b e a m s  is  s h o w n  a s  i n  f ig . 3.

Fig. 3 C r a c k  p a t t e r n s  o f  th e  r e t r o f i t t e d  b e a m  s p e c im e n s .

F o r  th e  c o n t r o l  s p e c im e n  th e  f i r s t  c r a c k  o c c u r r e d  a t  18  k N  a n d  f i r s t  c r a c k s  f o r  D N 6 7 ,  D N 8 0  a n d  D N 9 0  

s p e c im e n s  w e r e  2 2 .5  k N ,2 0  k N  a n d  15 k N  r e s p e c t iv e ly .  T h e  c o n t r o l  s p e c im e n  f a i l e d  b y  f o r m in g  l a r g e  f l e x u r a l  

c r a c k s  a t  th e  c o n s t a n t  m o m e n t  r e g io n .  I n te r m e d ia te  f l e x u r a l  c r a c k  f o l lo w e d  b y  t r ib u t a r y  c r a c k s  w e r e  f o r m e d  o n  

D N 6 7  s p e c im e n .  F l e x u r a l  s h e a r  c r a c k s  w e r e  f o r m e d  o n  D N 8 0  s p e c im e n .  F o r  D N 9 0  s p e c im e n ,  th e  w i d t h  o f  th e  

f l e x u r a l  c r a c k  w a s  m o r e  p r o n o u n c e d  a s  c o m p a r e d  to  o t h e r  s p e c im e n s .  T h e  c r a c k in g  lo a d s ,  y i e ld  lo a d ,  u l t im a te  

lo a d s  a n d  c r a c k  p a t t e r n  o f  s p e c im e n s  w e r e  g iv e n  i n  T a b le  2 .
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Table 2. Summary of test results.

Designation First Crack Yield Ultimate Crack Pattern
Load (kN) Load (kN) Load

(kN)
CS0 18 48 59 Flexural crack

DN67 22.5 59
67.5 Flexural crack followed 

by tributary cracks
DN80 20 51 63 Flexural shear crack

DN90 15 43 55 Flexural crack followed 
by tributary cracks

Load -  Deflection Behaviour

A ll  th e  c u r v e s  w e r e  c h a r a c t e r i z e d  b y  th r e e  d i s t a n t  s ta g e s :  U n - c r a c k e d  b e a m , d e v e lo p m e n t  o f  c r a c k in g  u p  to  

y i e ld in g  o f  s t e e l  r e in f o r c e m e n t  a n d  p o s t  y i e ld in g  r e s p o n s e  u p  to  f a i l u r e .  A n y  d i f f e r e n c e  b e tw e e n  th e  c u r v e s  o f  

th e  r e t r o f i t t e d  b e a m s  a n d  th e  c o n t r o l  s p e c im e n  is  a t t r ib u t e d  to  th e  c o n t r ib u t io n  o f  r e t r o f i t t in g  m a te r ia l  to  th e  

f l e x u r a l  p e r f o r m a n c e  o f  th e  b e a m s .  T h e  e f f e c t  o f  r e t r o f i t t in g  w a s  m o r e  p r o n o u n c e d  d u r in g  s ta g e  -  I I ,  w h e r e  th e  

d e v e lo p m e n t  o f  f l e x u r a l  c r a c k s  w a s  p r o g r e s s .  D u r in g  th i s  s ta g e ,  f o r  s p e c im e n  D N 6 7 ,  b o t h  th e  s te e l  

r e in f o r c e m e n t  a n d  g e o n e t  w e r e  a c t i v a t e d  i n  t e n s io n  a n d  c o n t r ib u te d  to  th e  in c r e a s e  o f  th e  b e a m ’ s f l e x u r a l  

r e s i s t a n c e .  T h e  lo a d  -  m id  s p a n  d e f l e c t i o n  c u r v e s  o f  t h e  t e s te d  b e a m s  a r e  a s  s h o w n in  f ig . 4 .

DNS 7 

DNSO 

DN90 

CSO

Fig. 4 L o a d  -  m id  s p a n  d e f l e c t i o n  o f  t e s t  s p e c im e n s .

Energy Absorption

E n e r g y  a b s o r p t io n  c a p a c i ty  o f  r e in f o r c e d  c o n c r e te  s p e c im e n  is  o n e  o f  th e  c r u c i a l  s t r u c tu r a l  p r o p e r t i e s  t h a t  d e f in e  

th e  s p e c im e n ’s s e i s m ic  r e s i s ta n c e .  T h e  u s e  o f  g e o n e t  f o r  th e  r e t r o f i t t in g  o f  r e in f o r c e d  c o n c r e te  b e a m s  is  

p r e d o m in a n t ly  m o t iv a t e d  b y  th e  e n e r g y  a b s o r p t io n  c a p a c i ty .  E n e r g y  a b s o r p t io n  is  o b t a in e d  b y  th e  a r e a  u n d e r  th e  

lo a d  d e f l e c t i o n  c u r v e .  D u e  to  l im i ta t io n  i n  e x p e r im e n ta l  s e tu p ,  th e  e n e r g y  a b s o r p t io n  is  c a l c u l a t e d  b y  s u c c e s s iv e  
i n t e g r a t io n  m e th o d .  T h e  e n e r g y  a b s o r p t io n  o f  c o n t r o l  s p e c im e n  a n d  r e t r o f i t t e d  s p e c im e n s  a r e  s h o w n  i n  f ig . 5.

0  2 4 6 8
Deflection (mm)
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Fig. 5 E n e r g y  a b s o r p t io n  o f  t e s t  s p e c im e n s .

Moment -  Curvature Relationship

M o m e n t  c u r v a tu r e  r e la t io n s  a r e  im p o r ta n t  to  f in d  th e  d u c t i l i ty  a n d  th e  a m o u n t  o f  p o s s ib le  r e d i s t r i b u t io n  o f  

s t r e s s e s  i n  th e  s t r u c tu r e .  T h e  m o m e n t  c u r v a tu r e  r e la t i o n s h ip s  o f  th e  r e t r o f i t t e d  a n d  c o n t r o l  b e a m  s p e c im e n s  w e r e  

e s ta b l i s h e d  f r o m  th e  s t r a in  in d i c a to r  r e a d in g s  t a k e n  c o r r e s p o n d in g  to  th e  l o a d  in c r e m e n ts .  T h e  m o m e n t  c u r v a tu r e  

c u r v e  h a d  th r e e  s ta g e s .  F i r s t  s ta g e  i s  t i l l  c r a c k in g ,  s e c o n d  s ta g e  t i l l  y i e ld in g  o f  t e n s io n  s te e l  a n d  th e  t h i r d  s ta g e  to  

l im i t  o f  u s e f u l  s t r a in  i n  c o n c r e te .  T h e  c u r v e  is  l i n e a r  u p  to  f i r s t  c r a c k  m o m e n t .  F u r t h e r  w h e n  th e  m o m e n t  

in c r e a s e s ,  th e  c u r v e  s h i f t s  f r o m  l in e a r i ty .  W h e n  th e  m o m e n t  r e a c h e s  y i e l d  m o m e n t ,  th e  c u r v e s  b e c o m e  f la t .  

W h e n  s te e l  y ie ld s ,  a  l a r g e  in c r e a s e  i n  c u r v a tu r e  o c c u r s  w i t h  a  s m a l l  c h a n g e  i n  m o m e n t .  M o m e n t  c u r v a tu r e  

r e la t io n s  f o r  t e s te d  s p e c im e n s  a r e  s h o w n  a s  i n  f ig . 6 .

6 M o m e n t  c u r v a tu r e  r e l a t i o n  f o r  t e s te d  s p e c im e n s .

C o n c lu s io n s

T h is  s tu d y  in v e s t i g a t e d  e x p e r im e n ta l ly  t h e  f l e x u r a l  b e h a v i o u r  o f  r e in f o r c e d  c o n c r e t e  b e a m s  r e t r o f i t t e d  u s in g  

g e o n e t .  T h e  o b ta in e d  r e s u l t s  r e v e a l e d  th e  f o l lo w in g  c o n c lu s io n s :

•  T w o  t y p e s  o f  c r a c k  p a t t e r n s  w e r e  o b s e r v e d  i n  th e  g e o n e t  r e t r o f i t t e d  b e a m s .  T h e s e  c r a c k  p a t t e r n s  w e r e  

f o u n d  to  b e  s e n s i t iv e  to  th e  l e v e l  o f  d is t r e s s ig .
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•  D G 6 7  a n d  D G 8 0  s p e c im e n s  s h o w e d  s ig n i f i c a n t  im p r o v e m e n t  i n  f i r s t  c r a c k  l o a d  a n d  u l t im a te  l o a d  a s

c o m p a r e d  to  th e  c o n t r o l  s p e c im e n .

•  F o r  th e  s p e c im e n s  D N 6 7  a n d  D N 8 0 ,  th e  l o a d  c a r r y in g  c a p a c i ty  w a s  s u b s ta n t i a l ly  i n c r e a s e d  c o m p a r e d  to

th e  c o n t r o l  s p e c im e n  ( u p  to  1 4 %  a n d  7 % ) .T h u s ,  d a m a g e d  b e a m s  r e t r o f i t t e d  w i t h  g e o n e t  a p p e a r  to  b e  

s t r u c tu r a l ly  e f f i c i e n t  a n d  r e l i a b l e .

•  S p e c im e n s  d i s t r e s s e d  w i th  6 7 %  o f  u l t im a te  l o a d  o f  c o n t r o l  b e a m s h o w e d  s ig n i f i c a n c e  im p r o v e m e n t in

e n e r g y  a b s o r p t io n  d u e  to th e  f o r m a t io n  o f  f i n e r  c r a c k s .

•  I n c r e a s in g  th e  d i s t r e s s in g  l e v e l  d e c r e a s e s  th e  b e a r i n g  c a p a c i ty  o f  t h e  s p e c im e n  w h i c h  w a s  to  b e

e x p e c te d  b u t  u n e x p e c te d ly  in c r e a s e s  t h e  c u r v a tu r e  o f  D N 8 0  s p e c im e n .  T h is  m a y  b e  d u e  to  th e  u s e  o f  

e x te r n a l ly  b o n d e d  b ip l a n a r  ( o v e r la p p in g  r ib s )  g e o n e t .
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Abstract- Reactive Powder Concrete (RPC) is a developing composite material that will allow the concrete industry 
to optimize the material use, generate benefits by build structures that are strong, durable and sensitive to 
environment. This study is intended to explore the suitability of providing the reactive powder layer as cover to the 
normal column (M30). In this study Modified RPC is given in two different layer thickness (2.5cm thick and 5cm thick) 
and finding the compressive strength and durability o f the newly composite structure. Modified Reactive Powder 
Concrete (MRPC) refers to the mix which is free from quartz sand and steel fibers, which are normally present in 
RPC; and MRPC column is the column having an inner core filled with normal concrete (M30) and outer portion with 
MRPC mix. MRPC mix is provided in two different thicknesses for checking its effectiveness and durability o f each 
type o f column. Cube specimens o f 150mm were casted and determined compressive strength and compared with the 
control mixes. Also loading frame tests were carried out to find the buckling characteristics o f column and durability 
test conducted for 28 day specimen. Seven day and 28 day compressive strength o f the newly modified column shows 
more compressive strength than the normal concrete column and the 5cm thick layer shows more strength. So we can 
provide the MRPC as cover to the normal column.

Key Words: MRPC, strong, durability, buckling characteristics
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1. IN T R O D U C T IO N

C o n c re te  i s  o n e  o f  th e  n e c e s s a r y  e le m e n ts  f o r  
s t r u c tu r a l  w o r k  i n  t h e  m o d e r n  c o n s t ru c t io n .  I n  th e  
d e c a d e ,  b u i ld in g s  a r o u n d  th e  w o r ld  h a v e  b e c o m e  
h ig h e r  a n d  so  th e  s t r u c tu r a l  s t r e n g th  d e m a n d  f o r  
c o n c r e te  i s  i n c r e a s e d  a s  th e y  r e q u i r e  h ig h  s t r e n g th  
c o n c r e te .  C o n c re te  i s  w id e ly  u s e d  c o n s t r u c t io n  
m a te r ia l  d o m in a t in g  th e  c o n s t r u c t io n  in d u s t r y  
w o r ld w id e .  P o r t l a n d  c e m e n t  im p o r t a n t  in g r e d i e n t  i n  
m o d e r n  c o n c r e te  w a s  f i r s t  u s e d  i n  1 8 2 4  b y  J o s e p h  
A s p d in  i n  E n g la n d .  T o d a y  w o r ld  p r o d u c t io n  o f  
c o n c r e te  e x c e e d s  1 b i l l i o n  t o n n e s  p e r  a n n u m . H i g h  
s t r e n g th  c o n c r e te  is  a n  im p o r t a n t  m e m b e r  o f  th e  
c o n c r e te  f a m i ly .  T h e  c o n c r e te  t h a t  w a s  o n c e  k n o w n  
a s  h i g h - s t r e n g th  c o n c r e te  i n  th e  la te  1 9 7 0 s  i s  n o w  
r e f e r r e d  to  a s  h ig h - p e r f o r m a n c e  c o n c r e te  b e c a u s e  i t  
h a s  b e e n  f o u n d  to  b e  m u c h  m o r e  t h a n  s im p ly  
s t r o n g e r ;  i t  d i s p l a y s  e n h a n c e d  p e r f o r m a n c e  i n  s u c h  
a r e a s  a s  d u r a b i l i ty  a n d  a b r a s io n  r e s i s t a n c e .  R e a c t iv e  
P o w d e r  C o n c r e te  ( R P C ) ,  w h i c h  is  a n  U l t r a  H ig h  
P e r f o r m a n c e  C o n c r e te  ( U H P C ) ,  r e p r e s e n t s  o n e  o f  
th e  m o s t  r e c e n t  t e c h n o lo g ic a l  l e a p s  w i tn e s s e d  b y

th e  c o n s t r u c t io n  in d u s t r y .  R e a c t iv e  p o w d e r  c o n c r e te  
( R P C )  h a v e  b e e n

m a r k e te d  a s  h ig h  p e r f o r m a n c e  c o n c r e te s  i n  v a r io u s  
c o u n t r ie s .  T h is  n e w  f a m i ly  o f  m a te r ia l s  h a s  
c o m p r e s s iv e  s t r e n g th s  o f  ( 1 7 0 M P a  to  2 3 0 M P a )  a n d  
f l e x u r a l  s t r e n g th s  o f  ( 3 0 M P a  to  5 0 M P a ) .T h e r e  is  a  
g r o w in g  u s e  o f  R P C  o w in g  to  th e  o u t s t a n d in g  
m e c h a n ic a l  p r o p e r t i e s  a n d  d u r a b i l i ty .  S in c e  th e  
in t r in s ic  s t r e n g th  o f  c o n c r e te  is  i t s  a b i l i ty  to  r e s i s t  
c o m p r e s s iv e  lo a d s ,  r e in f o r c e d  c o n c r e te  m e m b e r s  
a r e  d e s ig n e d  to  t a k e  a d v a n ta g e  o f  th i s  in t r in s ic  
s t r e n g th .  T h e r e f o r e ,  th e  k n o w le d g e  o f  th e  
b e h a v io u r  o f  c o n c r e te  i n  c o m p r e s s io n  i s  v e ry  
im p o r ta n t .  T h e r e f o r e ,  t h e  b e h a v io u r  o f  R P C  u n d e r  
c o m p r e s s io n ,  f l e x u r a l ,  t e n s i l e  i s  o f  c o n s id e r a b le  
in te r e s t  i n  t h e  d e s ig n  o f  R P C  m e m b e r s  a n d  

p r e d i c t i o n  o f  t h e i r  s t r u c tu r a l  b e h a v io u r .  
C o m p r e s s iv e  s t r e n g th s  o f  R P C  r a n g e  f r o m  2 0 0  to  
8 0 0 M P a .  T h e r e  i s  a  g r o w in g  u s e  o f  R P C  o w in g  to  
th e  o u t s t a n d in g  m e c h a n ic a l  p r o p e r t i e s  a n d  
d u r a b i l i ty .  R P C  s t r u c tu r a l  e le m e n ts  c a n  r e s i s t  
c h e m ic a l  a t ta c k ,  im p a c t  lo a d in g  f r o m  v e h ic le s  a n d  
v e s s e ls ,  a n d  s u d d e n  k in e t i c  lo a d in g  d u e  to
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e a r th q u a k e s .  U l t r a  h ig h  p e r f o r m a n c e  i s  th e  m o s t  
im p o r t a n t  c h a r a c te r i s t i c  o f  R P C . R e a c t iv e  P o w d e r  
C o n c r e te  ( R P C ) ,  w h i c h  i s  a n  U l t r a  H i g h  
P e r f o r m a n c e  C o n c re te ,  r e p r e s e n t s  o n e  o f  th e  m o s t

r e c e n t  t e c h n o lo g ic a l  l e a p s  w i tn e s s e d  b y  th e  
c o n s t r u c t io n  in d u s t r y .  A m o n g  a l r e a d y  b u i l t  
o u t s ta n d in g  s t r u c tu r e s ,  R P C  s t r u c tu r e s  l ie  a t  th e  
f o r e f r o n t  i n  t e r m s  o f  i n n o v a t io n ,  a e s th e t i c s  a n d  
s t r u c tu r a l  e f f ic ie n c y .

R P C  is  a  s p e c ia l  m ix tu r e  t h a t  is  c u r e d  e s p e c ia l ly  to  
h a v e  a  h ig h e r  c o m p r e s s iv e  s t r e n g th  t h a n  t h a t  o f  
c o n c r e te .  A d d in g  s te e l  f ib r e s  c a n  g r e a t ly  im p r o v e s  
i t s  t e n s i l e  s t r e n g th  a n d  b e n d in g  s t r e n g th ,  im p a c t  
r e s i s t a n c e  a n d  to u g h n e s s .  I ts  m a in  f e a tu r e s  in c lu d e  
a  h i g h  p e r c e n ta g e  in g r e d i e n t  o f  P o r t l a n d  c e m e n t ,  
v e r y  lo w  w a te r - to - b in d e r  ( c e m e n t  +  s i l i c a  f u m e )  
r a t io  w h ic h  r a n g e s  f r o m  0 .1 5  to  0 .2 5 ,  a  h ig h  d o s a g e  
o f  s u p e r  p la s t i c iz e r ,  a n d  th e  p r e s e n c e  o f  v e r y  f in e  
c r u s h e d  q u a r tz  a n d  s i l i c a  f u m e . R P C  r e p r e s e n t s  o n e  
o f  th e  m o s t  r e c e n t  t e c h n o lo g ic a l  l e a p s  w i tn e s s e d  b y  
th e  c o n s t r u c t io n  in d u s t r y .  A m o n g  a l r e a d y  b u i l t  
o u t s ta n d in g  s t r u c tu r e s ,  R P C  s t r u c tu r e s  l ie  a t  th e  
f o r e f r o n t  i n  t e r m s  o f  i n n o v a t io n ,  a e s th e t i c s  a n d  
s t r u c tu r a l  e f f ic ie n c y .  T h e  u n iq u e  p r o p e r t i e s  f o r  
R P C  m a k e  i t  e x t r e m e ly  a t t r a c t iv e  f o r  s t r u c tu r a l  
a p p l ic a t io n s .

2. S IG N IFIC A N C E  O F TH E  W O R K

O n e  o f  t h e  l im i ta t io n s  o f  R P C  is  i t s  h i g h  c o s t  t h a n  
th e  n o r m a l  c o n c r e te .  S o  i t s  u s a g e  i s  le s s  c o m p a r e d  
to  c o n v e n t io n a l  m ix . T h is  s tu d y  is  e m e r g e d  f r o m  
th i s  l i m i ta t io n  a n d  l e a d s  to  th e  p r o v i s io n  o f  R P C  a s  
a  p r o te c t iv e  l a y e r  to  th e  s t r u c tu r a l  e l e m e n t  w e r e  
d u r a b i l i ty  i s s u e s  th e  r i s k  a n d  a ls o  n e e d s  h ig h  
c o m p r e s s iv e  s t r e n g th .  N e e d  i s  th e  m o th e r  o f  
i n n o v a t io n s  a n d  th e  n e e d  f o r  m o r e  s t r e n g th  l e a d s  to  
th e  d e v e lo p m e n t  o f  u l t r a - h i g h  s t r e n g th  m a te r ia l s  
l ik e  R P C .

A s  c o n s t r u c t io n  a n d  m a te r ia l  c o s t s  e s c a la te ,  
d e m a n d  h a s  i n c r e a s e d  f o r  s t r o n g e r  m a te r ia l s  l ik e  
R P C . D u r a b i l i ty  o f  e a c h  s p e c im e n  i s  c a r r ie d  o u t

w i t h  d ip p in g  i t  i n  p o ta b le  w a t e r  f o r  s e v e n  d a y s  a n d  
t h e n  i n  a c id  s o lu t io n s .  H y d r o c h lo r i c  a c id  a n d  
S u lp h u r ic  a c id  a r e  u s e d  f o r  d u r a b i l i ty  t e s ts  i n  2 %  
c o n c e n t r a t io n .  T h e  lo s s  o f  w e ig h t  i s  t h e  d u r a b i l i ty  
p a r a m e te r  a n d  M R P C  is  h ig h ly  d u r a b le  a n d  h a v e  
le s s  p e n e t r a t io n .  D i f f e r e n t  k in d s  o f  r e s e a r c h  w o r k s  
a r e  c a r r ie d  o u t  i n  n o r m a l  R P C  m ix  a n d  th i s  is  a  n e w  
a t t e m p t  i n  th i s  f ie ld .  T h is  p o s i t iv e  r e s u l t s  w i l l  
d e f in i te ly  im p r o v e s  th e  u s e  o f  M R P C  a s  i t  c o s t s  le s s  
t h a n  th e  R P C  b u t  s h o w s  g r e a t e r  s t r e n g th  t h a n  th e  
n o r m a l  c o n c r e te .

3. E X P E R IM E N T A L

PR O G R A M M E  3.1 M ateria ls  and  

M ix P ro p o rtio n s

O r d in a r y  P o r t l a n d  c e m e n t  o f  5 3  G r a d e  h a v in g  
s p e c i f ic  g r a v i ty  3 .1 5  a n d  n o r m a l  c o n s i s te n c y  o f  
3 2 %  a n d  c o n f o r m in g  to  I S :1 2 2 6 9 - 1 9 8 7 ( R e a f f i r m e d  
2 0 0 4 )  [ 1 5 ]w a s  u s e d .  M  s a n d  p a s s in g  th r o u g h  4 .7 5  

m m  IS  s ie v e  c o n f o r m in g  to  g r a d in g  Z o n e  I I  o f
IS  3 8 3 - 1 9 7 0  ( R e a f f i r m e d  2 0 0 2 )  [1 6 ]  w a s  u s e d  a s  
f in e  a g g r e g a te .  C r u s h e d  s to n e  h a v in g  e f f e c t iv e  s iz e  
o f  1 0 .2 m m  c o n f o r m in g  to  IS :  2 3 8 6 - 1 9 9 7  [1 7 ,1 8 ]  
a n d  IS :  3 8 3 - 1 9 7 0  ( R e a f f i r m e d  2 0 0 2 )  [ 1 6 ]w a s  u s e d  
a s  c o a r s e  a g g r e g a te .

T h e  m ix  d e s ig n s  w e r e  c a r r ie d  o u t  f o r  o b ta in in g  
2 8 d a y  c o n c r e te  c o m p r e s s iv e  s t r e n g th s  o f  3 0 M P a . 
S i l i c a  f u m e  u s e d  i n  M R P C  m ix  w h i c h  is  c o l l e c te d  
f r o m  C h e n n a i  a n d  a ls o  k n o w n  a s  m ic r o  s i l i c a  i s  a n  
a m o r p h o u s  (n o n - c r y s ta l l in e )  p o ly m o r p h  o f  s i l i c o n  
d io x id e ,  s i l ic a .  I t  i s  a n  u l t r a f in e  p o w d e r  c o l l e c t e d  a s  
a  b y - p r o d u c t  o f  th e  s i l i c o n  a n d  f e r r o s i l i c o n  a l lo y  
p r o d u c t io n  a n d  c o n s i s t s  o f  s p h e r ic a l  p a r t i c le s  w i th  
a n  a v e r a g e  p a r t i c le  d ia m e te r  o f  1 5 0  n m . T h e  m a in  
f i e ld  o f  a p p l i c a t i o n  i s  a s  p o z z o la n ic  m a te r ia l  f o r  
h ig h  p e r f o r m a n c e  c o n c r e te .  S i l i c a  f u m e  is  a n  
u l t r a f in e  m a te r ia l  w i t h  s p h e r ic a l  p a r t i c le s  le s s  t h a n  
1 im  i n  d ia m e te r ,  th e  a v e r a g e  b e i n g  a b o u t  0 .1 5 im . 
T h is  m a k e s  i t  a p p r o x im a te ly  1 0 0  t im e s  s m a l le r  t h a n  
th e  a v e r a g e  c e m e n t  p a r t ic le .

Fig 1 Silica fume
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Naphthalene based super plasticizer Conplast 
SP430 is used as super plasticizer. The quantity of 
super plasticizer used was 2% of fine aggregate. 
Conplast SP430 disperses instantly in water and 
disperses the fine particles in concrete mix, 
enabling the water content of the concrete to 
perform more effectively. Conplast SP430 curing

Fig 2 Conplast SP430

Table 1 Mix proportions for normal mix

Cement
(kg/m3)

Coarse Fine Wat Water
Ceme

nt
Ratio

Aggregat 
e (kg/m3)

Aggregat
e (kg/m3)

er
(L)

480 1153.75 530.56 192 0.4

improves cohesion and particle dispersion 
minimizes segregation and bleeding and improves 
pumpability. It is chloride free and safe for use in 
pre-stressed and reinforced concrete. The mix 
proportion used is as given in Table 1.

Table 4 designation of specimens for durability test

Sl

No
Specimen details

Mix

designation

Number

of

specimens

1 Control specimen CC 6

2

Specimen with 2.5 

cm thick MRPC 

coat

C2.5 6

3

Specimen with 5 

cm thick MRPC 

coat

C5 6

Total Specimens 18

Table 2 mix proportions for M RPC mix

Particulars
3

Quantity (kg/m )

Cement 700

Fine aggregate 1230

Silica fume 105

Super plasticizer

(1%)

8.05

Water 182

w/c ratio 0.26

3.2 T esting an d  specim en details

The specimens were designated as shown in Table
3 and 4. The details of specimens cast for each mix 
are as follows.

(i) 18 cube specimens of 150mm size to 
evaluate the 7 day and 28 day, 
compressive strength

(ii) 18 cube specimens of 100mm for the 
durability test of 28, 56 and 90 days

4. R E SU L T  O B TA IN ED

4.1 C om pressive S treng th

Compressive strength of all concrete mixes was 
determined at 7 and 28 days of curing. The 
compressive strength test results are given in 
Table 4.1. The variation of compressive strength 
at 7 and 28 days with different mixes is shown in 
Fig 4.1. It has been observed that Modified RPC 
exhibits less compressive strength than RPC but 
have a greater strength than normal concrete mix.

Table 5 - 7 day compressive strength
No: Specimen Compressive 

strength (MPa)
1 Normal

concrete
20.24

2 MRPC(2.5 cm 
thick)

27.45

3 MRPC(5 cm 
thick)

36.50
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Table 6 - 28 day compressive strength
No: Specimen Compressive 

strength (MPa)
1 Normal

concrete
40.21

2 MRPC(2.5 cm 
thick)

44.94

3 MRPC(5 cm 
thick)

50.63

Table 3 Designation of specimens for 
compressive strength test_____

Sl no Specimen Size Number

1 Cube A (150x150x150) mm 6

2 Cube B

(150x150x150)mm 

with 2.5 cm thick 

MRPC coat

6

3 Cube C

(150x150x150)mm 

with 2.5 cm thick 

MRPC coat

6

Total Specimens 18

4.2 D urab ility

A. Durability Tests on Concrete

The durability of cement concrete is defined as its 
ability to resist weathering action, chemical attack, 
abrasion, or any other process of deterioration. 
Durable concrete will retain its original form, 
quality, and serviceability when exposed to its 
environment. For determining the resistance of 
concrete specimens to aggressive environment such 
as acid attack, the durability factors as described in 
ASTM C 666 has been adopted as the base.

B. Acid Attack Test

To check the durability of concrete mix against 
sulphuric acid, the concrete specimens were tested 
based on modified ASTM C 267 test method. For 
acid attack test concrete cubes of size 
100mmx100mmx100mm were prepared for concrete 
with 2.5cm and 5cm MRPC coating and normal 
concrete mix. After 7 days of curing, the specimens 
were immersed in 5% sulphuric acid (H2SO4) 
solution for 28 days and the weight and compressive 
strength was noted. The strength loss and weight loss 
was calculated and compared with that of normal

concrete mix exposed to the same acid environment. 
From the test results it is clear that the specimen with 
5cm MRPC coating was highly durable than the 
normal mix in acid.

C. Alkali Attack Test

Alkali attack test was conducted on the concrete with 
2.5cm and 5cm MRPC coating and normal mix. The 
weight and compressive strength were determined 
for the above mixes after 7 days. Then the specimens 
were immersed in sodium hydroxide solution for 28 
days. The weight loss and strength loss were also 
determined. Test results are shown in the table 4.4. 
From the results the specimen with 5cm MRPC 
coating was more durable than the control mix.

D. Sulphate Attack Test

The sulphate attack tests were conducted in 
specimen with 2.5cm and 5cm MRPC coating and 
normal mix. After 7 day curing, the specimens were 
immersed in the calcium sulphate CaSO4) solution 
for 28 days. The effect of sulphate attack on concrete 
specimens was determined by measuring the 
compressive strength and weight loss of the mixes. 
The results are shown in table 4.5. The test results 
show that the specimen with 5cm MRPC coating was 
more durable than the control mix.
E. Sea water Attack Test

The water cured specimen was then immersed in 
sea water till testing. The initial weight of the 
specimen was taken. The compressive strength of 
the specimens at 28 days were taken.

Table 7 Test results for acid attack (H2SO4)

Mix
designation

Percentage strength loss Percentage weight 
loss

28
iays

56
days

90
iays

28
days

56
days

90
days

Normal
concrete
specimen

22.46 31.59 35.5 3.05 4.53 5.06

Specimen 
with 2.5cm 

MRPC 
coating

9.25 14.13 24.2 1.56 2.72 3.49

Specimen 
with 5 cm 

MRPC 
coating

4.03 7.85 15.71 1.12 2.09 3.07
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Table 8 Test results for alkali attack (NaOH)
Mix

designation
Percentage strength 

loss
Percentage weight 

loss

28
days

56
days

90
days

28
day

s

56
day

s

90
day

s
Normal
concrete
specimen

19.4
6

24.5
3

27.0
3

2.8
3

4.6
7

5.3
3

Specimen
with

2.5cm
MRPC
coating

6.72 10.7
0

19.3
9

1.3
6

2.3
4

3.5
2

Specimen 
with 5 cm 

MRPC 
coating

2.93 5.21 13.3
5

1.0
3

1.8
6

2.2
3

T a b le  9  T e s t  r e s u l t s  f o r  s u lp h a te  a t t a c k  ( C a S O 4)

Mix
designation

Percentage strength 
loss

Percentage weight 
loss

28
days

56
days

90
days

28
day

s

56
day

s

90
day

s
Normal
concrete
specimen

18.7
4

25.5
2

28.7
7

2.5
7

2.9
3

3.7
2

Specimen
with

2.5cm
MRPC
coating

5.51 8.83 17.8
2

1.1
8

1.4
3

2.8
5

Specimen 
with 5 cm 

MRPC 
coating

2.17 3.23 10.3
5

0.9
8

1.1
4

2.2
5

T a b le  10  T e s t  r e s u l t s  f o r  s e a  w a t e r  a t t a c k

Mix
designatio

n

Percentage strength 
loss

Percentage weight 
loss

28
days

56
days

90
days

28
day

s

56
day

s

90
day

s
Normal
concrete
specimen

11.1
5

12.7
2

15.7
4

2.7
4

4.6
3

5.8
9

Specimen
with

2.5cm
MRPC
coating

4.68 6.66 10.7
5

1.0
4

2.4
3

2.6
9

Specimen 
with 5 cm 

MRPC 
coating

2.02 3.13 6.42 0.8
6

1.2
4

2.0
1

5. R E SU L T S & C O N C LU SIO N S

T h e  d e ta i l s  o f  th e  r e s u l t s  o b t a in e d  f r o m  d i f f e r e n t  
e x p e r im e n ts  c o n d u c te d  a r e  e x p la in e d  h e re .

lay
day

w  60 
I! 50
~ 40

)rmal specimen 
5cm MRPC

specimen with specimen with 5cm 
MRPC coating

coating
Fig 3- 28 day compressive strength

T h e  c o m p r e s s iv e  s t r e n g th  o f  M R P C  is  h ig h e r  t h a n  
t h a t  o f  c o n v e n t io n a l  c o n c r e te .  5 c m  th i c k  l a y e r e d  
M R P C  t a k e s  m o r e  lo a d s  t h a n  2 .5  c m  th i c k  l a y e r e d  
c o lu m n  a n d  so  t h a t  i t  c a n  b e  u s e d  a s  a  c o v e r  to  th e  
n o r m a l  c o lu m n .
T h e  d u r a b i l i ty  o f  c o n c r e te  s p e c im e n  i s  f in d in g  o u t  
b y  m e a s u r in g  th e  w e ig h t  lo s s .  I f  th e  w e i g h t  l o s s  is  
l e s s ,  t h e n  i t  w i l l  c o n s id e r  a s  m o r e  d u r a b le  t h a n  th e  
o th e r  s p e c im e n .

T h e  r e la t iv e  %  o f  lo s s  o f  c o m p r e s s iv e  s t r e n g th  is  
l e s s  i n  5 c m  t h i c k  M R P C . T h u s  th e  r e s u l t  s h o w s  
th a t  t h a t  s p e c im e n  i s  m o r e  d u r a b le  i n  w o r s t  
c o n d i t io n s  w h ic h  c l e a r  f r o m  th e  t a b l e  11 s h o w n  
b e lo w .

NC
1MRPC2.5
MRPC5

Acid Alkali Sulphate Sea water 
attack attack attack attack

F ig  4  p e r c e n ta g e  lo s s  i n  c o m p r e s s iv e  s t r e n g th

5
NC

Acid attack Alkali attack Sulphate attackSea water attack

F i g  5 p e r c e n ta g e  lo s s  i n  w e ig h t

7

30

0

25

20

15

10

5
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All kinds of results show higher strength for 5 cm 
thick MRPC mix.
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Abstract. Tall structures are subjected to lateral loads, especially wind and earthquake loads that become judgmental in the design of 
these buildings. Various lateral load resisting structural systems were introduced for the analysis and design of these structures which 
mainly include tubular structures, outriggers with bracings, diagrid structures, etc. The core supported outrigger with bracings is one of 
the most commonly used structural systems to control the risk of structural and non-structural damage due to lateral load. So that, 
during small or medium lateral load due to either earthquake or wind load, the risk of structural and non-structural damage can be 
reduced. Outriggers are rigid horizontal structures used to improve stiffness and building overturning stiffness by connecting the core 
or spine to exterior columns. In an Outrigger system, it functions by tying together two structural systems, typically a perimeter system 
and have a core system to yield the whole structural behaviour that is much better than those of component system. The benefits of the 
outrigger system lie in the fact that the overturning moments causing building deformations getting reduced. In this work, the 
performance of outrigger structural system in high rise building subjected to seismic load was done. Response spectrum analysis was 
done to identify optimum location of outrigger system. The seismic performance was studied in terms of storey displacement and 
storey drift ratio by considering different bracing systems such as X brace and K brace.

Keywords: Conventional outrigger, Virtual outrigger, X bracing, K bracing, Base shear, Storey displacement, Storey drift ratio.

1. In tro d u c tio n
In high rise building the height of the building plays an important role in the design of the design, construction and use that can 
exist common building of certain region and period. Lateral stiffness governs the structural design of tall buildings, and 
consequently, structural systems in tall buildings have evolved to produce higher lateral stiffness more efficiently. The outrigger 
system is the one of the lateral load resisting system in which the external columns are tied to the central core with very stiff 
outriggers and belt truss at one or more level. By this system, it can be effectively controls the excessive drift due to lateral loads 
during wind or earthquake loading. So that risk of structural and non- structural damage can be reduced. In high- rise buildings, 
particularly in seismic active zone or wind load dominant, this system can be chosen as an appropriate structure.

Fig. 1. Outrigger with central core [3]

2. O u tr ig g e r  S t r u c tu r a l  S y s tem s
2.1. Types of Outrigger System

In conventional outrigger system, the outrigger trusses are connected to the core and to the perimeter columns. The number of 
outriggers over the height of building can be varied from one to three or more levels. When lateral loads acting on the structure, 
the outrigger system restrain rotation of the core and convert part of the moment in the core into a vertical couple at the columns. 
Shortening and elongation of this columns and deformation of trusses will allow same rotation in the core at the outrigger.
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Fig. 2. Conventional outrigger system [3]

I n  v i r tu a l  o u t r ig g e r  s y s te m s ,  th i s  s a m e  t r a n s f e r  o f  o v e r tu r n in g  m o m e n ts  f r o m  th e  c o r e  to  e le m e n ts  o u tb o a r d  o f  th e  c o r e  is  
a c h ie v e d ,  b u t  w i th o u t  a  d i r e c t  c o n n e c t io n  b e t w e e n  th e  o u t r ig g e r  t r u s s  a n d  th e  c o r e .  T h e  b a s i c  c o n c e p t  o f  th i s  v i r tu a l  o u t r ig g e r  
s y s te m  i s  to  u s e  o f  th e  f l o o r  d ia p h r a g m s ,  w h ic h  a r e  t y p ic a l ly  v e r y  s t i f f  a n d  s t r o n g  i n  t h e i r  p la n e ,  to  t r a n s f e r  m o m e n t  i n  th e  f o r m  
o f  h o r iz o n ta l  c o u p le  f r o m  th e  c o r e  to  t r u s s e s  t h a t  a r e  n o t  c o n n e c t e d  d i r e c t ly  to  th e  c o re .

Fig. 3. Virtual outrigger system[3]

T h e  s e is m ic  b e h a v i o u r  o f  o u t r ig g e r  b r a c e d  s y s te m  i n  h ig h -  r i s e  2 D  b u i ld in g  w a s  i v e s t i g a t e d  b y  P a t i l  a n d  S a n g le  ( 2 0 1 6 ) .  I t  is  
o b s r e v e d  t h a t  th e  p o s i t i o n  o f  o u t r ig g e r s  i n f lu e n c e s  t h e  s e is m ic  p e r f o r m a n c e  b y  in c r e a s in g  th e  s t r e n g th  a n d  s t i f f e n s s ,  w h i c h  is  
m e a s u r e d  i n  t e r m s  o f  s to r e y  d i s p la c e m e n t ,  i n te r s to r e y  d r i f t  r a t io ,  a n d  p e r f o r m r n c e  p o in t .  H o  a n d  A r u p  ( 2 0 1 6 )  in v e s t i g a t e d  th e  
e v o lo u t io n  o f  o u t r ig g e r  s y s t e m  i n  h ig h  r i s e  b u i l d i n g  a n d  i t  i s  c o n c lu d e d  th a t ,  t a r g e t  o f  h ig h  s t i f f n e s s  i s  n o t  a lw a y s  th e  o n ly  
o b je c t iv e  o f  o u t r ig g e r  s y s te m . T h e  o p t im u m  p o s i t i o n  o f  o u t r ig g e r  s y s t e m  f o r  h i g h  r i s e  r e in f o r c e d  c o n c r e te  b u i ld in g s  u n d e r  w in d  

a n d  e a r th q u a k e  lo a d  w a s  d o n e  b y  N a n d u r i  e t  a l . ( 2 0 1 3 ) .  F r o m  th e  s tu d y ,  i t  is  c l e a r  t h a t  o u t r ig g e r  a n d  b e l t  t r u s s  s y s te m  in c r e a s e s  
th e  s t i f f n e s s  o f  b u i l d i n g  a n d  o p t im u m  l o c a t io n  o f  o u t r ig g e r  is  0 .5  t im e s  i t s  h e ig h t .  B a y a t i  e t  a l . ( 2 0 0 8 )  s tu d ie d  th e  o p t i m i z e d  u s e  
o f  m u l t i  o u t r ig g e r s  s y s t e m  to  s t i f f e n  t a l l  b u i ld in g s  a n d  s h o w s  t h a t  m u l t i  o u t r ig g e r  s y s t e m  c a n  d e c r e a s e  e le m e n t  a n d  f o u n d a t io n .

M o s t  o f  th e  r e v ie w s  s tu d y  th e  p e r f o r m a n c e  o f  th e  o u t r ig g e r  s t r u c tu r a l  s y s te m . T h e  in t r o d u c t io n  o f  o u t r ig g e r  i n  h ig h  r i s e  b u i l d i n g  
w i l l  in c r e a s e  t h e  l a t e r a l  s t i f f n e s s  o f  th e  s t r u c tu r e .  B a s e  s h e a r  w i l l  r e d u c e  a n d  m in im iz e  th e  i n t e r  s to r e y  d r i f t  b y  i n t r o d u c in g
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outrigger. Outrigger structures improve the structural stability. Outriggers are the structural system, which help in reducing the 
lateral drift increasing the stiffness of the structure by huge amount. There were only limited studies in virtual outrigger system.

2.2. Behaviour of Outrigger System

The structural response of the outrigger system is quite simple, because of this outrigger act as a stiff arm engaging outer 
columns. When central core tries to tilt its rotation at outrigger level induced a tension compression couple in the outer columns 
and acting in opposite to that moment. By this restoring moment, the effective depth of the structure for resisting bending is 
increased, when the core bend as a vertical cantilever. This cantilever action is developed due the tension in the windward 
columns, and compression in the leeward columns.

Fig. 4. Behaviour of outrigger structural system [3]

3. M e th o d o lo g y

3.1. Finite Element Modelling

The model considered for the present study is 96m high rise RC framed building and it represent a 30 storied building. 
Modelling and analysis were conducted by using the engineering software ETABS Nonlinear version 2016. The floors and roofs 
were modelled as rigid diaphragms. Earthquake loads were given as per IS 1893- 2016 (Part 1). The structure is analysed by 
response spectrum analysis.

Table 1. Structural Parameters of Building

Building - RC building with core and shear walls
No. of storeys - 30
Plan dimension - 25m x 25m
Plan area - 1800 m2
Storey height - 3.20m
Column size 0.60m x 0.60m
Beam size - 0.25m x 0.40m
Slab thickness - 0.10m
Shear wall thickness - 0.35m
Grade of concrete - M25
Grade of reinforcing - Fe 415
steel

Table 2. Location of structure

Location - Delhi
Seismic zone - IV
Seismic zone factor - 0.24
Response reduction factor - 5
Importance factor_________ - 1
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Fig. 4. Plan of structure without outrigger

Fig. 5. X braced conventional outrigger system
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Fig. 6. K braced conventional outrigger system

Fig. 7. X braced virtual outrigger system
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c) Top and V i height d) Top and V* height

Fig. 8. K braced virtual outrigger system

3.2. Load Combinations

A s  p e r  IS  1 8 9 3  p a r t  1 ( 2 0 1 6 ) ,  th e  a s s ig n e d  lo a d  c o m b in a t io n s  a re :

•  1 .2 [ D L +  L L  ±  E L x  ±  0 .3 E L y )  ] a n d

1 .2  [ D L +  L L  ±  0 .3 E L x  ±  E L y )  ]

•  1 .5  [D L  ±  ( E L x  ±  0 .3 E L y )  ] a n d

1 .5  [D L  ±  ( 0 .3 E L x  ±  E L y )  ]

•  0 .9  D L  ±  1 .5  ( E L x  ±  0 .3 E L y )  a n d

0 .9  D L  ±  1 .5  ( E L y  ±  0 .3 E L x

4. R e s u lt  a n d  D iscu ss io n s
4.1. Base Shear

Table 3. Percentage decrease in base shear

C o m b in a t io n s

C o n v e n t io n a l  O u t r ig g e r  
( %  d e c r e a s e )

V i r tu a l  o u t r ig g e r  
( %  d e c r e a s e )

X  b r a c e K  b r a c e X  b r a c e K  b r a c e

T o p  o n ly 1 6 .7 1 2 4 .8 8 2 2 .2 2 2 6 .2 5

T o p  a n d  374th h e ig h t 2 4 .7 1 2 8 .3 9 2 7 .8 6 2 8 .1 5

T o p  a n d  172th h e ig h t 2 6 .9 5 2 9 .6 6 2 9 .8 1 2 9 .1 1

T o p  a n d  174th h e ig h t 2 4 .2 7 2 8 .0 7 2 7 .5 1 2 7 .4 8

a )  E f f e c t  o f  C o n v e n t io n a l  a n d  V i r tu a l  o u t r ig g e r  s y s te m :  F r o m  th e  a n a ly s i s  o f  b a s e  s h e a r ,  th e  m in im u m  v a lu e  o f  b a s e  s h e a r  
o b t a in e d  a s  2 4 1 1 .6 4  k N  f o r  c o n v e n t io n a l  o u t r ig g e r  s y s t e m  a n d  2 4 0 6 .4 5 6  k N  f o r  v i r tu a l  o u t r ig g e r  s y s te m . F r o m  th e s e  r e s u l t s  i t  is
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c l e a r  th a t ,  c o n v e n t io n a l  a n d  v i r tu a l  o u t r ig g e r  s y s t e m  s h o w s  n e a r ly  s a m e  r e d u c t io n  i n  th e  b a s e  s h e a r  v a lu e .  T h e  m u c h  b e t t e r  
c o n f ig u r a t io n  i s  v i r tu a l  o u t r ig g e r  s y s te m  t h a n  c o n v e n t io n a l  o u t r ig g e r  s y s te m .
b )  O p t im u m  lo c a t io n  o f  o u t r ig g e r  s y s te m :  T h e  v i r tu a l  X  b r a c e d  o u t r ig g e r  s y s t e m  a t  t o p  a n d  ‘/2 th h e ig h t  o f  t h e  b u i ld in g  s h o w s  
b e t t e r  p e r f o r m a n c e  t h a n  o t h e r  o u t r ig g e r  c o n f ig u ra t io n s .
c )  T y p e  o f  b r a c i n g : T h e  h ig h e r  p e r c e n ta g e  r e d u c t io n  i n  th e  b a s e  s h e a r  v a lu e s  a r e  2 9 .6 6 %  f o r  v i r tu a l  X  b r a c e d  o u t r ig g e r  s y s te m  

a n d  2 9 .6 6 %  i n  c o n v e n t io n a l  K  b r a c e d  o u t r ig g e r  s y s te m . T h e  X  b r a c e d  a n d  K  b r a c e d  o u t r ig g e r  s y s te m  s h o w s  n e a r ly  s a m e  e f f e c t  
i n  th e  r e d u c t io n  o f  b a s e  s h e a r  v a lu e s .  H o w e v e r ,  th e  v i r tu a l  X  b r a c e d  s y s te m  s h o w s  b e t t e r  p e r f o r m a n c e  t h a n  t h a t  o f  o th e r  b r a c e d  
c o n f ig u ra t io n s .

4.2. Storey Displacement

Table 4. Percentage decrease in storey displacement

C o n v e n t io n a l  O u t r ig g e r  V i r tu a l  o u t r ig g e r  

C o m b in a t i o n s  ( %  d e c r e a s e ) ________________ ( %  d e c r e a s e )

X  b r a c e K  b r a c e X  b r a c e K  b r a c e

T o p  o n ly 4 1 .2 5 4 0 .6 1 4 5 .2 6 4 2 .7

T o p  a n d  374th h e ig h t 4 5 .6 9 4 4 .8 2 4 9 .4 1 4 8 .5 1

T o p  a n d  172th h e ig h t 4 7 .3 5 4 5 .9 5 5 1 .6 2 5 0 .3 7

T o p  a n d  174th h e ig h t 4 5 .2 4 4 3 .6 2 4 9 .1 4 4 7 .4 3

a )  E f f e c t  o f  C o n v e n t io n a l  a n d  V i r tu a l  o u t r ig g e r  s y s te m : F r o m  th e  a n a ly s i s  o f  d i s p la c e m e n t ,  th e  m in im u m  v a lu e  o f  d i s p la c e m e n t  
o b t a in e d  a s  7 2 .3 6 7  m m  f o r  c o n v e n t io n a l  o u t r ig g e r  s y s te m  a n d  6 6 .5 1 9  m m  f o r  v i r tu a l  o u t r ig g e r  s y s te m . F r o m  th e s e  r e s u l t s  i t  is  
c l e a r  th a t ,  v i r tu a l  o u t r ig g e r  s y s t e m  s h o w s  n e a r ly  6  m m  r e d u c t i o n  i n  d i s p l a c e m e n t  f r o m  c o n v e n t io n a l  o u t r ig g e r  s y s te m . T h e  m u c h  
b e t t e r  c o n f ig u r a t io n  is  v i r tu a l  o u t r ig g e r  s y s te m  t h a n  c o n v e n t io n a l  o u t r ig g e r  s y s te m .

b )  O p t im u m  lo c a t io n  o f  o u t r ig g e r  s y s te m :  T h e  v i r tu a l  X  b r a c e d  o u t r ig g e r  s y s te m  a t  t o p  a n d  / t h  h e ig h t  o f  th e  b u i l d i n g  s h o w s  

b e t t e r  p e r f o r m a n c e  t h a n  o t h e r  o u t r ig g e r  c o n f ig u ra t io n s .

c )  T y p e  o f  b r a c in g :  T h e  h i g h e r  p e r c e n ta g e  r e d u c t io n  i n  th e  d i s p l a c e m e n t  v a lu e s  a r e  5 1 .6 2 %  f o r  v i r tu a l  X  b r a c e d  o u t r ig g e r  s y s t e m  
a n d  5 0 .3 7 %  i n  v i r tu a l  K  b r a c e d  o u t r ig g e r  s y s te m . T h e  X  b r a c e d  a n d  K  b r a c e d  o u t r ig g e r  s y s te m  s h o w s  n e a r ly  s a m e  e f f e c t  i n  th e  
r e d u c t io n  o f  d i s p l a c e m e n t  v a lu e s .  T h e  v i r tu a l  X  b r a c e d  s y s te m  s h o w s  b e t t e r  p e r f o r m a n c e  t h a n  t h a t  o f  o th e r  b r a c e d  
c o n f ig u ra t io n s .

4.3. Storey Drift Ratio

Table 5. Percentage decrease in storey drift ratio

C o n v e n t io n a l  O u t r ig g e r  V i r tu a l  o u t r ig g e r  

C o m b in a t i o n s  ( %  d e c r e a s e ) ________________ ( %  d e c r e a s e )

X  b r a c e K  b r a c e X  b r a c e K  b r a c e

T o p  o n ly 6 5 .2 7 6 2 .3 6 7 4 .9 8 7 2 .0 7

T o p  a n d  374th h e ig h t 6 8 .7 6 6 6 .3 1 7 4 .8 1 7 6 .7 3

T o p  a n d  172th h e ig h t 6 4 .6 8 6 2 .1 8 7 9 .0 5 7 2 .3 6

T o p  a n d  174th h e ig h t 6 3 .6 4 6 1 .1 1 7 3 .8 2 7 1 .0 8

a )  E f f e c t  o f  C o n v e n t io n a l  a n d  V i r tu a l  o u t r ig g e r  s y s te m :  F r o m  th e  a n a ly s i s  o f  i n t e r  s to r e y  d r i f t  r a t io ,  th e  m in im u m  v a lu e  o f  i n t e r  
s to r e y  d r i f t  r a t io  is  o b t a in e d  a s  0 .0 0 0 5 3 7  f o r  c o n v e n t io n a l  o u t r ig g e r  s y s te m  a n d  0 .0 0 0 3 6  f o r  v i r tu a l  o u t r ig g e r  s y s te m . F r o m  th e s e  
r e s u l t s  i t  i s  c l e a r  th a t ,  c o n v e n t io n a l  a n d  v i r tu a l  o u t r ig g e r  s y s t e m  s h o w s  n e a r ly  s a m e  r e d u c t io n  i n  t h e  i n t e r  s to r e y  d r i f t  r a t i o .  T h e  
m u c h  b e t t e r  c o n f ig u r a t io n  is  v i r tu a l  o u t r ig g e r  s y s t e m  t h a n  c o n v e n t io n a l  o u t r ig g e r  s y s te m .

b )  O p t im u m  lo c a t io n  o f  o u t r ig g e r  s y s te m :  T h e  v i r tu a l  X  b r a c e d  o u t r ig g e r  s y s te m  a t  t o p  a n d  / t h  h e ig h t  o f  th e  b u i l d i n g  s h o w s  
b e t t e r  p e r f o r m a n c e  t h a n  o t h e r  o u t r ig g e r  c o n f ig u ra t io n s .

Department of Civil Engineering, MBCET 186



ICID 2018 21-23 June, 2018

c) Type of bracing: The higher percentage reduction in the displacement values are 79.05% for virtual X braced outrigger system 
and 76.73% in virtual K braced outrigger system. The X braced and K braced outrigger system shows nearly same effect in the 
reduction of inter storey drift ratio. The virtual X braced system shows better performance than that of other braced 
configurations.

5. C o n c lu s io n s
From the analysis of parameters like base shear, displacement and inter storey drift ratio, the following conclusions are made 
from the present study:

The behaviour of conventional and virtual outrigger system was found to be similar. Comparing both of this the much 
better performance shows in virtual outrigger system.

Even though the virtual outrigger system perform better when compared to the convention system, due to the difficulty 
in installation and high construction cost conventional outrigger system is preferred.

The optimum location of outrigger was at top and 172th height of the structure for both conventional and virtual 
outrigger system.

X bracing shows better performance in bracing the outrigger system when compared to K bracing.

The use of conventional and virtual outrigger system in tall buildings increases the stiffness and makes the structure 
efficient under seismic load .
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Abstract. Reinforced concrete structures often needs modification and improvement in their performance during their service 
life and the factors mainly contributing are change in their use, new design standards, deterioration due to corrosion in the steel 
caused by exposure to aggressive environments and accident events such as earthquakes. In case of such circumstances there 
are only two possible solutions, they are either replacement or retrofitting. But full structure replacement might have 
determinate disadvantages such as high costs for material and labour, a stronger environmental impact and inconvenience due 
to interruption of the function of the structure. Whenever possible, it is often better to repair or upgrade the structure by 
retrofitting. In this study, shear behaviour of reinforced cement concrete beams retrofitted with Ultra High Performance Fibre 
Reinforced Concrete (UHPFRC) with two types of fibres (crimped and micro steel fibre) and a plain UHPC were compared 
with control beams. A normal M20 mix was designed for the study. Two point loading system was adopted for the test and 
deflection were noted for each load increment. Behaviour of retrofitted beams and control beams were studied by comparing 
the properties such as first crack load, ultimate load and load deflection plot. The result showed that shear performance 
improved by 88% for UHPFRC-C, 78% for UHPFRC-M and 36% for UHPC, showing the effect of fibres which improved the 
shear performance of UHPFRC retrofitted beams.

Keywords: Ultra high performance concrete, normal curing, shear performance.

1. In tro d u c tio n
E x is t i n g  r e in f o r c e d  c e m e n t  c o n c r e te  s t r u c tu r e s  m a y , f o r  a  v a r ie ty  o f  r e a s o n s ,  b e  f o u n d  to  p e r f o r m  u n s a t i s f a c to r i ly .  T h is  c o u ld  

m a n i f e s t  i t s e l f  b y  p o o r  p e r f o r m a n c e  u n d e r  s e rv ic e  lo a d in g ,  i n  th e  f o r m  o f  e x c e s s iv e  d e f le c t io n s  a n d  c r a c k in g ,  o r  th e r e  c o u ld  b e  
in a d e q u a te  u l t im a te  s t r e n g th .  A d d i t io n a l ly ,  r e v i s io n s  i n  s t r u c tu r a l  d e s ig n  a n d  lo a d in g  c o d e s  m a y  r e n d e r  m a n y  s t r u c tu r e s  p r e v io u s ly  
t h o u g h t  to  b e  s a t is f a c to ry ,  n o n c o m p l ia n t  w i th  c u r r e n t  p r o v i s io n s .  I n  th e  p r e s e n t  e c o n o m ic  c l im a te ,  r e h a b i l i ta t io n  o f  d a m a g e d  
c o n c r e te  s t r u c tu r e s  to  m e e t  th e  m o r e  s t r in g e n t  l im i ts  o n  s e rv ic e a b i l i ty  a n d  u l t im a te  s t r e n g th  o f  th e  c u r r e n t  c o d e s ,  a n d  s t r e n g th e n in g  
o f  e x i s t in g  c o n c r e te  s t r u c tu r e s  to  c a r r y  h ig h e r  p e r m is s ib le  lo a d s ,  s e e m  to  b e  a  m o r e  a t t r a c t iv e  a l te r n a t iv e  to  d e m o l i s h in g  a n d  
r e b u i ld in g  .V a r io u s  r e p a i r  p r o c e d u r e s  a r e  r e s in  in je c t io n ,  s t i tc h in g ,  b o n d in g  o f  e x te r n a l  r e in fo r c e m e n t ,  r o u t in g  a n d  s e a l in g ,  d r i l l in g  

a n d  p lu g g in g ,  c h e m ic a l  g r o u t in g ,  f l e x ib le  s e a l in g  a n d  P o r t l a n d  c e m e n t  g r o u t in g .  T h e  t e c h n iq u e s  u s e d  f o r  c a r r y in g  o u t  r e p a i r  o f  
d a m a g e d  s t r u c tu r e s  v a r y  f r o m  o n e  s t r u c tu r e  to  th e  o th e r ,  d e p e n d in g  o n  th e  ty p e  o f  d i s t r e s s .  D e p e n d in g  o n  th e  lo c a t io n  a n d  
e n v i r o n m e n ta l  c o n d i t io n s ,  s u i ta b le  m a te r ia ls  s h o u ld  b e  c h o s e n  f o r  r e t ro f i t t in g ,  f r o m  th e  p o in t  o f  v i e w  o f  lo n g  t e r m  p e r f o r m a n c e  o f  
t h e  s t r u c tu r e s  a f t e r  r e p a i r .  R e t r o f i t t in g  s c h e m e s  a r e  b a s e d  o n  c o s t  a n d  a v a i l a b i l i ty  o f  th e  m a te r ia l s .  T h e  d i f f e r e n t  m e th o d s  in c lu d e  
p a t c h  r e p a i r ,  j a c k e t in g  t e c h n iq u e  u s in g  c o n c r e te  o r  s te e l ,  f ib r e  r e in f o r c e d  p o ly m e r  ( F R P )  w r a p p in g ,  a t t a c h in g  s te e l  p la te s  
e x te r n a l ly  to  s t r u c tu r a l  e le m e n ts  b y  e p o x y  b o n d in g  o r  b o l t in g ,  f ib r e  s h o tc r e t in g  a n d  e x te r n a l  p r e s t r e s s in g [1 ] .  B u t  o n e  th in g  t h a t  
s h o u ld  k e e p  i n  m in d  b e f o r e  a d o p t in g  a  te c h n iq u e  i s  i t s  o v e r a l l  p e r f o r m a n c e  i n  t h e i r  s e rv ic e  l i fe ,  i t  s h o u ld  p r o v id e  a d e q u a te  
s t r e n g th ,  d u r a b le ,  a n d  e c o n o m ic .  A ls o  in v e n t io n s  a r e  b e in g  c o n d u c t in g  to  im p r o v e  th e  p r o c e s s  o f  r e t r o f i t t in g  e f f i c ie n t ly .  U l t r a  
H ig h  P e r f o r m a n c e  C o n c re te  is  o n e  o f  th e m  w h ic h  is  d e f in e d  b y  i t s  h ig h  s t r e n g th  a n d  d u r a b i l i ty .  I t  w a s  d e v e lo p e d  i n  E u r o p e  i n  th e  
1 9 8 0 s  f o r  s p e c ia l iz e d  a p p l ic a t io n s  t h a t  d e m a n d  h ig h e r  s t r e n g th  a n d  c o r r o s io n  r e s i s t a n c e  f o r  m a r in e  a n c h o r s ,  p ie r s  a n d  s e is m ic  
s t r u c tu r e s [ 2 ] .  T h is  c o n c r e te  c o n s i s t s  o f  a  c o m b in a t io n  o f  P o r t l a n d  P o z a l l a n a  C e m e n t,  f in e  a g g r e g a te ,  s i l i c a  f u m e , h ig h - r a n g e  
w a te r - r e d u c in g  a d m ix tu r e  ( H R W R ) , f ib r e s  (u s u a l ly  s te e l) ,  a n d  w a te r .  I t  h a v e  a  v e r y  lo w  w a te r - c e m e n t  r a t io  b e lo w  0 .2 5 .  T h e  
a b s e n c e  o f  c o a r s e  a g g r e g a te  w a s  c o n s id e r e d  b y  th e  in v e n to r s  to  b e  a  k e y  a s p e c t  f o r  th e  m ic r o s t r u c tu r e  a n d  th e  p e r f o r m a n c e  o f  th e  
U H P F R C  i n  o r d e r  to  r e d u c e  th e  h e te r o g e n e i ty  b e t w e e n  th e  c e m e n t  m a t r ix  a n d  th e  a g g r e g a te s .  H o w e v e r ,  d u e  to  th e  u s e  o f  v e r y  f in e  
a g g r e g a te s  in s te a d  o f  o r d in a ry  a g g r e g a te ,  th e  c e m e n t  d e n s i ty  o f  U H P F R C  is  h ig h [ 3 ] .  P e t r  e t  a l . ( 2 0 1 3 ) [4 ]  in v e s t ig a te d  th e  
m e c h a n ic a l  p r o p e r t i e s  o f  U H P F R C  a n d  th e  r e s u l t s  s h o w e d  e x c e l le n t  p e r f o r m a n c e  o f  U H P F R C  i n  a l l  c a te g o r ie s .  F r a c tu r e  e n e r g y  o f  
U H P F R C  w a s  o b ta in e d  f iv e  t im e s  h ig h e r  t h a n  t h a t  o f  c o n v e n t io n a l  f ib r e  r e in f o r c e d  c o n c r e te .  T h e n  i t  w a s  P r e m  e t  a l. ( 2 0 1 2 )  h e  
s tu d ie d  d i f f e r e n t  m ix in g  m e th o d s  a n d  c u r in g  p r o c e d u r e s  s u c h  a s  n o r m a l  c u r in g ,  h o t  a i r  c u r in g  a n d  s te a m  c u r in g  f o r  th e
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d e v e lo p m e n t  o f  U H P R C . T h e  c u b e  a n d  c y l in d e r  s t r e n g th  o b s e r v e d  f o r  d i f f e r e n t  m ix e s  w e r e  r e c o r d e d ,  w h ic h  w e r e  i n  th e  r a n g e  o f  
(1 8 0  - 1 3 2 )  M P a  a n d  (1 7 1  - 1 9 3 )  M P a  r e s p e c t iv e ly .  F le x u r a l  a n d  s p l i t  t e n s i l e  s t r e n g th  s h o w e d  a  l i n e a r  r e la t io n s h ip  a n d  
r e in f o r c e m e n t  in d e x .  A ls o  f r o m  th e  t e s t  r e s u l t s  o b ta in e  i t  w a s  r e c o m m e n d e d  th a t  f ib r e s  w i th  h ig h e r  a s p e c t  r a t io  y ie ld s  b e t t e r  te n s ile  
a n d  f l e x u r a l  s t r e n g th .  R e s u l t s  a l s o  r e f l e c te d  th a t  e v e n  a f te r  c r a c k in g  th e  r e s id u a l  c a p a c i ty  is  v e r y  h i g h  f o r  b o t h  lo n g  f ib r e s  a n d  s h o r t  
f ib r e s .  D u r a b i l i ty  t e s t i n g  w e r e  a ls o  c o n d u c te d  a n d  th e  r e s u l t s  s h o w n  t h a t  w a te r  a b s o r p t io n  a n d  s o r p i t iv i ty  w a s  v e r y  lo w  th u s  th e  
c o r r o s io n  r e s i s t a n c e  i s  to o  h ig h  a n d  c a n  b e  u s e d  i n  a l l  ty p e s  o f  a g g r e s s iv e  e n v i r o n m e n ts  [ 3 ] .L a te r  h e  a ls o  s tu d ie d  th e  f l e x u r a l  
b e h a v io u r  o f  d a m a g e d  R C C  b e a m s  s t r e n g th e n e d  w i th  U l t r a  H i g h  P e r f o r m a n c e  F ib r e  R e in f o r c e d  C o n c re te  o v e r la y .  F o r  th e  t e s t  
c o n t r o l  R C C  b e a m s  o f  s iz e  1 0 0  x  2 0 0  x  1 5 0 0  m m  w i th  M 3 0  g r a d e  o f  c o n c r e te  a r e  t e s te d  u p  to  f a i lu re .  D a m a g e  to  t h e  b e a m s  w a s  
in t r o d u c e d  b y  p r e lo a d in g  th e  R C  b e a m s  u p  to  8 0  a n d  9 0  %  o f  th e  f a i lu r e  lo a d  o f  c o n t r o l  R C C  b e a m . U H P F R C  o v e r la y  w a s  a d d e d  
o n  th e  t e n s io n  f a c e  o f  th e  b e a m  w i th  e p o x y  a n d  te s ts  a r e  c o n d u c te d  f o r  f l e x u r a l  b e h a v io u r  a n d  i t  w a s  o b s e r v e d  th a t  th e r e  i s  
s ig n i f i c a n t  in c r e a s e  i n  lo a d  c a r r y in g  c a p a c i ty  a n d  d u c t i l i ty  i n  th e  c a s e  o f  p r e lo a d e d  R C  b e a m s  s t r e n g th e n e d  w i th  U H P C  o v e r la y
[5 ] .H a n n a w i  e t  a l . ( 2 0 1 6 )  [6] in v e s t ig a te d  th e  e f f e c t  d i f f e r e n t  ty p e  o f  f ib r e s  o n  th e  m ic r o s t r u c tu r e  a n d  th e  m e c h a n ic a l  b e h a v io u r  o f  
U H P F R C . M a in ly  s te e l ,  m in e r a l  a n d  s y n th e t ic  f ib r e s  o f  d i f f e r e n t  d im e n s io n s  w e r e  u s e d  i n  th e  s tu d y . T h e  m ic r o s t r u c tu r e  o f  th e  
s p e c im e n s  w a s  e x a m in e d  b y  u s in g  S E M  o b s e r v a t io n  a n d  b y  m e a s u r in g  th e  p o r o s i ty ,  in t r in s ic  p e r m e a b i l i ty  a n d  P - w a v e  v e lo c i ty .  
T h e  m e c h a n ic a l  b e h a v io u r  u n d e r  l o a d in g  h a s  b e e n  s tu d ie d  u s in g  a  u n i - a x ia l  c o m p r e s s io n  te s t  a n d  th e  r e s u l t s  s h o w e d  th a t  th e  u s e  o f  
f ib r e  h a s  a  r e la t iv e ly  s l ig h t  in f lu e n c e  o n  th e  c o m p r e s s iv e  s t r e n g th  a n d  e la s t ic  m o d u lu s  o f  c o n c r e te  e x c e p t  f o r  s te e l  f ib r e  w h i c h  
im p r o v e s  th e  s t r e n g th  b e c a u s e  o f  i t s  in t r in s ic  r ig id i ty .  T h e  f ib r e s  c le a r ly  r e s t r a in  th e  c r a c k in g  p r o c e s s  i n  c o n c r e te  u n d e r  lo a d in g .  
S tu d ie s  p r o v e d  t h a t  th e  U H P F R C  g o t  im p r o v e d  m e c h a n ic a l  a s  w e l l  a s  d u r a b i l i ty  p r o p e r t i e s  a n d  th u s  i t  c a n  b e  c o n s id e r e d  a s  a  
r e t r o f i t t in g  t e c h n iq u e .  S o  th i s  s tu d y  f o c u s e d  to w a r d s  th e  d e v e lo p m e n t  o f  a  r e t r o f i t t in g  s y s te m  u s in g  th e  a d d i t io n  o f  a  t h i n  o v e r la y  
o f  U l t r a  H i g h  P e r f o r m a n c e  F ib re  R e in f o r c e d  C o n c re te  ( U H P F R C )  to  r e in f o r c e d  c e m e n t  c o n c r e te  (R C C )  m e m b e r s  o f  M 2 0  g r a d e  

w h ic h  w a s  m a d e  d e f ic ie n t  i n  s h e a r  c a p a c i ty  a n d  th e  p e r f o r m a n c e  o f  th e  r e t r o f i t t e d  b e a m s  w e r e  t a k e n  f o r  th e  s tu d y .

2. E x p e r im e n ta l  P ro g ra m
T h e  e x p e r im e n ta l  w o r k  c o n s i s t e d  o f  c a s t in g ,  c u r in g ,  p r e lo a d in g  a n d  t h e n  t e s t i n g  o f  b e a m s  o f  l e n g th  1 0 0 0  m m  a n d  c r o s s  s e c t io n  
1 0 0  m m  x  1 5 0  m m . T h e  r e in f o r c e m e n t  d e ta i l s  a r e  s h o w n  i n  F ig .1 .  F o r  th e  b e a m  tw o  10  m m  d ia m e te r  b a r s  w e r e  u s e d  a s  t e n s io n  

r e in f o r c e m e n t  a n d ,  tw o  8  m m  b a r s  w e r e  u s e d  a s  c o m p r e s s io n  r e in f o r c e m e n t  a n d  2  l e g g e d  6  m m  s t i r r u p s  w e r e  u s e d  a t  a  s p a c in g  
o f  9 0  m m  c e n te r  to  c e n t e r  w e r e  p r o v id e d  a t  f l e x u r a l  s p a n  a n d  a t  tw o  e n d s  o f  th e  s h e a r  m e m b e r  to  in d u c e  s h e a r  f a i lu r e .  S t r a in  
g a u g e s  w e r e  p r o v id e d  o n  o n e  o f  th e  tw o  b a r s  o f  e a c h  d i a m e te r  b o t h  b o t t o m  a n d  to p .  T h e  r e in f o r c e m e n t  b a r s  w e r e  l e v e l l e d  
s m o o th  o n  th e  p o r t i o n  w h e r e  s t r a in  g a u g e  w a s  to  b e  a t t a c h e d  a n d  th e n  i s  a t t a c h e d  u s in g  s u i t a b le  a d h e s iv e .  T h e  l e a d  w i r e s  w e r e  
t h e n  s o ld e r e d  to  th e  s t a in  g a u g e  a n d  p r o p e r  i n s u l a t i o n  w e r e  p r o v id e d  i n  o r d e r  to  a v o id  d a m a g in g  o f  th e  s t r a in  g a u g e .  T h e  s t r a i n  
r e a d in g s  w e r e  m e a s u r e d  u s in g  s t r a in  in d i c a to r  a n d  f o r  m e a s u r in g  th e  c e n t r a l  d e f l e c t i o n  d i a l  g a u g e s  w e r e  u s e d .  T e s t in g  o f  b e a m s  
w e r e  c a r r ie d  o u t  u s in g  a n  U n iv e r s a l  t e s t i n g  m a c h in e  o f  1 0 0 0 k N  c a p a c i ty  a n d  d e le c t io n ,  s t r a in  r e a d in g s  a n d  c r a c k  p r o p o g a t io n  
w e r e  m e a s u r e d  a t  e a c h  2 .5 k N  i n c r e m e n t  o f  lo a d in g .

Fig.1. Reinforcement detailing for shear beam [2]

2.1 M aterials Used

O r d in a r y  P o r t l a n d  c e m e n t  o f  5 3  g r a d e  c o n f o r m in g  to  IS :  1 2 2 6 9 - 1 9 8 7  ( r e a f f i r m e d  2 0 0 4 )  [1 6 ] ,  7 5 %  o f  f in e  a g g r e g a te  
p a s s in g  th r o u g h  6 0 0 ^ m  a n d  r e t a in e d  o n  3 0 0 ^ m ,  2 5 %  o f  f i n e  a g g r e g a te  p a s s in g  th r o u g h  3 0 0 ^ m  a n d  r e t a in e d  o n  1 5 0 ^ m , s i l i c a  
f u m e ,  g la s s  p o w d e r  a n d  s u p e r  p l a s t i c i z e r  w e r e  u s e d  f o r  th e  i n v e s t ig a t io n .  T h e  b a s i c  d e s ig n  p h i lo s o p h y  l i e s  i n  c o m p le te  
e l im in a t io n  o f  th e  c o a r s e  a g g r e g a te  to  im p a r t  g r e a t e r  h o m o g e n e i ty ,  w i t h  m in e r a l  a n d  c h e m ic a l  a d m ix tu r e  to  g e t  s t r o n g e r  g e l  
f o r m a t io n  d u r in g  h y d r a t io n .  T w o  ty p e s  o f  f ib r e s  w e r e  u s e d  i n  th e  s tu d y  b o t h  o f  s a m e  a s p e c t  r a t io  6 0  ( c r im p e d  s te e l  f ib r e  3 0 m m  
le n g th  a n d  0 .5 m m  d ia m e te r  a n d  m ic r o  s te e l  f ib r e  6 m m  le n g t h  a n d  0 .1 m m  d ia m e te r ) .T h e  m ix  p r o p o r t i o n  w a s  s e l e c t e d  f r o m  th e  
o p t im u m  m ix  o b ta in e d  f r o m  th e  t r ia l  m ix e s  c o n d u c te d  i n  p r e v io u s  s tu d y [ 8 ] .  T h e  m e c h a n ic a l  p r o p e r t i e s  w e r e  a ls o  d e t e r m in e d  f o r  
f in d in g  th e  o p t im u m  m ix e s .
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Fig. 2. Micro steel fibres Fig. 3. Crimped steel fibres

Table 1.Properties of fibres

Type of fibre Crimped steel fibre Micro steel fibre

Length (mm) 30 6

Diameter (mm) 0.5 0.1

Aspect ratio 60 60

Table 2. Mix proportion of M20 and UHPC mix

Mix Cement Fine Coarse Silica Glass Super Water Compressive
(kg7m3) aggregate aggregate fume powder plasticizer (L7m3) strength

(kg7m3) (kg7m3) (kg7m3) (kg7m3) (L7m3) (MPa)

UHPC 712 733 - 178 178 24 144 153

M20 340 666.4 1326 - - - 153 28.50

Table 3. Mix proportion of UHPFRC Mixes

Mix Cement Fine
Aggregate

Silica
Fume

Glass
powder

Super
plastisizer

Water Steel fibre 

Micro crimped
Kg7m3 L7 m3 Percentage volume

UHPC 712 733 178 178 24 144 0 0
UHPFRC-C0.25 712 733 178 178 24 144 0 0.25
UHPFRC-C0.5 712 733 178 178 24 144 0 0.50
UHPFRC-C0.75 712 733 178 178 24 144 0 0.75
UHPFRC-C1.00 712 733 178 178 24 144 0 1.00
UHPFRC-C1.25 712 733 178 178 24 144 0 1.25
UHPFRC-C1.5 712 733 178 178 24 144 0 1.5
UHPFRC-M0.25 712 733 178 178 24 144 0.25 0
UHPFRC-M0.5 712 733 178 178 24 144 0.5 0
UHPFRC-M0.75 712 733 178 178 24 144 0.75 0
UHPFRC-M1.00 712 733 178 178 24 144 1.00 0
UHPFRC-M1.25 712 733 178 178 24 144 1.25 0
UHPFRC-M1.5 712 733 178 178 24 144 1.5 0

O p t im u m  f ib r e  c o n te n t  w a s  f o u n d  o u t  a n d  r e t r o f i t t in g  w a s  c a r r ie d  o u t  o n ly  w i t h  th e  o p t im u m  m ix e s .
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2.2Preparation of specimens

T o ta l  o f  12  b e a m  s p e c im e n s  w e r e  p r e p a r e d  w i t h  M 2 0  g r a d e  c o n c r e te .  A l l  th e  s p e c im e n s  w e r e  p r e p a r e d  a n d  c u r e d  f o r  2 8  
d a y s .  A n d  t h e n  th e  c o n t r o l  s p e c im e n s  w e r e  t e s te d  a n d  t h e n  p r e lo a d in g  w a s  d o n e .  T h e  r e in f o r c e m e n t  p r o v id e d  o n  b e a m s  w a s  
g iv e n  i n  F ig .4 .

Fig. 4. Reinforcement provided on beams 

Table 4. Specimen details

Specimen ID Size No. of specimens

CB 3

UHPC 100mm x 150mm x 
1000mm

3

UHPFRC-C 3

UHPFRC-M 3

2.3 Test Procedure

T h e  b e a m s  w e r e  t e s te d  u n d e r  tw o  p o i n t  lo a d in g .  T h e  d e f l e c t i o n  v a lu e s  o b t a in e d  f r o m  th e  d ia l  g a u g e  a t  th e  m id  s p a n  
w e r e  u s e d  to  p l o t  th e  l o a d  d e f l e c t i o n  c u r v e .  V a lu e s  o f  s t r a in  o b t a in e d  f r o m  th e  s t r a in  g a u g e s  c o n n e c t e d  to  th e  s t r a in  i n d i c a to r  
w e r e  u s e d  f o r  p lo t t i n g  th e  m o m e n t  c u r v a tu r e  r e la t io n s h ip .  T h e  m o m e n t  w a s  o b ta in e d  f r o m  th e  l o a d in g  c o n f ig u r a t io n .  T h e  
lo a d in g  c o n f ig u r a t io n  f o r  tw o  p o in t s  l o a d in g  is  s h o w n  i n  F ig .5 .

Fig.5.Loading configuration

2.4 Distressing of beam specimen

T h e  th r e e  c o n t r o l  b e a m s  ( C B )  w e r e  l o a d e d  u p  to  f a i lu r e  a n d  t h e i r  u l t im a te  l o a d s  w e r e  d e te r m in e d .  T h e  r e m a in in g  n in e  
b e a m s  w e r e  t h e n  d i s t r e s s e d  u p  to  6 7 %  o f  th e  u l t im a te  lo a d .

2.5 Retrofitting of Pre-Loaded Beams

T h e  p r e lo a d e d  b e a m s  w e r e  t h e n  U - w r a p p e d  w i t h  U H P C  a n d  U H P F R C ’s, 2 .5 c m  w a s  a d o p te d  a s  o v e r la y  th i c k n e s s  a n d  
w a s  d o n e  o v e r  t h e  f u l l  s p a n . R e t r o f i t t i n g  w a s  m a d e  e a s i ly  w i t h  th e  h e lp  o f  m o u ld s  a n d  th e y  w e r e  d e m o lu d e d  a n d  k e p t  f o r  c u r in g .  
P r o c e d u r e  a d o p te d  f o r  r e t r o f i t t in g  w a s  g i v e n  i n  F ig .  6 .
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Fig. 6. Retrofitting procedure

2.6 Shear Test on Retrofitted Beams

A f t e r  th e  c u r in g  p e r io d ,  th e  b e a m s  w e r e  t e s te d  i n  t h e  U n iv e r s a l  T e s t in g  M a c h in e  ( U T M )  wi th  th e  s a m e  t e s t  p r o c e d u r e  a s  
m e n t io n e d  e a r l ie r .  T h e  f l e x u r e  a n d  s h e a r  b e h a v i o u r  o f  th e  U H P C  r e t r o f i t t e d  a n d  U H P  F R C ’s r e t r o f i t t e d  b e a m s  w e r e  c o m p a r e d  to  
t h a t  o f  t h e  c o n t r o l  b e a m s .  F ig .7  s h o w s  th e  t e s t  s e tu p  u s e d  f o r  th e  s tu d y .

Fig.7 . Test setup
3. R e su lts  a n d  D iscu ss io n

3.1 Compressive strength and slump values of UHPC and UHPFRC mixes

C o m p r e s s iv e  s t r e n g th  a n d  s lu m p  v a lu e s  o f  t r ia l  m ix e s  w e r e  g iv e n  i n  T a b le  5 a n d  f r o m  th e  r e s u l t s  o p t im u m  f ib r e  c o n te n t  f o r  
c r im p e d  s te e l  w e r e  f o u n d  o u t  a s  1 .0 0  %  a n d  th a t  f o r  m ic r o  s t e e l  w e r e  f o u n d  o u t  a s 1 .2 5 % .
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Table 5. Compressive strength and slump values of UHPC and UHPFRC mixes

Mix designation Compressive strength 
(N/mm2)

Slump(mm)

UHPC 151 247

UHPFRC-C0.25 153 243

UHPFRC-C0.5 155 238

UHPFRC-C0.75 157 234

UHPFRC-C1.00 158 230

UHPFRC-C1.25 145 218

UHPFRC-C1.5 132 198

UHPFRC-M0.25 153 246

UHPFRC-M0.5 155 241

UHPFRC-M0.75 158 237

UHPFRC-M1.00 160 234

UHPFRC-M1.25 163 231

UHPFRC-M1.50 153 221

3.2 Hardened properties of UHPC and UHPFRC mixes

S o m e  o f  th e  h a r d e n e d  p r o p e r t i e s  w e r e  a l s o  s tu d ie d  a n d  th e  r e s u l t s  w e r e  g iv e n  i n  T a b le  6 . A l l  th e  t e s t s  w e r e  d o n e  a c c o r d in g  
to  A S T M  a n d  B S  c o d e s .

Table 6. Hardened properties of UHPC and UHPFRC mixes

Mix Designation Compressive
strength(N7mm2)

Modulus of 
rupture(N7mm2)

Modulus of 
elasticity(N7mm2)

Split tensile 
strength(N7mm2)

ASTM C 109[21] ASTM C 1609[22] ASTM C 469[23] BS 1881:1983 [24]

UHPC 151 18.2 4.04x104 12.8

UHPFRC-C1.00 158 33.6 4.71x104 20.1

UHPFRC-M1.25 163 31.5 4.48x104 18.6

F r o m  th e  r e s u l t s  i t  w a s  c l e a r  t h a t  th e  a d d i t i o n  o f  s te e l  f ib r e  h a d  im p r o v e d  th e  m e c h a n ic a l  p r o p e r t i e s  o f  th e  m ix
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3.3 Crack Pattern and Failure

T h e  c r a c k  p a t t e r n  f o r  n o r m a l  a s  w e l l  a s  b e a m s  w a s  s h o w n  i n  F ig .8 .  C r a c k s  w a s  n o t  o b s e r v e d  a t  th e  b e g in n i n g  o f  th e  te s t .  A f t e r  
s o m e  t im e ,  s h e a r  c r a c k s  i n i t i a te d  a t  s h e a r  z o n e .  A s  th e  l o a d  g o t  i n c r e a s e d ,  th e  e x i s t i n g  c r a c k s  s ta r t e d  to  p r o p a g a te  a n d  a ls o  n e w  
c r a c k s  w e r e  a ls o  d e v e lo p e d .

100 Cl ark propagation graph
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Fig. 8. Crack pattern Fig.9.Crack propagation graph

A t  th e  u l t im a te  s ta g e  m o s t  o f  th e  c r a c k s  t r a v e l l e d  u p  to  t h e  t o p  o f  th e  b e a m ,  e v e n  t h o u g h  th e  n u m b e r  a n d  s iz e  o f  th e  
c r a c k s  w e r e  d i f f e r e n t  i n  n o r m a l  a n d  r e t r o f i t t e d  b e a m . I n  r e t r o f i t t e d  b e a m  a l l  th e  c r a c k s  w e r e  s h e a r  ty p e .  I n  th e  c o n t r o l  s p e c i m e n  
c o m p a r a t iv e ly  w i d e r  c r a c k s  w a s  n o t ic e d  a t  s h e a r  r e g io n .  D u r in g  te s t in g ,  th e  c r a c k  w i d t h  w e r e  m e a s u r e d  u s in g  c r a c k  d e t e c t io n  
m ic r o s c o p e  o f  5 0 x  m a g n i f ic a t i o n  a t  l o a d  in c r e m e n t  o f  2 .5  k N . C r a c k  p r o p a g a t i o n  g r a p h  o f  a l l  th e  t e s te d  b e a m s  w e r e  g iv e n  i n  
F ig .9 .  T h e  c r a c k  w id th  p a t t e r n  w a s  d i f f e r e n t  i n  n o r m a l  a n d  r e t r o f i t t e d  b e a m ,  i n  t h e  c a s e  o f  U H P F R C - M  a n d  U H P F R C - C  th e  
c r a c k  w i d t h  w a s  c o m p a r a t iv e ly  s m a l l e r  w h e n  c o m p a r e d  to  th e  c o n t r o l  b e a m . T h e  m a x im u m  v a lu e  o f  c r a c k  w i d t h  w a s  o b s e r v e d  
i n  c o n r o l  b e a m  w h i c h  w a s  0 .6 4  m m .

3.4 Load-Deflection Behaviour at mid span

T h e  l o a d  a n d  d e f l e c t i o n  v a lu e s  r e c o r d e d  d u r in g  th e  t e s t i n g  o f  b e a m s  w e r e  u s e d  to  d r a w  th e  l o a d  d e f l e c t i o n  g ra p h s .  
F ig .1 0  s h o w s  th e  l o a d - d e f l e c t i o n  p l o t  o f  th e  c o n t r o l  b e a m  s p e c im e n  a n d  r e t r o f i t t e d  s p e c im e n s .  F r o m  th e  l o a d - d e f l e c t i o n  p l o t  o f  
s h e a r  b e a m s ,  i t  w a s  o b s e r v e d  th a t  in i t i a l ly  t h e  c u r v e  w a s  l i n e a r  u p  to  c e r t a in  l o a d  f o r  t h e  c o n t r o l  a s  w e l l  a s  f o r  th e  r e t r o f i t t e d  
s p e c im e n s .

Fig. 10 . Load-deflection plot for shear retrofitted beams

F o r  th e  c o n t r o l  b e a m ,  i t  w a s  o b s e r v e d  t h a t  th e  l i n e a r i ty  w a s  u p  to  th e  f i r s t  c r a c k  l o a d  a n d  f u r t h e r  in c r e a s e  i n  l o a d  c a u s e s  
t h e  c u r v e  to  d e v ia te  f r o m  l in e a r i ty .  T h e  lo a d  c a r r y in g  c a p a c i ty  o f  r e t r o f i t t e d  b e a m s  in c r e a s e d .  T h e  s te e l  f ib r e s  i n  U H P F R C ’s 
a r r e s t e d  th e  m ic r o  c r a c k s  d e v e lo p e d  th u s  im p r o v e d  th e  l o a d  c a r r y in g  c a p a c i ty  t h a n  U H P C . F o r  U H P F R C - C ,  th e  l o a d  c a r r y in g  
c a p a c i ty  w a s  m u c h  im p r o v e d  w h e n  c o m p a r e d  to  U H P F R C - M  a n d  th i s  m a y  b e  d u e  to  th e  p r o p e r  b o n d in g  p r o v id e d  b y  th e  
c r im p e d  s te e l  f ib r e  w h i c h  is  m u c h  l o n g e r  c o m p a r e d  to  m ic r o  s te e l  f ib re .  T h e  in i t ia l ,  y i e l d  a n d  u l t im a te  lo a d s  a r e  g i v e n  i n  T a b le  7. 
E n e r g y  a b s o r p t io n  w a s  a ls o  f o u n d  b y  c a l c u l a t i n g  th e  a r e a  u n d e r  t h e  l o a d  d e f l e c t i o n  p lo t .  D u e  to  th e  l im i ta t io n s  i n  th e
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e x p e r im e n ta l  s e t  u p ,  th e  l o a d  d e f l e c t i o n  g r a p h  c o u ld  b e  p lo t t e d  o n ly  u p  to  8 0  %  o f  th e  p e a k  lo a d ,  i n  th e  d e s c e n d in g  p o r t io n  o f  th e  
c u r v e .  T h u s ,  th e  e n e r g y  a b s o r p t io n  w a s  c a l c u l a t e d  a s  th e  a r e a  u n d e r  th e  c u r v e  u p  to  th e  p e a k  l o a d  a n d  u n d e r  th e  d e s c e n d in g  
p o r t io n  u p  to  8 0  %  o f  th e  p e a k  lo a d .  T h e  e n e r g y  a b s o r p t io n  o f  b e a m s  i s  s h o w n  i n  T a b le  8.

Table 7 Initial, yield and ultimate load values

Beam ID Initial Crack 
load (kN)

Yield load 

(kN)

Ultimate Load (kN) 

Absolute Relative

CB 13 41 50 1

UHPC 23 56 68 1.38

UHPFRC-M 30 74 89 1.78

UHPFRC-C 35 79 94 1.88

Table 8. Energy absorption

Specimen Energy absorption 
(kNmm)

CB 289.25

UHPC 370.88

UHPFRC M 631.82

UHPFRC C 718.23

3.5 Moment curvature relationship

M o m e n t  c u r v a tu r e  p l o t  f o r  th e  c o n t r o l  a n d  r e t r o f i t t e d  b e a m s  w e r e  g iv e n  in F ig .1 1 .  T h e  m o m e n t  c u r v a tu r e  c a n  b e  s a i d  to  h a v e  
th r e e  s ta g e s .

M o m en t C u rv a tu re  R elationsh ip

2

o ---------- i---------- ,---------------------,
0 0,005 001  0.015 002

C urvature (1/m)

Fig. 11. Moment curvature relationship

d iv id e d  in to  th r e e  s ta g e s ,  f i r s t  s ta g e  i s  t i l l  in i t i a l  c r a c k in g ,  s e c o n d  s ta g e  t i l l  y i e l d in g  o f  t e n s io n  s te e l  a n d  th e n  th e  t h i r d  s ta g e  to  

l im i t  o f  u s e f u l  s t r a in  i n  c o n c r e te .  T h e  c u r v e  i s  l i n e a r  u p  to  f i r s t  c r a c k  m o m e n t .  F u r th e r  w h e n  th e  m o m e n t  in c r e a s e s ,  th e  c u r v e
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shifts from linearity. When the moment reaches the yield moment, the curves become flat. When steel yields, a large increase in 
curvature occurs with a small change in moment.

3.6. Ductility indices
Displacement ductility was calculated as the ratio of the displacements at ultimate load to the displacement at yield 

load. The ductility could be considered at 80% of the peak load, because this takes into account, the softening part of load 
deflection curve. Hence for calculating the ultimate deflection, 80% of peak load was considered. Softening ductility 
consideration is important in seismic design and where large deformations are involved. Failure of an under reinforced beam is 
called tension failure.

Table 9.Ductility indices of the beams

Displacement Ductility Curvature Ductility
Beam ID

Absolute Relative Absolute Relative

CB 2.11 1 2.07 1

UHPC 2.26 1.07 2.19 1.05

UHPFRC-M 3.12 1.47 2.33 1.12

UHPFRC-C 3.2 1.51 2.45 1.18

This is because the primary reason for failure is the yielding of reinforcement. The large increase in the curvature, 
before collapse of the beam is an indication of the ductile failure of beam. Curvature ductility was calculated as the ratio of the 
curvature at ultimate load to that of the curvature at yield load. The ductility index of the beams is shown in Table 9.

3.7 Shear behaviour of beams
Behaviour of retrofitted beams under shear was evaluated by calculating the maximum shear force at the supports and 

the results were shown in Table10. The results showed that the shear carrying capacity of all the retrofitted specimens when compared to 
the control specimens.

Table 10.Shear behaviour of beams

Beam ID

Ultimate 
shear force 

(kN)

Absolute

CB 25

UHPC 34

UHPFRC-M 44.5

UHPFRC-C 47

Results showed that the ultimate shear capacity got improved by the addition of fibers, for UHPFRC-M it got improved 
by 88% for UHPFRC-C, 78% for UHPFRC-M and 36 % for UHPC when compared to the control specimens.
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4. C o n c lu s io n s
F r o m  th e  e x p e r im e n ta l  i n v e s t i g a t io n  c o n d u c te d ,  th e  l o a d  d e f l e c t i o n  b e h a v io u r ,  c r a c k  w id th ,  e n e r g y  a b s o r p t io n ,  u l t im a te  lo a d  

c a r r y in g  c a p a c i ty ,  m o m e n t  c u r v a tu r e  r e la t i o n s h ip  a n d  d u c t i l i ty  i n d ic e s  m ix e s  w e r e  s tu d ie d  a n d  b a s e d  o n  th e  r e s u l t s  o b ta in e d ,  th e  
f o l lo w in g  c o n c lu s io n s  w e r e  m a d e :

•  B o t h  U H P F R C - M  a n d  U H P F R C - C  s h o w n  g o o d  c r a c k  a r r e s t i n g  c a p a c i ty  c o m p a r e d  to  b e a m s  r e t r o f i t t e d  w i th  U H P C

•  T h e  u l t im a te  c a p a c i ty  w a s  im p r o v e d  b y  8 8 %  f o r  U H P F R C - C ,  7 8 %  f o r  U H P F R C - M  a n d  3 6  %  f o r  U H P C , s h o w in g  th e  
e f f e c t  o f  f ib r e s  w h i c h  im p r o v e d  th e  s h e a r  p e r f o r m a n c e  o f  U H P F R C  r e t r o f i t t e d  b e a m s .

•  T h e  e n e r g y  a b s o r p t io n  c a p a c i ty  w a s  i n c r e a s e d  b y  1 4 8 %  f o r  U H P F R C - C  r e t r o f i t t e d  b e a m  a n d  1 1 8  %  f o r  U H P F R C - M , b u t  
f o r  b e a m s  r e t r o f i t t e d  w i t h  U H P C , a n  i n c r e a s e  o f  2 8 %  w a s  o n ly  o b s e rv e d .
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Abstract. To prevent the loss due to structural damages that can be resulted from the seismic activity, it is important that the 
structural elements should be retrofitted as soon as possible. Beam-column joints are the most vulnerable part of a structure, as the 
forces from adjacent beams and columns are transferred through the joint. In this study, a method for retrofitting RCC exterior beam- 
column joints using externally bonded Glass Fiber Reinforced Polymer (GFRP) sheet and Near Surface Mounted (NSM) GFRP 
strips (at different orientations such as 30o, 45o and 60o) is proposed. All specimens were tested under reverse cyclic loading. The 
performance of beam-column joints was evaluated with respect to strength, ductility, energy absorption and stiffness degradation. 
The results show that the NSM retrofitted specimens with orientation of 30o have significantly enhanced all the above properties.
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1. In tro d u c tio n
I n  R C C  s t r u c tu r e s ,  b e a m - c o l u m n  j o i n t s  a r e  th e  c r i t ic a l  m e m b e r s  f o r  t r a n s f e r r in g  f o r c e s  a n d  m o m e n ts  b e t w e e n  b e a m s  a n d  
c o lu m n s .  D u e  to  th e  m o m e n t  r e v e r s a l  a c r o s s  b e a m - c o l u m n  jo i n t s ,  w h e n  s u b je c t e d  to  s e is m ic  a c t io n ,  h ig h e r  s t r e s s e s  a r e  f o r m e d  
i n  t h e  j o i n t  c o r e s .  S u c h  b e a m - c o l u m n  j o i n t s  b e c o m e  v u ln e r a b le  m e m b e r s  i n  m o m e n t  r e s i s t in g  s t r u c tu r e s  a n d  d i s p l a y  p o o r  
p e r f o r m a n c e  u n d e r  s e is m ic  a c t i o n  a c c o r d in g  to  p o s t - e a r th q u a k e  in v e s t ig a t io n s .  T h e r e f o r e ,  i t  i s  n e c e s s a r y  to  r e h a b i l i ta t e  e x i s t in g  
s u b s ta n d a r d  b e a m - c o l u m n  j o i n t s  f o r  e n h a n c in g  t h e i r  s e i s m ic  p e r f o r m a n c e  a n d  e x t e n d in g  t h e i r  d e s ig n  l i f e  s p a n  [1 ]. R e t r o f i t t i n g  

c a n  b e  d o n e  i n  tw o  w a y s  e i t h e r  i n  g lo b a l  m a n n e r  o r  i n  lo c a l  l e v e l .  I n  t h e  c a s e  o f  s t r u c tu r e s  w i th  h ig h e r  le v e l  o f  f l e x ib i l i t y  o r  
w h e n  n o  u n in t e r r u p te d  t r a n s v e r s e  l o a d  p a th  is  a v a i l a b le ,  g lo b a l  r e t r o f i t t in g  t e c h n iq u e s  a r e  c o n s id e r e d .  T h is  m e th o d  i n c lu d e s  
a d d i t i o n  o f  s h e a r  w a l l s ,  b r a c in g s ,  in f i l l  w a l l s ,  b a s e  i s o l a t i o n  e tc .  I n  c a s e  o f  lo c a l  r e t r o f i t t in g ,  th e  m a in  a im  is  to  im p r o v e  th e  
c a p a c i ty  o f  d e t e r io r a t e d  i s o la te d  m e m b e r s .  I t  i s  e c o n o m ic a l  a s  c o m p a r e d  to  g lo b a l  r e t r o f i t t in g  t e c h n iq u e s .  L o c a l  r e t r o f i t t in g  
t e c h n iq u e s  c o n s i s t  o f  j a c k e t i n g  o f  c o lu m n s ,  b e a m s ,  b e a m - c o l u m n  jo i n t s ,  s t r e n g th e n in g  o f  f o u n d a t io n s  e tc .  I n  th i s  t e c h n iq u e ,  th e  
s h e e ts  o f  d i f f e r e n t  m a te r ia l s  s u c h  a s  G F R P ,  C F R P , f e r r o c e m e n t  e tc .  w i l l  b e  b o n d e d  to  th e  s u r f a c e s  o f  th e  s t r u c tu r a l  m e m b e r s  to  
in c r e a s e  i t s  s t r e n g th .  B u t  d e b o n d in g  f a i lu r e  is  a  m a jo r  d is a d v a n ta g e  i n  th e s e  e x te r n a l  r e t r o f i t t in g  te c h n iq u e s ,  w h e r e  r u p tu r e  
o c c u r s  s u d d e n ly  o n c e  th e  u l t im a te  s t r e n g th  is  r e a c h e d  [2 ]. T o  im p ro v e  th i s  a s p e c t  i n  r e t r o f i t t in g ,  n e w  s t r e n g th e n in g  m e th o d s  a r e  
d e v e lo p e d  a n d  N e a r  S u r f a c e  M o u n te d  r e t r o f i t t in g  i s  o n e  a m o n g  th e m .

2. N S M  R e tro f i t t in g  T e c h n iq u e
I n  th e  N S M  m e th o d ,  g r o o v e s  a r e  f i r s t  c u t  in to  th e  c o n c r e te  c o v e r  o f  a n  R C C  e l e m e n t  a n d  th e  F R P  r e in f o r c e m e n t  i s  b o n d e d  
w i th in  i t  u s i n g  a n  a p p r o p r i a t e  g r o o v e  f i l l e r  s u c h  a s  a n  e p o x y  p a s te  o r  c e m e n t  g r o u t  [3 ].

N S M  s te e l  r e b a r s  h a s  b e e n  u s e d  i n  E u r o p e  f o r  th e  s t r e n g th e n in g  o f  R C C  s t r u c tu r e s  w h ic h  d a te  b a c k  to  th e  e a r ly  1 9 5 0 s . M o r e  
r e c e n t ly ,  N  S M  s ta in le s s  s t e e l  b a r s  h a s  b e e n  u s e d  f o r  t h e  s t r e n g th e n in g  o f  m a s o n r y  b u i ld in g s  a n d  a r c h  b r id g e s  [2 ]. T h e  a d v a n ta g e s  
o f  F R P  o v e r  s t e e l  a s  N S M  r e in f o r c e m e n t  a r e  b e t t e r  r e s i s t a n c e  to  c o r r o s io n ,  in c r e a s e d  e a s e  a n d  s p e e d  o f  i n s t a l l a t i o n  d u e  to  i t s  
l ig h tw e ig h t ,  a n d  a  r e d u c e d  g r o o v e  s iz e  d u e  to  th e  h ig h e r  t e n s i l e  s t r e n g th  a n d  b e t t e r  c o r r o s io n  r e s i s ta n c e  o f  F R P .  F ig .  1 d e p ic t s  
th e  w a y s  b y  w h i c h  N S M  s y s te m s  c a n  b e  a p p l i e d  to  th e  s t r u c tu r a l  c o m p o n e n t .

T h e  o b je c t iv e s  o f  th i s  s tu d y  a r e ,

( i)  T o  s tu d y  th e  e f f e c t  o f  o r i e n t a t io n  o f  N S M  G la s s  F i b e r  R e in f o r c e d  P o ly m e r  ( G F R P )  s t r ip s  o n  th e  p e r f o r m a n c e  o f  
e x t e r io r  b e a m - c o lu m n  j o i n t

( i i)  T o  c o m p a r e  th e  p e r f o r m a n c e  o f  th e  e x t e r io r  b e a m - c o l u m n  j o i n t  r e t r o f i t t e d  w i t h  N S M  te c h n iq u e  ( G F R P  s t r ip s )  a n d  w i th  
e x te r n a l ly  b o n d e d  G F R P  w r a p p in g
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Fig. 1 NSM retrofitting with (a) Rectangular FRP strips, (b) Square FRP strips, (c) Round FRP bars [3]

3. E x p e r im e n ta l  S tu d y

3.1 M aterials used
P o r t l a n d  p o z z o la n a  c e m e n t ,  n a tu r a l  c o a r s e  a g g r e g a te  w i t h  m a x im u m  s iz e  2 0  m m , m a n u f a c tu r e d  s a n d  o f  f i n e n e s s  m o d u lu s  2 .6 5 ,  
G la s s  F ib r e  R e in f o r c e d  P o ly m e r  ( G F R P )  s h e e t s  a n d  s t r ip s ,  e p o x y  a d h e s iv e .  T a b le  1 s h o w s  th e  m e c h a n ic a l  p r o p e r t i e s  f o r  b o t h  
G F R P  s t r ip s  a n d  s h e e t s  a n d  T a b le  2  s h o w s  t h a t  o f  th e  e p o x y  r e s in  s u p p l ie d  b y  m a n u f a c tu r e r .  F ig .  3 s h o w s  th e  G F R P  s h e e t s  a n d  
s t r ip s  u s e d .

3.2 Mix Design
M ix  d e s ig n  f o r  M 2 0  w a s  d o n e  b y  th e  m e th o d  g i v e n  i n  IS  1 0 2 6 2 :2 0 0 9  [4 ]. W a te r  c e m e n t  r a t io  w a s  f i x e d  a s  0 .4 5 .  T h e  f r e s h  
p r o p e r t i e s  o f  th e  m ix  w e r e  e v a lu a t e d  b y  m e a s u r in g  th e  s lu m p  a c c o r d in g  to  IS  1 1 9 9 - 1 9 5 9  [5 ].

Fig. 2 (a) GFRP sheet, (b) GFRP strips
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Table 1. Properties of GFRP sheet* Table 2. Properties of EP103 epoxy resin*

Particulars Values Particulars Values

F ib r e  th ic k n e s s 0 .9 0 m m A p p l i c a t io n  t e m p e r a tu r e 1 5 -  4 0 0C

D e n s i ty 1 .2 5 - 1 .2 6  g m /c c
T e n s i l e  s t r e n g th 3 4 0 0  N 7 m m 2

P o t  l i f e 2  h o u r s  a t  3 0 0C

T e n s i l e  m o d u lu s 7 3 0 0 0  N /m m 2 F u l l  c u r e 5 d a y s  a t  3 0 0C

* (Source: Obtained from the supplier)
3.3 Casting of exterior beam-column joint specimen
A  to t a l  o f  10  n u m b e r s  o f  e x t e r io r  b e a m - c o l u m n  jo i n t s  w e r e  p r e p a r e d .  T h e  d im e n s io n s  o f  th e  s p e c im e n s  a r e  a s  s h o w n  i n  F ig .  2  
a n d  th e  s p e c im e n  d e s ig n a t io n  a r e  s h o w n  i n  T a b le  3. T h e  s iz e  o f  th e  b e a m - c o l u m n  j o i n t  w a s  s e le c te d  a s  a  s c a le d  d o w n  m o d e l  o f  
173 r d  o f  i t s  o r ig in a l  d im e n s io n .

(a)

Fig. 3 (a) Dimensions of the beam-column joint specimen, (b) Reinforcement detailing of beam-column joint [6]

Table 3. Specimen designation

Sl. No. Specimen name Strengthening method No. of specimen

1 B C J C C o n t r o l  s p e c im e n 2

2 B C J N 3 0 N S M  r e t r o f i t t in g  a t  a n  a n g le  o f  3 0 o 2

3 B C J N 4 5 N S M  r e t r o f i t t in g  a t  a n  a n g le  o f  4 5 o 2

4 B C J N 6 0 N S M  r e t r o f i t t in g  a t  a n  a n g le  o f  6 0 o 2

5 B C J E B W r a p p in g  o f  G F R P  s h e e ts  o n  th e  b e a m - c o lu m n  
j o i n t

2

3.4 Test setup
A ll  t h e  s p e c im e n s  w e r e  t e s te d  u n d e r  r e v e r s e  c y c l ic  l o a d in g ,  i n  a  1 0 0 0  k N  c a p a c i ty  lo a d in g  f r a m e .  T h e  b o t t o m  e n d  p o r t i o n  o f  
c o lu m n  is  k e p t  p a r t i a l ly  f i x e d  a n d  to p  e n d  i s  k e p t  a s  h in g e  s u p p o r t .  T h e  h i n g e d  c o n d i t i o n  w a s  in c o r p o r a t e d  b y  u s in g  a  s t e e l  b  a l l  
w h i c h  is  p l a c e d  i n - b e tw e e n  th e  g r o o v e  p o r t io n s  o f  th e  tw o  id e n t ic a l  p l a t e s  m a d e  o f  s te e l .  T o  m a k e  j o i n t  i n  s t a b le  c o n d i t i o n  
d u r in g  r e v e r s e  c y c l i c  lo a d ,  2 0 %  o f  th e  a x ia l  l o a d  c a r r y in g  c a p a c i ty  o f  th e  c o lu m n  w a s  a p p l i e d  o v e r  i t  b y  u s i n g  a  h y d r a u l ic  j a c k .  
R e v e r s e  c y c l ic  l o a d  w a s  a p p l i e d  a t  th e  t ip  o f  b e a m  th r o u g h  a  h y d r a u l ic  j a c k .  A  lo a d  c e l l ,  a t t a c h e d  to  th e  p l u n g e r  m e a s u r e s  th e  
lo a d .  T h e  d e f l e c t i o n  o f  b e a m  t ip  is  m e a s u r e d  a t  e v e r y  2  k N  lo a d  in te r v a l  f o r  f o r w a r d  a n d  b a c k w a r d  c y c le s  u s in g  L V D T s .  A  
s c h e m a t ic  d i a g r a m  o f  t h e  t e s t  s e tu p  i s  s h o w n  i n  F ig .  3 . T h e  c o n t r o l  s p e c im e n s  ( B C J C ) ,  w e r e  t e s te d  a s  m e n t io n e d  a b o v e  a n d  th e  
u l t im a te  l o a d  w a s  o b ta in e d .
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3 .5  P r e l o a d i n g  o f  s p e c i m e n s
The beam-column joint specimens designated as BCJ30, BCJ45, BCJ60 and BCJEB were subjected to a preload of 67% of 
ultimate load of BCJC specimen in reverse cyclic loading condition.

Fig. 4 (a) Schematic diagram of test setup [7], (b) Test setup of beam-column joints

3 .6  S t r e n g t h e n i n g  m e t h o d s
The following strengthening methods were adopted for retrofitting the beam-column specimens. Fig. 5 shows the specimen after 
strengthening.

E x t e r n a l l y  b o n d e d  r e t r o f i t t i n g  o f  s p e c i m e n s
Specimens designated as BCJEB, after preloading were retrofitted as follows

• A length equal to the effective depth of beam was selected on all the three sides of the joint for retrofitting
• The surface of the concrete was made smooth and free of grout holes
• Epoxy base and hardener were mixed in a ratio of 10:1 and was applied over the dust free surface of concrete
• GFRP sheet was then cut in to required size and then the sheet is pressed on the epoxy paste applied area by gloved hand 

and a surface roller was rolled over the surface to remove air bubbles
• One more coat was applied over the glass fabric after drying and the retrofitted specimens were cured for 2 days 

N S M  r e t r o f i t t i n g  o f  s p e c i m e n s

Specimens designated as BCJ30, BCJ45 and BCJ60, after preloading were retrofitted as follows:
• Grooves were cut at angles o f 30o, 45o and 60o for specimens designated as BCJ30, BCJ45 and BCJ60 respectively
• The spacing between the NSM-GFRP strips remain as 50 mm in all the cases
• The surface was cleaned from dust and loose particles and the groove was filled halfway with epoxy adhesive and GFRP

strip was inserted and pressed to let the adhesive flow around the strips
• The specimens were cured for 2 days

Fig. 5 (a) Externally bonded beam-column joint, (b) Grooves cut on beam-column joint

4 Results and Discussion

4 .1  C r a c k  p a t t e r n
In all specimens, the cracks propagated towards the joint and initial cracks started widening. The crack pattern is shown in Fig. 5
(a) - (f).
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From the figures it can be observed that the cracks were considerably reduced in the NSM retrofitted specimens and the 
major crack was observed closer to the joint than in the control specimen. No cracks were found in between the retrofitted 
grooves.

4 .2  L o a d - d e f l e c t i o n  p l o t s

The load-deflection plots o f specimens are shown in Fig. 6. The retrofitted specimens have wider loops. Among the retrofitted 
specimens, the BCJN30 specimens show better load carrying capacity than that o f the BCJEB specimens. The reason for lesser 
performance of BCJEB specimen may be due to the debonding o f GFRP sheet.

(c)

Fig. 6 Crack pattern of (a) BCJC specimen, (b) BCJN30 specimen, (c) BCJN45 specimen, (d) BCJN60 specimen, 
(e) BCJEB specimen, (f) Delamination of BCJEB specimen

-30 -20

-20

0 10 20 30
Deflection (mm)

-20(b)

Fig. 7 Load-deflection plot of (a) BCJC specimen, (b) BCJEB specimen, (c) BCJN60 specimen, 

(d) BCJN45 specimen, (e) BCJN30 specimen
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4 .3  L o a d - d e f l e c t i o n  e n v e l o p e  p l o t
The envelope plot is obtained by joining the peak points of each cycle. A comparison of envelope plot for the control and 
retrofitted joints are shown in Fig. 7.

Load / j  
(kN)

2°

-30 - 2 0  0 10 20

Deflection (mm)

Fig. 8 Load-deflection Envelope curve of specimen

4 .4  F i r s t  c r a c k  l o a d  a n d  u l t i m a t e  l o a d
The first crack load and ultimate load of the specimens are given in Table 4. First crack load was determined from the envelope 
curve o f the load deflection plot corresponding to the point at which the curve deviated from  linearity. From the table it can be 
observed that, first crack load increased for the NSM retrofitted specimens, which may be due to the better bond between NSM 
strips and specimens. Among the retrofitted specimens BCJN30 specimen had the highest first crack and ultimate load.

Table 4. First crack and ultimate load of specimens

S p e c i m e n
D e s i g n a t i o n

F i r s t  
c r a c k  

lo a d  ( k N )

U l t i m a t e  l o a d  ( k N ) P e r c e n t a g e
i n c r e m e n t

Forward
cycle

Reverse
cycle

Average

B C J C 4.20 12.10 -12.00 12.05 -
B C J E B 6.00 15.30 -15.00 15.15 26.00

B C J N 6 0 6.00 14.30 -14.60 14.45 20.00
B C J N 4 5 6.20 18.10 -18.00 18.05 50.00
B C J N 3 0 10.00 23.00 -22.80 22.90 90.00

4 .5  E n e r g y  a b s o r p t i o n
The area under the load deflection plot indicates the energy absorption capacity. Energy absorption capacity was calculated and 
the values obtained are given in Table 5. From the table it is clear that all the retrofitted specimens have greater energy 
absorption capacity than the control specimen and it is maximum for BCJN30 specimen. BCJEB specimen had a much lower 
energy absorption capacity than that o f NSM retrofitted specimens. This may be due to debonding failure of BCJEB specimens.

In NSM retrofitted specimens, the narrow GFRP strips maximize the surface area to sectional area ratio for the given volume 
and thus minimize the risk of debonding. But this is not the case for BCJEB specimen. As soon as the bonding between the 
retrofitted material and concrete surface is broken, the specimen will not be able to take up much load.

Table 5. Energy absorption capacity of specimens

S p e c i m e n E n e r g y  a b s o r p t i o n  c a p a c i t y  ( k N m m ) P e r c e n t a g e
D e s i g n a t i o n Forward

cycle
Reverse

cycle
Average i n c r e m e n t

B C J C 113.19 125.01 119.10 -
B C J E B 199.42 198.51 198.97 67.00

B C J N 6 0 218.06 251.87 234.97 97.00
B C J N 4 5 257.60 273.75 265.68 123.00
B C J N 3 0 357.50 351.33 354.42 198.00

------ BCJC
------ BCJEB

BCJN30
30------ BCJN45

------ BCJN60
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4.6 Energy dissipation capacity
Energy-dissipation capacity is an important indicator of the seismic performance of a structure. The structural elements can 
withstand strong ground earthquake motions only if  they have sufficient ability to dissipate seismic energy. This energy 
dissipation is provided mainly by inelastic deformations in critical regions of the structural system and requires adequate 
ductility of the elements and their connections. It can be estimated from the area within the load-displacement hysteretic loop 
for every cycle o f load. The cumulative energy dissipated by the specimens was calculated by summing up the energy dissipated 
in consecutive load displacement loops throughout the test [8]. The cumulative energy dissipation of the specimens during each 
cycle is shown in Fig. 8. From the plot it is clear that the NSM retrofitted specimen has more cumulative energy dissipation in 
each cycle. BCJN30 specimen performed the best among all the other retrofitted specimen.

1200

o -s 10 15
Load cycle

Fig. 9 Cumulative Energy dissipation capacity plot

4.7 Displacement ductility factor
Ductility o f a structural element is its ability to undergo deformation beyond the initial yield deformation, while it is still 
sustaining load. The ductility factor, which is a measure of ductility o f a structure, is defined as the ratio of maximum deflection 
(<5„) to the deflection at yield (Sy) [8], The ductility factors were calculated and the results obtained are given in Table 6. From 
the Table it can be seen that NSM retrofitting influence the ductility. The ductility factor increased for all the retrofitted 
specimens. BCJN30 specimen had the highest ductility factor. Compared to the BCJEB specimen, the ductility factor is 
increased by 2.3 times for BCJN30 specimen.

Table 6. Displacement ductility factor for specimens

Specimen
Designation

Displacement ductility 
factor

Percentage
increment

BCJC 1.52 -
BCJEB 1.69 11.00

BCJN60 1.78 17.00

BCJN45 2.51 65.00

BCJN30 3.49 129.00

4.8 Stiffness degradation
Application of cyclic or repeated loading on the RCC beam -colum n joint causes reduction in the stiffness of the joint. This 
reduction in stiffness o f the specimens can be assessed by computing the secant stiffness which provides a measure of the 
stiffness degradation in the specimens. The secant stiffness in each cycle was calculated using a line drawn between the 
maximum positive displacement point in one half o f the cycle and the maximum negative displacement point in the other half of 
the cycle [8]. Stiffness degradation plot is shown in Fig. 9. It may be noted that BCJEB specimen has a low initial stiffness when 
compared to the NSM retrofitted specimen. The use of NSM strips significantly increased the initial secant stiffness value of the 
specimens. As the number of cycles increase, NSM strips intercept the macro cracks and control the widening of these cracks. 
This action will control further propagation of cracks and will result in higher energy demand for debonding. From the plot it 
can be observed that the initial stiffness for the BCJN30 specimens are greater than the other specimens.
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Fig. 10 Stiffness degradation plot

5 Conclusions
The following conclusions were obtained from this study.

(i) No visible cracks were found in the case of BCJEB specimens at failure

(ii) The cracks shifted more towards the joint region for BCJN30, BCJN45 and BCJN60 specimens when compared to 
BCJC specimen. This may be due to confining action in the critical region

(iii) The ultimate load carrying capacity, energy absorption and energy dissipation capacity of all the NSM retrofitted 
specimens were higher when compared to BCJC and BCJEB specimens. This may be due to bridging action of NSM 
strips across the cracks as well as the better bond between NSM strips and specimen. Among the NSM retrofitted 
specimens, BCJN30 performed the best

(iv) Debonding may be the factor that caused BCJEB specimens to fail at lesser load when compared to NSM retrofitted 
specimens

(v) Initial stiffness of NSM retrofitted specimens were found to be more when compared to other specimens. The rate of 
degradation of stiffness was observed to be greater for BCJN30 specimen
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Abstract.Nowadays most of the structures are constructed with irregularities to provide better architectural appearance. But it has been also 
noted that irregular buildings show poor seismic performance compared to regular buildings. So, it is essential to study the seismic response of 
these irregular shaped buildings to reduce the seismic potential damages. In order to absorb and dissipate the transmitted earthquake energy, 
control systems such as active, passive and hybrid systems are used. These systems aim to control the structural seismic response by improving 
the dynamic properties of the structure. Viscous Dampers are widely used as passive control systems which is more reliable as it requires no 
external power source. The current study focuses on the effect of nonlinear Viscous Damper on irregular shaped buildings. Also, the study 
proposes the optimum configuration and location of Viscous Damper in brace configuration system. This study includes diagonal brace 
configuration system. A typical G+8 story building is considered for preliminary study and then the study is further done on irregular shaped 
structures such as L, T and C shape. SAP2000 is used for the nonlinear dynamic analysis.Parametric study is also conducted by varying aspect 
ratio of the building. From the study, it is concluded that Viscous Dampers arranged in longer faces reduces the seismic response of irregular 
shaped buildings in terms of lateral displacement and torsion.

Keywords: Irregularities, Nonlinear Viscous Damper, Damping coefficient, Nonlinear time history analysis
1. Introduction

Earthquake is the sudden shaking of ground caused due to the passage of seismic waves. Large amount of energy is 
imparted into the structure during these vibrations. This will lead to collapse and damage of the structural and non-structural 
elements. Also, the behavior of a building during earthquake depends critically on its overall shape, size and geometry. 
Therefore, selection of building configuration is an important criterion in planning stage. Nowadays most of the structures are 
constructed in irregular shaped plan for providing better architectural appearance. These irregularities are responsible for 
structural collapse of buildings under dynamic loads. Conventional methods of seismic design rely on ductile behavior of 
structural members for energy dissipation. But retrofitting of structures is difficult in certain cases. In order to overcome this 
drawback, the current design practices use some special damping systems to reduce the response of the structure. Besides 
reducing damage, these methods have been successful in increasing safety of the structure.
There are mainly three types of control systems such as passive, active and semi active systems[1]. The basic function of the 
passive devices is to absorb a part of input energy, reducing energy dissipation on structural members and minimizing the damage 
on structures. Several different types of energy dissipation systems such as Viscous dampers, Viscoelastic dampers, Friction 
dampers, and Yielding metallic dampers etc. were used. This study aims to enhance the seismic response of symmetrical 
rectangular shaped building, C and L shaped building by using various orientations of diagonally braced Fluid Viscous Damper.

2. Fluid Viscous Damper
Fluid viscous damper is one type of passive energy dissipation systems that is used in the absorption and dissipation of 

the earthquake input energy. Viscous Dampers consist of a cylinder and a stainless-steel piston [2]. The cylinder is filled with 
incompressible silicone fluid that is divided into two compartments by a piston. The damper is activated by the stream of 
silicone fluid between the chambers at the opposite ends of the unit through small orifices. When the Fluid Viscous Damper 
strokes in compression, fluid flows from chamber 2 to 1. When the Fluid Viscous Damper strokes in tension, fluid flows from 
one chamber to another. The high pressure drop across the annular orifice produces a pressure differential across the piston head, 
which creates the damping force. The damping force of a Viscous Damper varies with the velocity of the piston. The force 
velocity relationship in case of a Viscous Damper is given by the following equation.

F =  CvH (1)
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Where F is the damping force, C is the damping coefficient, vis the velocity of piston, ais the damping exponent. For 
nonlinear damper, a<1 and for linear damper damping exponent is equal to 1.

Fig 1. Components of Fluid Viscous Damper [2]

3 Methodology

3.1. Modelling

The structure considered for the study is an eight storey hospital building with towerroom at roof level. The plan area of 
the building is 24m x 12m. All beams along longitudinal and transverse direction are assigned with dimensions of 0.23m x 0.5m. 
All sub beams are assigned with dimensions of 0.23m x 0.4m and the slab thickness is taken as 0 .12m. A cross section of 0.3 m x
0.6m is assigned to columns with fixedsupport at the base and the typical floor height is 3m. Medium soil condition is assumed 
as the site condition of structure and the zone is III.The building was modelled by using SAP2000 by assigning its geometric 
properties. Live load was calculated as per IS 875 Part I:1987 and IS 875 Part II:1987. Nlink was the element used for modelling 
damper in SAP2000. The value of damping exponent was taken as 0.7.

Table 1. Structural Parameters

Building RCC building

Foundation type Pile foundation

Plan dimension 24m x 12m

Storey height 3m

Beam size 0.23 x 0.5m

Secondary beams 0.23 x 0.4m

Column 0.6 x 0.6m

Slab thickness 0.12m
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Fig 2 .Plan view of building

Table 2.Descriptions and designations used

Descriptions Designation

Longer face X

Shorter face Y

Alternate bays B

Alternate floors F

Diagonally braced damper D

Fig 3. DXB Configuration Fig 4. DXF Configuration Fig 5. DYB Configuration Fig 6. DYF Configuration
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Fig 7. Symmetrical rectangular, L and C shaped building

3 .2 .V a l i d a t i o n

Structure is validated by using the base shear value.Base shear value of regular building is calculated theoretically by 
using Equivalent lateral force method on the basis of IS 1893 (PART I):2016 code provisions and analytically by using non
linear time history analysis method.

3 .3 .  M o d a l  a n a l y s i s

Modal analysis was carried out to determine the natural frequency and natural time period for each mode in a system. It was 
carried out by means of Eigen value method according to IS 1893 (Part 1): 2016.

3 .4 . N o n l i n e a r  t i m e  h i s t o r y  a n a l y s i s

Hilber Hughes Taylor method is used for NL-THA. Iteration procedure used for NL-THA is double integration method. For 
analysis, the building will be subjected to El Centro earthquake. Damping coefficient (C) is calculated for each damper by using 
the following equation.

= 2 : : r . (2)

Where £ is the damping ratio which is taken as 5%, m  is the lumped mass on each floor, m is the fundamental frequency of the 
structure.
4. Results and Discussion

Base shear and maximum roof top displacement were calculated by using nonlinear time history analysis and the 
obtained results were compared with results ofbuildings with and without damper. Fundamental natural frequency of rectangular 
shaped building without damper is 5.78 rad/sec, L shaped building is obtained as 5.32 rad/sec and that of C shaped building is 
obtained as 5.61 rad/sec.

Table 3.Natural frequency of the structure

B u i l d i n g
t y p e

N a t u r a l  f r e q u e n c y  ( H z )

W i t h o u t  d a m p e r W i t h  d a m p e r

D X B D X F D Y B D Y F

Rectangular 0.921 1.445 1.088 1.059 1.015

L shape 1.176 0.668 0.948 1.050 0.907

C shape 1.236 0.841 1.107 0.898 0.923

Department of Civil Engineering, MBCET 211



ICID 2018 21-23 June, 2018

From the above table it has been observed that, when dampers are arranged in longer faces (X direction) natural frequency value 
increases. When dampers are arranged in alternate bays increases due to increase in stiffness. Hence the flexibility of the 
structure also gets reduced.

V a r i a t i o n  o f  b a s e  s h e a r

Variation of base shear values in rectangular, C and L shaped building is shown in table 4. It has been observed that building 
with dampers arranged in alternative bays on X direction shows less base shear value.

Table 4. Variation of base shear

B u i l d i n g
t y p e

B a s e  s h e a r  v a l u e s  ( k N )

W i t h o u t  d a m p e r W i t h  d a m p e r

D X B D X F D Y B D Y F

Rectangular 1576.95 961.48 1083.93 1555.72 1557.9

L shape 1382.08 788.50 820.24 1357.88 1379.13

C shape 1262.597 764.25 765.53 1238.22 1240.53

Fig 8. Maximum roof top displacement in rectangular building 

V a r i a t i o n  o f  r o o f  t o p  d i s p l a c e m e n t

Table 5. Variation of roof top displacement

B u i l d i n g  t y p e R o o f  t o p  d i s p l a c e m e n t  v a l u e s  (m )

W i t h o u t W i t h  d a m p e r
d a m p e r

D X B D X F D Y B D Y F

Rectangular 0.0168 0.0095 0.0110 0.0162 0.0166

L shape 0.0225 0.0116 0.0127 0.0196 0.0205

C shape 0.0139 0.0086 0.0092 0.0151 0.0154
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Table 5 shows the variation of roof top displacement when dampers are arranged in different configuration.

DXB arrangement shows reduction in roof top displacement in case of rectangular, C and L shaped building.

P a r a m e t r i c  s t u d y
Parametric study is conducted by varying the aspect ratio of the building. Aspect ratio is varied from 1.5,2.5 and 3.5.ie, 

number of storeys are increased as G+5, G+8 and G+13.

Table6. Variation of aspect ratio in rectangular shaped building

A s p e c t  r a t i o

R o o f  t o p  d i s p l a c e m e n t  v a l u e s  ( m )

W i t h o u t
d a m p e r

W i t h  d a m p e r

D X B D X F D Y B D Y F

1.5 0.00888 0.00467 0.0046 0.0083 0.0086

2.5 0.0139 0.00861 0.00865 0.0121 0.0115

3.5 0.0252 0.0171 0.0191 0.0201 0.01752

Table7. Variation of aspect ratio in C shaped building

A s p e c t  r a t i o

R o o f  t o p  d i s p l a c e m e n t  v a l u e s  ( m )

W i t h o u t W i t h  d a m p e r

d a m p e r D X B D X F D Y B D Y F

1.5 0.0112 0.0055 0.00551 0.0116 0.0117
2.5 0.0167 0.0095 0.0110 0.0162 0.0166
3.5 0.0225 0.0126 0.0134 0.0203 0.0173

Table8. Variation of aspect ratio in L shaped building

R o o f  t o p  d i s p l a c e m e n t  v a l u e s  ( m )

A s p e c t  r a t i o W i t h o u t W i t h  d a m p e r

d a m p e r D X B D X F D Y B D Y F

1.5 0.0143 0.00524 0.01371 0.0135 0.0135
2.5 0.0225 0.0116 0.0127 0.0196 0.0205
3.5 0.0292 0.0127 0.0197 0.0234 0.0263

From parametric study of aspect ratio, it has been observed that when the height of the structure increases the flexibility of 
the structure also increases. Also, it has been observed that frequency o f the structure increases when height o f the building 
decreases. Building with 6 storeys shows higher frequency due to its lesser mass. From the above table, it has been noted that 
lateral displacement is more in case of building with aspect ratio 3.5 for rectangular, L and C shaped buildings.

5. Conclusions

From the results obtained from the nonlinear time history analysis it has been observed that when viscous dampers are 
arranged in longer sides (X direction) the base shear value and roof top displacement values decreases.
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• DXB arrangement shows better seismic performance in terms o f lateral displacement in case of L, C and rectangular 
shaped building

• DXB arrangement shows 40% reduction in base shear in case of rectangular building,43% reduction in case of L 
shaped building and 39% reduction in case of C shaped building

• DXB gives 48% reduction in lateral displacement in case of rectangular, L shaped building and 38% reduction in case 
of C shaped building.

• Seismic response of the structure increases with increase in height o f the structure 
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Abstract. Reinforced concrete structures often have to face modifications and improvement of their performance during their 
service life. The main contributing factors are change in their use, new design standards, deterioration due to corrosion in the 
steel. In such circumstances there are two possible solutions: replacement or retrofitting. It is often better to repair or upgrade 
the structure by retrofitting. Out of various techniques, engineering cementatious composite is widely used nowadays. In this 
study, flexural failed beams specimens are retrofitted using engineering cementatious composite. The specimens are tested 
under two point loading for flexure specimens. The effectiveness of using engineering cementatious composite for retrofitting 
is studied under load- deflection graph, crack pattern and ultimate load carrying capacity of beams that are pre- loaded to 67% 
of ultimate load of control specimen. Increase in ultimate load of ECC-PVA retrofitted beams was 57% where as with ECC-PP 
retrofitted beams 54%. Increase in energy absorption capacity of ECC-PVA retrofitted beams was 126% where as with ECC- 
PP retrofitted beams 106% when compared with control beams.

Keywords: Engineered Cementitious Composite, Energy absorption, Ultimate load carrying capacity.

1. Introduction
Reinforced concrete structures often have to face modification and improvement of their performance during their service life. 

Concrete has limited ductility, low resistance to crack propagation and is weak in tension. The inherent microstructure and 
volumetric changes during manufacturing results in the formation of micro cracks in the material even before loading. These pre
existing cracks lead to brittle failure of the material in tension. The main contributing factors are change in their use, deterioration 
due to corrosion in the steel caused by exposure to an aggressive environment and accident events such as earthquakes. It is often 
better to repair or upgrade the structure by retrofitting. Different methods of structural strengthening or retrofitting techniques that 
have been developed over the years include external bonding of steel plates, glass fibre reinforced plastic (GFRP), fibre reinforced 
polymer (FRP) sheets, external pre- stressing, carbon fibre wrapping, external bar reinforcement and very recently improved 
external (bars) reinforcement techniques. The request o f an increase of the bearing capacity of the existing structures due to an 
increase of the live loads is a typical issue in designer. This study focuses towards the development of a retrofitting system using 
the addition of a thin overlay of Engineered Cementitious Composite (ECC) to reinforced concrete (RC) members of M20 grade.

1.1 Engineered Cementitious Composite (ECC)

Development of FRC’s started in 1970s. During the past 10 years, polyvinyl alcohol (PVA) fibre has been introduced in the 
production of FRC, resulting to a new composite, which exhibits a pseudo ductile behaviour similar to that of steel and is called 
“Engineered Cementitious Composites (ECC)” or simply bendable concrete. It was developed in 2001 by Dr. Victor Li at the 
University of Michigan.

However, Engineered Cementitious Composite is no longer confined to the academic research laboratory; it is finding its way into 
precast plants, construction sites, and repair and retrofitting jobs in countries including Japan, South Korea, Australia, 
Switzerland, Canada, and the United States.The new kind of material is very effective in transferring stress across the cracks and 
fractures and occurred with the formation of multiple cracks.

The most distinctive characteristic separating ECC from conventional concrete and fibre-reinforced concrete (FRC) is an 
ultimate tensile strain capacity of 3% to 5%, depending on the specific ECC mixture. This strain capacity is realized through the 
formation of many closely spaced micro cracks, allowing for a strain capacity over 300 times that of normal concrete. These
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cracks, which carry increasing load after formation, allow the material to exhibit strain hardening, similar to many ductile 
metals.

Fracture properties of the cementitious matrix are carefully controlled through mix proportions. Fibre properties, such as 
strength, modulus of elasticity, and aspect ratio have been customized for use in ECC. The interfacial properties between fib re 
and matrix have also been optimized in cooperation with the manufacturer for use in this material.

2. Experimental Program
The experimental work consisted of casting and testing of beams of length 1000 mm and cross section 100 mm x 150 

mm. The beams were designed according to IS 456-2000 [28]. The reinforcement details are shown in Fig.1. Two 10 mm 
diameter bars were used as tension reinforcement; two 8 mm bars were used as compression reinforcement 2 legged 6 mm 
stirrups were used at a spacing of 90 mm center to center were provided at flexural span . Strain gauges were provided on one of 
the two bars of each diameter. The rebars were leveled smooth on the portion where strain gauge was to be attached and then is 
attached using suitable adhesive. The lead wires were then soldered to the stain gauge and proper insulation were provided in 
order to avoid damaging of the gauge.

Fig.1 Reinforcement detailing for flexure and shear beam [9]

2.1 M aterials Used

Materials used include Portland Pozzolanic Cement, fine aggregate and Coarse aggregate confirming to IS: 2366 (Part 
III) 1963, fly ash, steel reinforcements and super plasticizer were used for the investigation. The basic philosophy lies in 
complete elimination of coarse aggregate to impart greater homogeneity, with mineral and chemical admixture to get stronger 
gel formation during hydration. Poly Vinyl Alcohol and Poly Propylene fibres were used in the study with aspect ratio 100 
(length 12mm, diameter 0.12mm).The mix proportion was selected from the optimum mix obtained from  the trial mixes 
conducted in previous study. The mechanical properties were also determined for finding the optimum mixes.

Fig 2. Poly Vinyl Alcohol and Poly Propylene fiber

Table 1. Properties of fiber

Type of fibre PVA fiber PP fiber

Length, mm 12 12

Diameter, mm 0.12 0.12

Aspect ratio 100 100
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Table 2. Mix proportion of M20

Mix Cement Fine Coarse Compressive
(kg/m3) aggregate aggregate strength

(kg/m3) (kg/m3) (MPa)

M20 340 666.4 1326 28.50

Table 3. Mix proportion of UHPFRC Mixes

Mix Cement Fine
Aggregate

Fly Ash SP Water Fiber 28th day strength

PVA ECC-PVA ECC-PP
Kg/m3 l/ m3 Percentage

volume
Mix 1 587 470 704 17 300 1.25 46.70 48.10
Mix 2 587 470 704 17 300 1.50 47.90 50.20
Mix 3 587 470 704 17 300 1.75 49.90 46.90
Mix 4 587 470 704 17 300 2.00 47.50 41.30
Mix 5 587 470 704 17 300 2.25 45.40 40.80

Optimum fibre content was found out and retrofitting was carried out only with the optimum mix.

2.2 Preparation of specimens

Three specimens each were prepared for control and flexural retrofitting with M20 grade concrete. The specimens were 
prepared and cured for 28 days. After 28 days, the specimens were tested.

2.3 Test Procedure

The beams were tested under two point loading. The values obtained from the dial gauge at the mid span were used to 
plot the load deflection curve. Strain gauges were used to measure the strains. These strain values were used for plotting the 
moment curvature relationship. The moment was obtained from the loading configuration. The loading configuration for two 
points loading is shown in Fig.3

Fig.3 Loading configuration

2.4 Distressing and retrofitting of beam specimen

The three control beams (CB) were loaded up to failure and their ultimate loads were determined. The remaining six 
beams were then distressed up to 67% of the ultimate load.

The preloaded beams are then U- wrapped with ECC-PVA and ECC-PP, 2.5cm was adopted as overlay thickness and was done 
over the full span. Retrofitting was made easily with the help of moulds and they were demoluded and kept for curing.

Fig.4 Preloaded and retrofitted beams
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2 .5  F l e x u r a l  T e s t  o n  R e t r o f i t t e d  B e a m s

After the completion of curing period, the beams were then tested in the universal testing machine with the same test 
procedure as mentioned earlier. The beams were tested in a 1000 kN universal testing machine. The flexure behaviour of the 
ECC-PVA retrofitted and ECC-PP retrofitted beams were compared to that o f the control beams. Fig.5 shows the test setup used 
for the study.

Fig. 5 Test setup
3. Results and Discussion

3 .1  C r a c k  P a t t e r n  a n d  F a i l u r e

The crack pattern for all the retrofitted and normal beams were shown in Fig.6 Cracks was not observed at the beginning 
of the test. After some time, cracks initiated at the flexural span of the beam. As the load increased, the existing cracks started to 
propagate and new cracks were also developed. At the ultimate stage most o f the cracks travelled up to the mid of the beam, 
even though the number and size of the cracks were different in normal and retrofitted beam. The control specimen had the more 
number of wide cracks were noticed. During testing, the crack widths were measured using crack detection microscope of 50x 
magnification at load increment o f 2.5kN. Crack formations in retrofitted beams were of reduced width compared to retrofitted 
beams as the fibers played a lead role in arresting cracks. Fig. 7 shows the crack propagation graph of all the retrofitted and 
normal beams. The crack width pattern was different in normal and retrofitted beam. The maximum crack width value was 
observed in normal beam which was 0.64 mm.

Fig. 6 Crack pattern Fig. 7 Crack propagation graph

3 .2  L o a d -  D e f l e c t i o n  B e h a v i o u r  a t  m i d  s p a n

The load and deflection values recorded during the two point loading test o f beams were used to draw the load deflection 
graphs. Fig.8 shows the load- deflection plot of the control beam specimen and retrofitted specimens. From the load deflection
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plot o f shear beams, it was observed that initially the curve was linear up to certain load for the control as well as for the 
retrofitted specimens. For the CB, it was observed that the linearity was up to the first crack load. Further application of load 
causes the curve to deviate from linearity. In case o f the retrofitted beams, the load carrying capacity was increased than the 
control beam. The fibres in ECC- PVA arrested the micro cracks developed thus improved the load carrying capacity than ECC- 
PP. Also the initial, yield and ultimate load was given in Table 4. Energy absorption was also found by calculating the area 
under the load deflection plot. Due to the limitations in the experimental set up, the load deflection graph could be plotted only 
up to 80 % of the peak load, in the descending portion of the curve. Thus, the energy absorption was calculated as the area under 
the curve up to the peak load and under the descending portion up to 80 % o f the peak load. The energy absorption o f beams is 
shown in Table 5.

Fig. 8 Load vs deflection Plot for Flexure retrofitted beams 

Table 4. Initial Yield and ultimate load values

Initial Crack Yield load Ultimate Load (kN)
load (kN) (kN) Absolute RelativeBeam ID

CB 
ECC-PVA 
ECC- PP

13
28
22

52.5 
80

77.5

59
93
91

1
1.57
1.54

Table 5. Energy absorption

Specimen Energy absorption (kNmm)
CB 310.79

ECC- PVA 641.72
ECC- PP 702.71

3.3 Moment curvature relationship

Fig. 9 shows the moment curvature plot for the control and retrofitted beams. The moment curvature can be said to have three 
stages.

Department of Civil Engineering, MBCET 219



ICID 2018 21-23 June, 2018

14

0 0.005 0.01 0.015 0.02

CURVATURE (1/m)

F ig .9  Moment curvature relationship

First stage is till initial cracking, second stage till yielding of tension steel and the third stage to limit o f useful strain in 
concrete. The curve is linear up to first crack moment. Further when the moment increases, the curve shifts from linearity. When 
the moment reaches yield moment, the curves become flat. When steel yields, a large increase in  curvature occurs with a small 
change in moment.

3 .4 .  D u c t i l i t y  i n d i c e s

Displacement ductility was calculated as the ratio between the displacements at ultimate load to the displacement at yield load. 
The ductility could be considered at 80% of the peak load, because this takes into account, the softening part of load deflection 
curve. Hence for calculating ultimate deflection, 80% of peak load is considered. Softening ductility consideration is important 
in seismic design and where large deformations are involved. Failure of an under reinforced beam is called tension failure.

T a b l e  6 . Ductility indices of the beams

Beam ID Displacement ductility Curvature ductility
Absolute Relative Absolute Relative

CB 2.11 1 2.27 1.00
ECC-PVA 2.90 1.37 2.07 0.91
ECC-PP 2.40 1.13 2.16 0.95

This is because the primary reason of failure is the yielding o f steel bars. The large increase in  curvature, before 
collapse of the beam is an indication of ductile failure of beam. Curvature ductility was calculated as the ratio of curvature at 
ultimate load to that of curvature at yield load. The ductility index of the beams is shown in Table 8.

4. Conclusions
The Load deflection behaviour, crack width, energy absorption, ultimate load carrying capacity , moment curvature relationship 
and ductility indices mixes were studied in this work. An optimum poly vinyl alcohol fibre and polypropylene fibre volume 
fractions were found out based on the basis o f compressive strength. Based on the results of this study, the following conclusions 
were made:

• An Engineering cementitious composite of strength 40 MPa was developed with an optimum of 1.5% for polypropylene 
fiber and 1.75% for poly vinyl alcohol fiber

• Increase in ultimate load of ECC-PVA retrofitted beams was 57% for flexure where as with ECC-PP retrofitted beams 
54% for flexure

•  Increase in energy absorption capacity o f ECC-PVA retrofitted beams was 126% for flexure where as with ECC-PP 
retrofitted beams 106% for flexure
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Abstract. Concrete filled steel tubular (CFST) beams are composite structural members with high strength and ductility than 
the conventional concrete and steel members. In this study the flexural behaviour of CFST beams strengthened with carbon 
fibre reinforced polymer (CFRP) were investigated. CFST beam of dimensions 91.5x91.5x3.6 mm strengthened with CFRP of 
0.5 mm thickness have been considered. Flexural behaviour was investigated by considering the effect of single layer, two 
layers and three layers of CFRP with different wrapping length. The study concluded that flexural strength increases with the 
multilayer wrapping of CFRP up to 75% length of beam and effect of wrapping length of single layer CFRP is not significant in 
the strength enhancement.

Keywords: CFST beam, CFRP sheet, Flexural strengthening, Finite element analysis
1. Introduction
Composite steel-concrete structural members have been widely used in the design and construction of modern steel framed 
buildings. Concrete Filled Steel Tubes (CFST) are one of the recently used composite structure in bridges [1], electrical power 
transmission structures, underground structures, heavy industrial buildings as well as in high-rise structures. It consists o f a steel 
tube infilled with concrete and whose combined action resists the load acting on them. The composite action is developed due to 
the interface stresses between steel and concrete. The structure offers numerous benefits, including high strength and fire 
resistances, favourable ductility and large energy absorption capacity.

Compared to conventional reinforced concrete or structural steel, CFSTs have many advantages. Steel tube confines the concrete 
infill due to which a triaxial state of compression is developed, that increases the strength and strain capacity of the infill. Local 
and global buckling of steel tube is restrained by concrete infill, and hence the deformation capacity of a CFST member 
compared to hollow tube is increased and the steel and concrete combined action efficiently improves the stiffness and load 
carrying capacity. Fig. 1 shows CFST beam used in a bridge at Shinkansen -  Japan [1].

Fig.1. CFST beam in Bridge of Shinkansen -Japan [1]

Commonly used CFST cross sections are concrete filled in Circular Hollow Section (CHS), Square Hollow Section (SHS) and 
Rectangular Hollow Section (RHS), which are given in Fig.2 where B  and D are the outer dimensions and t is the thickness of 
steel tube [2]. Circular cross section is better than the other two cross sections, since it provides more confinement to the 
concrete. But square and rectangular cross sections are widely used due to the easiness of construction and because of the 
aesthetic reasons.
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Fig.2. Typical CFST sections [2]

There are some other members included in the CFST family such as Concrete Filled Double skin Steel Tubes (CFDST), 
Concrete-encased CFST, CFST with additional reinforcement and Stiffened CFST.

The behaviour of CFST beam mainly depends on the interaction between steel and grout, difference in the Poisson’s ratio of 
steel and concrete and load condition [3]. In order to work as a structural composite element, the load has to be transferred 
across the contact surface. The load will be transferred as shear stresses. Four mechanisms involved in the transferring of shear 
stresses are adhesion, micro interlocking, friction and binding. Binding mechanism is the dominant shear transfer mechanism for 
CFST subjected to pure bending and it is inactive in pure axial compressive loading. Micro interlocking mechanism is obtained 
due to the surface irregularities in the steel tube and it will assist to the shear transfer until crushing of grout is taken place. 
Adhesion is due to the vacuum generated in the capillaries due to the chemical process in the concrete. When two surfaces come 
into contact, the resistance of their internal tangential slip is expressed as friction. Buckling or plastic hinge formation is the 
main failure mechanism in the CFST [3]. This mechanism is generally affected by the way in which load is applied, width to 
thickness ratio and material strength.

2. Strengthening of CFST beam
CFST beam may require strengthening like other conventional structural members due to several reasons. They may require 
upgrading so that they can carry extra loads or need to be repaired due to degradation attributed to aging, fire and fatigue. 
Commonly used strengthening are section enlargement and external bonding of steel plate and fibres. Strengthening by replacing 
or adding new steel part is not economical because it needs heavy equipments and it is very time consuming. Therefore external 
bonding of Fibre Reinforced Polymer (FRP) had been proposed as an efficient and cost effective method. One of the popular 
types of FRP is the Carbon Fibre Reinforced Polymer (CFRP) fabric sheet. They are perfect for resisting environmental 
degradation.

Several researchers have extensively investigated the efficiency of using the CFRP material to strengthen CFST beam. 
Experimental investigation [4,5] on flexural behaviour of CFRP reinforced CHS, SHS and RHS tubes subjected to in-plane 
bending showed that strengthening effect of CFRP improved with the increase in strength ratio (P) of CFRP. The effect o f CFRP 
strengthening on flexural behaviour of Concrete Filled Aluminium alloy circular hollow section Tubes (CFAT) is also carried 
out [6]. The results showed that the ultimate strength enhanced by reinforcing with the CFRP, but the ductility is deteriorated. 
Increase in number of CFRP layer has little influence on the ultimate strength, flexural stiffness and ductility for CFAT 
specimens. Strengthening of CFST beam depends on various parameters such as depth to thickness ratio, compressive strength 
of concrete, shear span to depth ratio, depth to width ratio, yield strength of steel tube [7]. It was found that the depth to 
thickness ratio, yield strength of steel tube and depth to width ratio has significant effect on ultimate moment carrying capacity 
of CFST beam. The performance of circular CFST beam externally reinforced by CFRP sheets under the combined actions of 
tension and bending were studied [8]. The main parameters considered in this study are fibre orientation, load eccentricity, 
number of CFRP layer. They obtained efficient increasing strength for CFRP with fibre oriented in the longitudinal direction. 
From literature studies, the importance for more studies to investigate the flexural behaviour of CFST beam with CFRP 
wrapping was identified. The effect of multiple layers and different length of CFRP sheet were investigated and is being 
outlined.

3. Idealisation of the beam
3 .1  C o n c r e t e

Linear and non linear properties assigned for concrete. For linear properties, modulus of elasticity and Poisson’s ratio were 
given. Poisson’s ratio was given a value of 0.2 and modulus of elasticity was determined with 28 days compressive strength of 
concrete strength [12]. The average compressive strength of concrete was taken as 38.5 N/mm2 and density is 2500 kg/m3 [13].
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Ec = 5000 J f a  (1)

Where Ec is the elastic modulus of concrete and f k  is the 28 days cube compressive strength of concrete.

The uniaxial stress-strain relationship [14] for concrete was constructed by compression using the following relations.

_  2fc k

f  =  Ec

(2)

(3)

Where f  is the stress at any strain e and £0 is the strain at ultimate compressive strength. Simplified stress strain relationship for 
concrete in compression is obtained and is shown in Fig.3.

Fig.3. Stress strain relationship for concrete in compression
3.2 Steel
Cold Formed Square Hollow Section with outside dimensions of 91.5 mm square and 3.6 mm thickness [13] (91.5 x 91.5 x 
3.6CF SHS) and grade YSt 240 @ 9.67 kg/m conforming to IS 4923 -  1997 and IS 1161 -  1998 [9, 10] was used in this study. 
Non-linear behaviour of steel was considered by specifying yield stress and tangent modulus. The tangent modulus of the steel 
was assumed as 0.5 percentage of its Young’s modulus and the yield stress was 240 MPa. Elastic properties such as Young’s 
Modulus and Poisson’s ratio were given as 200000 N/mm2 and 0.3 respectively for all the specimens [11]. Density of the steel is 
7500 kg/m3.
3.3 CFRP
Unidirectional CFRP sheet with thickness 0.5 mm was used in this study. Since the properties of CFRP composite are not same 
in all the directions, they were considered as an orthotropic material. The tensile strength and density of CFRP was 3800 N/mm2 
and 1720 kg/m3 respectively. Orthotropic properties of CFRP are shown in Table 1.

Table 1. Properties of CFRP [13]

Property Value
Modulus o f Elasticity (MPa) Ex 230000

Ey 17900
Ez 17900

Poisson’s ratio Uxy 0.22
uyz 0.30
uxz 0.22

Shear modulus (MPa) Gxy 11790
Gyz 6880
Gxz 11790
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The effect of CFRP on flexural behaviour of CFST beam was evaluated for multiple layers CFRP with different wrapping 
length. Different wrapping lengths of CFRP sheet were applied in 50%, 75% and 100% of the effective length of beam. Details 
of CFST beam specimens are shown in Table 2.

Table 2. Specimen details of CFST beam

Param eter

Beam without CFRP

Beam with CFRP in 50% effective 
length

Beam with CFRP in 75% effective 
length

Beam with CFRP in 100% effective 
length

Specimen’s No. of CFRP 
designation______ layer

S0
S50-1 1
S50-2 2
S50-3 3
S75-1 1
S75-2 2
S75-3 3

S100-1 1
S100-2 2
S100-3 3

3.4 Adhesive

The adhesive material used in the study was MBrace saturant. It is a two part system, a resin and a hardener. The Young’s 
modulus and Poisson’s ratio o f the material was 17 MPa and 0.4. It had an ultimate tensile strength of 1138 MPa. The average 
thickness of each adhesive layer was about 0.8 -  1.0 mm. For the present study adhesive layer of 0.8 mm was considered.

3.5 CFST beam

The simply supported CFST beam had a cross sectional dimension and total length of 91.5x 91.5 x 3.6 mm and 1500 mm 
respectively. CFRP is provided in the bottom flange of beam for an effective length o f 1400 mm. The dimensions of beam are 
illustrated in Fig.4.

Fig.4. Dimensions of CFST beam [13]

The CFRP patch technique [15] was proposed to represent the multiple CFRP layer, including the adhesive layer in between 
them and transferring them to one equivalent layer. Here total three numbers of layers was considered. The present study 
assumed that all of the adhesive layers which are located in between CFRP layers have constant thickness and width. The total 
thickness of CFRP patch was evaluated as follows:

tcfrp.patch (n f-cfrp) + (n 1) tad (4)
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Where tcfrp.patch, tcfrp and tad are the equivalent thickness of CFRP patch, thickness of single CFRP sheet and thickness of single 
adhesive layer respectively, and n is the number of CFRP layer used in CFRP patch.

4. Finite Element Analysis
The structural behaviour of square CFST beam with CFRP strengthening was investigated by finite element method using 
ANSYS software.

Concrete, steel tube and CFRP was modelled using eight noded brick elements having three translation degrees of freedom at 
each node. For concrete Solid 65 element was used. It has special cracking and crushing capabilities along with the ability o f 
creep and plastic deformation. For steel tube and CFRP Solid 185 element was used. It has plasticity, creep, swelling, stress 
stiffening, large deflection, and large strain capabilities. Concentrated loads were applied at one third span of the steel tube from 
both the ends. For simply supported beam condition, the vertical displacement of bottom flange of steel tube was restrained and 
also all the rotational degree of freedom were released to allow rotation. The whole beam was discretised longitudinally with 
elements of 20 mm size.

5. Validation of CFST beam

The CFST beam was validated by comparing the numerical study presented here with the experimental investigation of 
Sundarraja and Prabhu (2011). The comparison of load -  midspan deflection of CFST beam with and without CFRP is depicted 
in Fig.5 and Fig.6 respectively.

r "

Midspan deflection (mm)

Fig.5. Load- Midspan deflection of validated beam without CFRP

« FEM
Experimental

Midspan deflection

Fig.6. Load- Midspan deflection of validated beam with single layer of CFRP

The pattern of load -  midspan deflection is almost same for numerical and experimental investigation [13] in both the cases. 
Thus the developed CFST beam is capable of showing the response under similar loading conditions.
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6. Results and Discussion
6.1. Effect of retrofitting with CFRP

The flexural behaviour of CFST beam with and without CFRP layer was analysed. The deflection behaviour of S0 and S100- 
1under same loading of 120 kN is shown in Fig.7. Maximum deflection was occurring at the midspan of the beam. Comparison 
of load- midspan deflection curve of S0 and S100-1 is shown in Fig.8. From that there was a maximum reduction of 21% for 
S100-1 from S0 due to external bonding of CFRP.

(a) (b)
Fig.7. Deflection behaviour of (a) S0 and (b) S100-1

140

0 20 40 ■SO SO

M idsp=n dsflection (mm)

Fig.8. Comparison of load- midspan deflection behaviour of beam S0 and S100-1

6.2. Effect of length and multiple layer of CFRP

The variations in midspan deflection of the beams with increase in number of CFRP layer for 50%, 75% and 100% wrapping 
length were compared with CFST beam without any CFRP layer.

The load- midspan deflection of beam with multiple layers CFRP in 50% beam length is illustrated in Fig.9. It can be seen that 
there is a gradual reduction in the midspan deflection of beam by increasing the number of layers. The results showed that the 
midspan deflection was reduced by 17.75%, 34.3% and 42.27% for beam with one, two and three layer of CFRP respectively 
from beam without CFRP strengthening. During the initial loading stage, no changes were observed in the deflection until they 
achieved the ultimate capacities. For 50% wrapping of CFRP the slight change in the reduction of deflection is due delamination 
failure. This failure may be attributed to the enormous amount of peeling stress, which occurred along the bonding surfaces 
between steel and CFRP sheet. Because CFRP sheet with 50% strengthening lengths were located within the high peeling stress 
zone and large bending stress at the peeling points result in delamination failure. Generally the peeling stress is proportional to 
bending stress.

The load- midspan deflection of beam with multiple layers CFRP in 75% and 100% beam length are shown in Fig.10 and 
Fig.11.
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Midspan deflection (nun)

Fig.9. Comparison of load -  midspan deflection for beam with CFRP in 50% length

For 75% strengthening lengths, the peeling stress could be overcome by the bonding strength between the CFRP sheet and steel 
tube, thus preventing the delamination failure. Thus there is an enhancement in the reduction of midspan deflection for beam 
with CFRP in 75% length. It can be observed that midspan deflection was reduced by 18% for single layer of CFRP and the 
percentage reduction was increases to 42.47% and 67.23% when strengthened with two and three layer respectively.

r
Midspan - Deflection (nun)

Fig.10. Comparison of load -  midspan deflection for beam with CFRP in 75% length

Similar load -  midspan deflection behaviour were observed for 100% wrapping length. It can be observed that midspan 
deflection was reduced by 21% for single layer of CFRP and the percentage reduction was 25.67% and 46.6% higher the value 
of 1 layer CFRP strengthening for two and three layer respectively.
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Fig.11. Comparison of load -  midspan deflection for beam with CFRP in 100% length

A comparative study of percentage reduction of midspan deflection for different wrapping length with multiple layers CFRP 
listed in Table 3. The midspan deflection of the CFST beam was decreased with strengthening using CFRP. But there was no 
significant enhancement in the reduction of midspan deflection for CFST beam wrapped in 50%, 75% and 100% of their 
effective lengths when applied with one layer of CFRP sheet. It is also observed that there was not much difference between the 
midspan deflection values of the beam wrapped with 75% and 100% of their lengths when the CFRP patch was increased up to 
three layers.

Table 3. Percentage reduction of midspan deflection from CFST beam without CFRP

W r a p p i n g  l e n g t h  ( % )

%  r e d u c t i o n  o f  m i d s p a n  
d e f l e c t i o n  f o r

1 l a y e r 2  l a y e r 3  l a y e r

50 17.75 34.30 42.27
75 18.00 42.47 67.23
100 21.00 46.47 67.60

The load carrying capacity of the strengthened CFST beams with three number of CFRP layer increased by 7%, 21% and 23.5% 
for 50%, 75% and 100% wrapping length respectively when compared with CFST beam without any CFRP strengthening.

7. Conclusions

The numerical analysis of CFST beam strengthened with CFRP was conducted and the flexural behaviour was studied. Based on 
the investigation the following conclusions were arrived.

• The effect of CFRP retrofitting in CFST beam shows an improvement in flexural strength.
• Effect of wrapping length of single layer of CFRP is not significant in the strength enhancement. Because almost 

same percentage reduction in deflection was obtained for 50%, 75% and 100% wrapping length.
• Flexural strength increases with the multiple layers wrapping of CFRP up to 75% length of beam. That is, almost 

same percentage reduction of midspan deflection was achieved for 75% and 100% wrapping length. Hence, CFRP 
strengthening up to 75% length can be consider as an effective method for retrofitting CFST beam
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Abstract. Hybrid Fibre Reinforced Concrete is a type of concrete in which more than one type of small closely spaced and 
uniformly dispersed fibres are added to concrete to act as crack resistor and to substantially improve its properties. The use of 
two or more types of fibres in a suitable combination may potentially not only improve the overall properties of concrete, but 
may also result in performance synergy. In this study steel fibres and polyester fibres were used as hybrid fibres. They were 
used in different proportions (0.25%, 0.5%, 0.75%, 1% and 1.25% volume of concrete for steel fibre and 0.2%, 0.4%, 0.6% 
weight of concrete for polyester fibre). Experiments were conducted to study the effect of steel fibre and polyester fibre in 
different proportions in hardened concrete. Reinforced concrete beams were tested under two point loading to determine the 
flexural strength. From the study it was concluded that 0.75% volume fraction of steel fibre and 0.4% volume fraction of 
polyester fibre gave better performance with respect to hardened tests and hence their flexural characteristics were studied.
16% increase in ultimate load for hybrid beam specimen was observed. Improvements in different characteristics were 
accounted due to the bridging effect of the fibre.

Keywords: Hybrid Fibre Reinforced Concrete, Steel Fibre Reinforced Concrtete, Polyester Fibre Reinforced Concrete, 
Flexural Behaviour, Two Point Loading

1. Introduction
Concrete is not able to resist direct tension (in comparison of its ability to resist direct compression) because of its 

low tensile strength and brittle nature. Plain concrete is weak in tension because it develops numerous microcracks when loading 
is applied. These micro cracks propagate in the concrete matrix under constant applied load. Consequently, plain concrete 
members cannot sustain tensile stresses developed due to the applied force without the addition of reinforcing elements that are 
able to withstand these stresses. The addition of randomly distributed discrete fibres to the structural concrete increases its 
stiffness, ductility and load carrying capacity, while at the same time reduced crack development and propagation. Positive 
synergy of different fibres can complement each other to make a new composite material with high performance and good 
economic benefits [1]. A composite can be termed as hybrid, if  two or more types of fibres are rationally combined in a common 
matrix to produce a composite that drives benefits from each of the individual’s fibres and exhibits a synergetic response.

Due to the rapid development in Hybrid Fibre Reinforced Concrete (HFRC) and its extensive applications, HFRC is becoming 
increasingly popular. HFRC has higher strength, deformation ability and energy dissipation ability than Plain Concrete (PC), it 
can improve the hysteretic behaviour of columns [2] and decrease the surface cracks in road pavement which consequently 
improves its service life. HFRC can also be used to retrofit the reinforced concrete members after an earthquake or long service 
life and mitigate the spread of cracks in concrete structures. Applications of HFRC include any kind of construction because of its 
unique properties and its high range of strength values. Some of the pioneering applications are in bridges, tunnel linings, building 
components like column, sandwich structure like steel concrete structure, industrial flooring, machine foundation etc.Addition of 
short discontinuous fibres plays an important role in the improvement of mechanical properties of concrete. It increases elastic 
modulus, decreases brittleness; controls crack initiation and its subsequent growth and propagation. Debonding and pull out of the 
fibre require more energy absorption, resulting in a substantial increase in the toughness and fracture resistance of the materials to 
the cyclic and dynamic loads [3].

The main advantage of hybrid fibre reinforced concrete is to impart strength and toughness by providing a system in which 
one type of fibre stronger and stiffer, improves the first cracks stress and ultimate strength, and the second types o f  fibre, which is 
more flexible, and ductile leads to improved toughness and strain in the past cracking zone[4].
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1 .1  S te e l  F i b r e  R e i n f o r c e d  C o n c r e t e

Steel Fibre Reinforced Concrete (SFRC) maybe termed as concrete containing cement, water, fine or fine and coarse 
aggregates, and discontinuous discrete steel fibres. It may also contain pozzolanaos and other admixtures commonly used in 
conventional concrete. Steel fibres are added to concrete to improve the structural properties, particularly tensile and flexural 
strength. The extent of improvement in the mechanical properties achieved with SFRC over those of plain concrete depends on 
several factors, such as shape, size, volume, percentage and distribution of fibres [5].

1 .2 . P o l y e s t e r  F i b r e  R e i n f o r c e d  C o n c r e t e

Polyester fibre has improved impact strength as they have higher modulus of elasticity. These are defined as polymers 
containing -CO-O- groups in the main chain. This definition excludes polymers of esters such as vinyl acetate and methyl/ 
methacrylate since in these polymers the ester groups reside in the side-chains and not in the polymer backbone. [7].Polyester 
fibre prevents the micro shrinkage cracks developed during hydration, making the structure/plaster/component inherently stronger. 
The modulus of elasticity of this fibre is high with respect to the modulus of elasticity of the concrete or mortar binder. Hence it 
helps in increasing flexural strength [8].

2. Experimental Program
The experimental work consisted of casting and testing of beams o f length 1000 mm and cross section 100 mm x 150 mm. Two 
numbers of 10mm diameter bars were provided as tension reinforcement and two numbers of 8mm diameter bars were provided 
as compression reinforcements. 6mm diameter bars at 90mm centre to centre spacing were provided as stirrups. Fig. 1 shows 
reinforcement details. Strain gauges were provided on one of the two bars of each diameter. The rebars were levelled smooth on 
the portion where strain gauge was to be attached and then is attached using suitable adhesive. The lead wires were then soldered 
to the stain gauge and proper insulation were provided in order to avoid damaging of the gauge. The strain readings were 
measured using strain indicator and for measuring the central deflection dial gauges were used. Testing of beams were carries 
out using an Universal testing machine of 1000kN capacity and delection, strain readings and crack propogation were measured 
at each 2.5kN increment of loading.

Fig.1. Reinforcement detailing [2]

2 .1  M a t e r i a l s  U s e d

Portland Pozzolano cement conforming to IS: 4031(part 5) 1988, aggregate conforming to IS 383-2016. Two types of 
fibres were used in the study of aspect ratio 60 (crimped steel fibre 30mm length and 0.5mm diameter) and polyester fibre of 
aspect ratio 340.The mix proportion for M50 concrete(NHSC) was selected from the optimum mix obtained from the trial mixes. 
The mechanical properties were also determined for finding the optimum mixes. The optimum percentage by volume of steel 
fibre to be added to steel fibre reinforced high strength concrete (SFRHSC) was selected from the optimum compressive strength 
of trial mixes. Optimum percentage o f polyester fibre by weight o f concrete to be added to the hybrid fibre reinforced high 
strength concrete (HFRHSC) was also selected from the optimum compressive strength of trial mixes.

Fig. 2. Crimped steel fibres Fig. 3. Polyester fibres
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Table 1.Properties of fibres

Type of fibre Crimped steel fibre Polyester fibre

Aspect ratio 60 340

Density (kg/m3) 7810 1360

Table 2. Mix proportion of M50 mix

Mix Cement Fine Coarse w/c Water Slump (mm) Compressive w/c ratio
(kg/m3) aggregate aggregate ratio (kg) strength

(kg/m3) (kg/m3)

M50 420 719 1382 0.35 147 85 58.10 0.35

2 . 2 P r e p a r a t i o n  o f  s p e c i m e n s

Total of 9 beam specimens were prepared with M50 grade concrete. The specimens were prepared and cured for 28 
days. After 28 days, the specimens were tested.

Table 3. Specimen details

Specimen ID
NHSC
SFRHSC
HFRHSC

Size

100mm x 150mm x 
1000mm

No. of specimens
3
3
3

2 .3  T e s t  P r o c e d u r e

The beams were tested under two point loading. The values obtained from the dial gauge at the mid span were used to 
plot the load deflection curve. Strain gauges were used to measure the strains. These strain values were used for plotting the 
moment curvature relationship. The moment was obtained from the loading configuration. The loading configuration for two 
points loading is shown in Fig.4.

H
- Y
TT

A , — -  ± a l gauge 

____ lflQQ______________________

II dtrrxmsions are in mm

Fig.4.Loading configuration

2 .6  F l e x u r a l  T e s t  o n  R e t r o f i t t e d  B e a m s

The flexural behaviour of RC beams of and their respective control mixes were compared and results obtained are 
shown below. After the completion of curing period, the beams were tested in the Universal Testing Machine (UTM). The 
beams were tested in a 1000 kN UTM. The flexural behaviour of the SFRHSC and HFRHSC beams were compared to that of 
the control beam. Fig.5 shows the test setup used for the study.
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Fig.5 .Test setup
3. Results and Discussion

3.1 Compressive strength and slump values of SFRHSC and HFRHSC mixes

Compressive strength and slump values o f trial mixes were given in Table 5 and from the results optimum fibre content for 
crimped steel were found out as 0.75 % and that for polyester fibre were found out as 0.4%. Tests were conducted based on IS 
code.

Table 5. Compressive strength and slump values of UHPC and UHPFRC mixes

Mix designation Compressive strength 
(N/mm2)

SFRHSC-0.25 53.33
SFRHSC-0.50 57.37
SFRHSC-0.75 58.99
SFRHSC-1.00 52.00
SFRHSC-1.25 48.88
SFRHSC-0.25 53.33
SFRHSC-0.75, HFRHSC-0.2 59.6
SFRHSC-0.75, HFRHSC-0.4 62.1
SFRHSC-0.75, HFRHSC-0.6 55.5

3.2 Hardened properties of NHSC, SFRHSC and HFRHSC mixes

Some of the hardened properties were also studied and the results were given in Table 6. All the tests were done according to IS 
codes.

Table 3. Mechanical Properties of NHSC,SFRHSC and HFRHSC

Mix Cylinder Split tensile strength Modulus of elasticity Modulus of rupture/
compressive (N/mm2) (N/mm2) flexural strength

strength (N/mm.2) (N/mm2)

NHSC

SFRHSC

HFRHSC

47.06

48.9

49.6

5.2

5.7

5.8

3.57x104

3.67x104

3.92x104

6.2

6.8

6.9
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From the results it was clear that the addition of steel fibre and polyester hybrid had improved the mechanical properties of the 
mix

3 .3  C r a c k  P a t t e r n  a n d  F a i l u r e

The crack pattern for control beam, SFRHSC and HFRHSC beams were shown in Fig.8. Cracks were not observed at the 
beginning of the test. After some time, shear cracks initiated at shear zone. As the load increased, the existing cracks started to 
propagate and new cracks were also developed.

Fig. 8. Crack pattern Fig.9. Crack propagation graph

After the initial crack developed in the specimen, with each increment in the load the width of the initial crack was observed 
using crack detecting microscope and width was noted. The crack width propagation of various optimum mix is shown in Fig.9. 
The crack width propagation of both HFRHSC and SFRHSC beams were slightly lower than control specimens and the final 
crack width was also reduced.

3.4 Load-Deflection Behaviour at mid span

The load-deflection curve for beam specimens were plotted as shown in Fig. 10.

Fig. 10. Load-deflection plot for shear retrofitted beams

It was observed that the curves for HFRHSC and SFRHSC specimens showed similar load-deflection behaviour with control 
specimens. There is a linear portion till initial cracking and thereafter, non-linearly varying curve till the yield load. Beyond the 
yield point, the deflection of the beams increased until the ultimate load was reached. It was observed that by the addition of 
fiber the load carrying capacity of the beams increased. Deflection was more in HFRHSC and SFRHSC after yielding compared 
to control beams. This shows the improved ductility behaviour of HFRHSC and SFRHSC beam specimens. This is due to the 
tensile properties of steel fibre.

The initial, yield and ultimate loads are given in Table 7. Energy absorption was also found by calculating the area under the 
load deflection plot. Due to the limitations in the experimental set up, the load deflection graph could be plotted only up to 80 % 
of the peak load, in the descending portion of the curve. Thus, the energy absorption was calculated as the area under the curve 
up to the peak load and under the descending portion up to 80 % of the peak load. The energy absorption of beams is shown in 
Table 8.
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Table 7 Initial, yield and ultimate load values

Beam ID Initial Crack 
load (kN)

Yield load 
(kN)

Ultimate Load (kN) 
Absolute Relative

NHSC 22 58 71 1
SFRHSC 26 65 77.5 1.09
HFRHSC 28 67.5 82.5 1.16

Displacement ductility could be calculated as the ratio between the displacements at ultimate load to the displacement at yield 
load. The ductility could be considered at 80% of the peak load, because this takes into account, the softening part of load 
deflection curve. Hence for calculating ultimate deflection, 80% of peak load is considered. Softening ductility consideration is 
important in seismic design and where large deformations are involved. Failure of an under reinforced beam is called tension 
failure.

Table 8. Energy absorption capacity and ductility indices of beams

Specimen Energy Absorption 
Capacity 
(kNmm)

Displacement
Ductility

Absolute Relative

Curvature
Ductility

Absolute Relative
NHSC 423.25 1.37 1 1.64 1
SFRHSC 587.28 1.69 1.23 2.20 1.34
HFRHSC 642.85 2.09 1.52 2.42 1.47

This is because the primary reason of failure is the yielding of steel bars. The large increase in curvature, before collapse of the 
beam is an indication of ductile failure of beam. Curvature ductility was calculated as the ratio of curvature at ultimate load to 
that of curvature at yield load. The ductility index of the beams is shown in Table 8.

3 .5  M o m e n t  c u r v a t u r e  r e l a t i o n s h i p

Moment curvature plot for the control, SFRHSC, HFRHSC beams were given inFig.11. The moment curvature can be said to 
have three stages.

Fig. 11. Moment curvature relationship

First stage is till initial cracking, second stage till yielding of tension steel and the third stage to limit of useful strain in concrete. 
The curve is linear up to first crack moment. Further when the moment increases, the curve shifts from linearity. When the 
moment reaches yield moment, the curves become flat. When steel yields, a large increase in curvature occurs with a small 
change in moment.

Department of Civil Engineering, MBCET 236



ICID 2018 21-23 June, 2018

4. Conclusions
From the experimental investigation conducted, the load deflection behaviour, crack width, energy absorption, ultimate load 
carrying capacity, moment curvature relationship and ductility indices of the mixes were studied and based on the results 
obtained, the following conclusions were made:

• The failure of the beams of both the mixes was in flexural mode.
• Deflection is more for SFRHSC and HFRHSC beam specimens. This proves the improved ductility characteristics of 

SFRHSC and HFRHSC mix.
• The energy absorption value obtained from the load deflection graph in SFRHSC and HFRHSC beams was greater than 

that o f NHSC beams by 38% and 51% respectively. The displacement ductility and curvature ductility index obtained was 
highest in the HFRHSC specimens.

• An improvement in the flexural properties maybe due to the bridging effect o f fibres in hybrid fibre reinforced concrete. 
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Abstract. The need for strengthening structural elements in structures arises, when the capacity of an existing structure is no longer 
adequate to resist the current design loads or due to the larger ultimate loads. There are several methods for strengthening reinforced 
concrete beams. Textile Reinforced Concrete (TRC) is considered to be an environmentally sustainable concrete which can be used 
to retrofit the reinforced concrete beams and columns. The use of Alkali Resistant Glass Fibre mesh (AR Glass) as the reinforcing 
material in concrete is one of the innovative and cost-effective technique in the field of structural retrofitting. In this paper the 
strength and behaviour of reinforced concrete beams retrofitted by TRC with AR glass mesh as reinforcing material was investigated 
and it was found that all the flexural properties can be improved.

Keywords:Textile Reinforced Concrete, AR glass mesh, flexural properties

1. Introduction
Moment Resisting Frames (MRF) are the rectilinear assemblages of structural elements such as beams and columns, 

with beams rigidly connected to the column. When the importance of earthquake was unknown, the buildings were designed 
only for gravity loads. Such buildings are in a safe zone until it is affected by an earthquake. Earthquake is a destructive 
phenomenon which causes severe damage to structures. In most of the structures, failure occurs either in beams, columns orat 
joints.Retrofitting is a suitable method to reinstate the strength of damaged members, in order to meet the strength requirements 
posed due to increased load, deflection or corrosion. There are global and local techniques for retrofitting of structures. Global 
techniques include the addition of members and local techniques include strengthening of individual members. A number of 
techniques have been developed for increasing the strength and deformation capacity of existing Reinforced Cement Concrete 
(RCC) structures. These include the use of shotcrete overlays, steel jacketing, externally bonded Fibre-Reinforced Polymers 
(FRP) [1] etc.

FRP-based strengthening or seismic retrofitting techniques have been well-established in the civil engineering 
community due to favorable properties offered by these materials. Due to the excellent material properties, most notably 
freedom from corrosion but lightness and flexibility, textile reinforcements have made their entrance into the modern concrete 
construction market [2]. These technological transformations will take reinforced concrete construction in entirely new 
directions.

Textile reinforced concrete(TRC) is a type of reinforced concrete in which the usual steel reinforcing bars are replaced 
by textile materials. Instead of using a metal cage inside the concrete, this technique uses a fabric cage inside the same. Materials 
with high tensile strengths with negligible elongation properties are reinforced with woven or nonwoven fabrics. The fibres used 
for making the fabrics are of high tenacity like Jute, Glass Fibre, Kevlar, Polypropylene, Polyamides (Nylon) etc [2]. A typical 
TRC is shown in Fig.1.Some of commonly used TRC reinforcements are Alkali Resistant glass mesh (AR glass), Carbon fibre 
mesh, Basalt fibre mesh, Aramid fibre mesh and Polyvinyl Alcohol fibre mesh (PVA).

Fig 1. Textile-reinforced concrete
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Kong et al.experimentally investigated the mechanical and durability behaviour of TRC subjected to tensile and bending 
loads. The effects of the reinforcement ratio in TRC was alsoinvestigated.Increase in the number of layers of AR glass mesh 
increased both the tensile and bending strength. The ultimate strength value of the TRC composite obtained from the tensile test 
is lower than that from the bending test [3].Du et al. conducted a study on the influences of textile layers and short steel fibres on 
the tensile behaviour of basalt TRC. The tensile behaviour of basalt TRC is considerably influenced by the number of textile 
layers. The TRC specimens with three to five textile layers exhibit pronounced strain-hardening behaviour and consequently, 
prominent enhancement of tensile behaviour [4].Hashemi et al conducted a study to strengthen the RCC beams with 
cementitious mineral-based material for bonding instead of epoxy adhesives and found that there is a considerable improvement 
in flexural performance of beams by using cementitious material. Retrofitting of RCC structures using TRC has a great scope in 
future due to various properties like strength, durability, corrosion resistance etc.

The objective of this study:

• To find the flexural behavior of RCC beamsretrofitted with textile concrete with AR glass mesh as reinforcing 
material.

2. Material Properties and Mix Proportions
The concrete used in this investigation was of M30 grade.For retrofitting of beams, high performance cement mortar of 

strength 50 N/mm2 (HPC 50) was prepared. Portland Pozzolana Cement, crushed stones of 20 mmcoarse aggregate,
manufactured sand passing through sieve of size 4.75 mm and confirming to zone II of IS383-2016 as fine aggregates were 
used[6,7]. The mix design was done as per IS 10262-2009[8], to obtain a M30 grade concrete. The mix proportion thus obtained 
was 1:2.1:4.13.Fig.2 shows AR glass mesh of size 4*4 mm which is used for this work. Table.1 shows the mechanical properties 
of AR glass mesh.

Fig 2.AR glass mesh

Table1. Mechanical properties of AR glass mesh*

Properties
Structure of textile Biaxial 0/90
Tensile strength (MPa) 2100
Surface weight (g/cm2) 95.0± 5%
Mesh size (mm) 4x4
Appearance Roll
* Provided by the manufacturer

3. Experimental Investigations
3.1. Specimen Preparation

Twelve RCC beams of size 100x150x1000 mm were prepared. Among them three were control beams (CB) and the 
remaining nine beams were retrofitted using TRC with AR glass mesh as reinforcing material (TRC-ARG mesh).After 24 hours 
of casting, thespecimens were demoulded and kept immersed in water for28 days. Fig.3 shows the cross section and 
reinforcement details of the specimen.
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6m m  dia stirrups at 9 0 m m  c/c

2 no. 8m m  dia bars

2 no. 10mm dia bars

F i g  3 . Reinforcement details o f the specimens [9]

3 .2 .  T e s t i n g  o f  C o n t r o l  S p e c i m e n s

All the beams were tested under two point loading in a Universal Testing Machine of 1000 kN capacity and the 
experimental setup is shown in Fig.4. Central deflections were measured using a dial gauge. Two strain gauges were fixed at the 
top and bottom reinforcements to measure the strains as shown inFig.5.Ultimate loads were noted for the control specimens CB.

F ig 4 .  Test setup F i g  5 . Connection of strain gauge

3 .3 .  P r e l o a d i n g  o f  S p e c i m e n s

The remaining nine beams were preloaded to 67, 80 and 90% of ultimate loads of CB (three in each group and were 
designated as PB-67, PB-80 and PB-90 corresponding to their preloading conditions.

3 .4 .  R e t r o f i t t i n g  o f  R C C  B e a m s

After preloading beams were retrofitted with TRC-ARG meshof two layers and U-wrapping technique was adopted. 
Retrofitted beams were designated as RB-67, RB-80and RB-90 respective of their preloading conditions which is shown in Table
2.

T a b l e  2 . Specimen details.

S p e c i m e n
I D

S p e c i f i c a t i o n
N o . o f  

s p e c i m e n s

Retrofitted after
RB-67 preloading of 67% 

of Ultimate Load 
Retrofitted after

3

RB-80 preloading of 80% 
of Ultimate Load 
Retrofitted after

3

RB-90 preloading of 90% 
of Ultimate Load

3

Various steps involved in retrofitting the beam are discussed below:

(i) Surface preparation:

The surface of the RC beams to be retrofitted were prepared for receiving the HPC mortar. Light blows were given to the 
surface of the beams by means of a chisel. The white wash left on the surface was also thoroughly scraped using sand paper. The 
surface was kept dry. Fig 6 shows the surface preparation.
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(ii) Surface coat:

A thin layer approximately 2 to 3 mm thick HPC mortar to the old concrete was applied throughout the span of the beam. 
Fig 7 shows the application of surface coat of HPC.

(iii) Wrapping of AR glass mesh:

After the application of surface coat, glass mesh of size 4*4 mm was wrapped around the beam in one layer as shown in 
Fig 8. The mesh was impregnated into the concrete by using float.

(iv) Application of second coat:

After the wrapping of the glass mesh around the beam, another thin layer of HPC mortar was applied over the surface 
using a trowel and is shown in Fig. 9.The same procedure is repeated for the second wrapping and the surface was finely finished.

Fig6. Surface Preparation Fig 7. Application of Mortar

3.5.

Fig8. Application of AR glass mesh Fig 9. Application of mortar over the layer 

Testing of Retrofitted Beams

Beams were tested same as that of CB. The ultimate load, crack pattern, crack width, first crack load, ductility indices, 
load-deflection characteristics, energy absorption capacity and moment curvature relationship were then compared between 
retrofitted specimens and control specimens.

4. Results and discussion
4.1. Crack W idth and Crack Propagation

At each 5 kN increment of loading, crack width was noted. Crack pattern of preloaded specimens is shown in Fig.10 
and for control and retrofitted specimens is shownin Fig.11. More number of finer cracks were found in retrofitted beams 
compared to the control beams. This may be due to the effect of uniformly distributed AR glass mesh.

Fig 12 and Fig 13shows the crack width in preloaded and retrofitted beams. It was found that the width of cracks 
reduced significantly due to retrofitting in all the three cases of retrofitted beams.
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Fig 10. Crack propagation of preloaded beamsFig 11. Crack propagation of retrofitted beams

4.2.

Fig 12. Crack propagation of preloaded specimens Fig 13. Crack propagation of retrofitted specimens 

Load Deflection Plot

Load deflection plot for the control and retrofitted beams are shown in Fig.14.The curve was linear up to the first crack 
load for all the specimens. Further application of load makes the curve deviate from linearity. This is due to the formation of 
multiple cracks. Deflections of retrofitted beams were increased compared to the control beams up to 65 kN and thereafter 
decreased.

Fig 14. Load deflection graph for retrofitted specimens

4.3. First Crack Load and Ultimate Load

Table 3 shows the First crack, Yield and Ultimate loads of all the beams. All the loads were found to increase in 
retrofitted beams, may be due to the additional strength provided by AR glass fibre mesh. There is a considerable increase in 
ultimate load for RB-67and RB-80. In RB-90 it was slightly less than that of CB.
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Table 3.First crack, yield and ultimate load details of specimens

Specimen First crack load(kN) Yield load (kN) Ultimate load (kN)

CB 10.20 47.00 67.00

RB-67 20.00 52.00 75.00

RB-80 18.00 50.00 70.00

RB-90 20.00 50.00 65.00

4.4. Energy Absorption Capacity and Stiffness

The area under the load deflection plot gives the Energy Absorption Capacity (EAC). Due to the limitations in  the 
experimental setup, the load deflection graph could be plotted only up to 80 % of the peak load, in the descending portion of the 
curve. Stiffness of the beams was estimated by the slope of the initial linear portion of the load deflection curve [10]. Table 4 
shows the energy absorption and stiffness of the all the beams. RB-67 shows greater increase in the energy absorption capacity, 
whereas RB-80 and RB-90 not reached up to that o f CB. It is also found that the stiffness of all the retrofitted beams was 
increased. This may be due to the confining effect of AR glass mesh.

Table 4. Energy absorption and stiffness of RCC beams

Specimen Energy Absorption 
Capacity (kNmm)

Stiffness
(kN/mm)

CB 217.12 13.00
RB-67 224.79 15.01
RB-80 185.50 14.82
RB-90 158.95 14.62

4.5. Moment Curvature Relationship

The moment curvature plot for the beams were shown in Fig.15. From the plot it is clear that the retrofitted beams show 
greater curvature than the control beams. When it reaches yield moment, the curves become more or less flat. When steel yields, 
large increase in curvature occurs with a small change in moment [10].

V-------------------- ----- _________________________ V

Fig 15. Moment curvature relationship of retrofitted beams

4.6. Ductility Indices

Displacement ductility was calculated as the ratio of the displacement at ultimate load to the displacement at yield load. Failure 
of an under reinforced beam is called tension failure. This is because the primary reason of failure is the yielding of steel bars. 
The large increase in curvature, before collapse of the beam is an indication of ductile failure of beam. Curvature ductility was 
calculated as the ratio of curvature at ultimate load to that of curvature at yield load. High value of ductility shows the ability to 
undergo large inelastic deformation without any reduction in strength [10]. The absolute values of displacement and curvature 
ductility were presented in Table 5.There was an increase o f ductility by 2% for RB-67 and a decrease of ductility by 1 and 3% 
for RB-80 and RB-90 than control specimen.
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Table 5. Values o f displacement and curvature ductility

Specimen Displacement
Ductility

Curvature
Ductility

CB 1.32 2.60
RB-67 1.40 2.63
RB-80 1.30 2.57
RB-90 1.27 2.52

5. Conclusions
Based on the experimental investigation the following conclusions were arrived.

• Compared to CB, the width of cracks were reduced and spacing of cracks increased in retrofitted specimens.
• Retrofitting of RCC beams by TRC-ARG mesh increased the flexural strength by 12% for RB-67 and 5 % for RB-80 

while a decrease in strength by 3% is found in RB -90 when compared to that o f CB.
• Energy absorption capacity was increased by 4 % for RB-67 and for RB-80 and RB-90 there was a decrease in strength 

by 14 and 26 % when compared to CB.
• There was an increase of stiffness by 16, 14 and 13 % for RB-67, RB-80 and RB-90 respectively.
• There was an increase of ductility by 2% for RB-67 and a decrease of 1% and 3% for RB-80 and RB-90 when 

compared to CB.

Hence it can be concluded that TRC-ARG is an effective tool for retrofitting RCC beams.

References
1. Titiksh, A., and Gupta, M. K.: A Study of the Various Structural Framing Systems Subjected to Seismic Loads,SSRG 

International Journal o f Civil Engineering (SSRG-IJCE), 2(4), 23-30,(2015)
2. https://www.sglgroup.com/TextileFibreCompositesinCivilEngineerings/sustainable construction/index.html
3. Kong, K., Mesticou, Z., Michel, M., Si Larbi, A and Junes, A (2017) Comparative characterizationof the durability 

behaviour o f textile-reinforced concrete (TRC) under tension and bending, Composite Structures.
4. Du, Y., Zhang, M., Zhou, F and Zhu D (2017) Experimental study on basalt textile reinforced concrete under uniaxial 

tensile loading, Elsevier Procedia Engineering, Vol. 138, 88-100.
5. Hashemi, S and Mahaidi, R (2012) Flexural performance of CFRP textileretrofitted RC beams using cement-based 

adhesive at high temperature, Construction and Building Materials 28,791-798.
6. IS 1489 (Part 1) - 1991 (Reaffirmed 2005), Specification for Portland pozzolana Cement, Bureau of Indian Standards, 

New Delhi, India, 1991.
7. IS 383 - 1970 (Reaffirmed 1997), Specifications for coarse and fine aggregate from natural sources for concrete, 

Bureau of Indian Standards, New Delhi, India, 197
8. IS10262:2009, Concrete mix proportioning-Guidelines, Bureau of Indian Standards, New Delhi, India, 2009
9. Jayasree, S.,Ganesan, N and Ruby Abraham (2016) Effect of Ferrocement Jacketing on Flexural Behaviour of Beams 

with Corroded Reinforcements, Construction and Building Materials 121(2016)92-99
10. Hari Krishnan, K. R. and BinduBiju, (2017) A Review Paper on Development of Ultra High Performance Fibre 

Reinforced Concrete, Proceedings of National Conference On Advances In Structural Engineering (NASE-2017) pp. 
136-138, (ISBN 978-81-933590-0-6)

11. Al Osta, M. A., Isa, M. N., Baluch, M. H and Rahman, M. K (2017), Flexural behavior of reinforced concrete beams 
strengthened with ultra-high-performance fiber reinforced concrete, Journal o f Engineering Structures Vol.106, pp. 
374-384.

12. Signorinia, C., Nobilic, A., Gonzalezb, C. E and Siligardic, C (2018) Silica Coating For Interphase Bond Enhancement 
O f Carbon And AR-Glass Textile Reinforced Mortar (TRM) ,Composites Part B 141 (2018) 191-202.

13. Holcapeka, O., Vogel, F. and Reitermana, P (2016) Using of Textile Reinforced Concrete Wrapping for Strengthening 
of Masonry Columns with Modified Crosssection Shape, Procedia Engineering 195 ( 2017 ) 62 -  66.

14. Hartig, J., Combe, H.U., and Schicktanz, K.,(2008) Influence of bond properties on the tensile behaviour of Textile 
Reinforced Concrete,Cement and Concrete composites 30,898-906.

Department of Civil Engineering, MBCET 245

https://www.sglgroup.com/TextileFibreCompositesinCivilEngineerings/sustainable%20construction/index.html


ICID 2018 21-23 June, 2018

P a p e r  I d :  T E  20 1

USE OF RECYCLED PREMIX CHIPPING CARPET (RPCC) FOR 
RURAL ROAD CONSTRUCTION

J E S H  JA Y A K U M A R , D r  A N IL  R  

A B S T R A C T

The major factor affecting cost of road construction is cost of aggregates and binder materials. The study determines the 
suitability of recycled material in road construction. This will help in achieving economy in road construction as well as 
saving on environment degradation in term of reduced mining and less pollution. Construction and maintenance of roads 
and highways involve use of specified gradation of aggregates and properties of the binder. Replacing a part of the virgin 
mix with recycled aggregate is an optimal solution provided the recycled mix retains desirable strength and durable 
functions of the mix. This paper deals with use of recycled premix chipping carpet for rural road construction.

K e y  Words: P rem ix  ch ipping carpet, R ecyc led  mix;

1 P R E A M B L E

Rural roads in India form a substantial portion of the 
Indian road network. The roads are poor in shape and 
specifications affecting the rural life quality and 
mobility. These roads include other district roads 
(ODR) and village roads (VR). The premix chipping is 
an important layer in construction of rural roads. Open 
graded premix chipping carpet consists of coarse 
aggregates of 12.5 mm and 10 mm sieve sizes, 
premixed with bitumen binder are compacted to a 
thickness of 20mm to serve as a surface course of the 
pavement. Being open graded construction the PMC is 
to be invariably covered by a suitable seal coat such as 
premixed sand bituminous mix. The roads undertaken 
for the study are PMGSY proposed rural roads.

The Pradhan Mantri Gram Sadak Yojana (PMGSY) 
(IAST: Pradhan Mantri Gram Sadak Yojana) is a 
nationwide plan in India to provide good all-weather 
road connectivity to unconnected villages.
The Recycling of aggregate is a process in which used 
aggregate is reused for new road construction. Recycled 
aggregate used in the present study is obtained from the 
debris of dismantled roads. The major function of the 
pavement is to transfer wheel load to the sub grade. In

this load transfer mechanism aggregates have to bear 
stresses occurring due to the wheel loads on the 
pavement and on the surface course, they also have to 
resist wear due to abrasive action of traffic. Therefore 
the properties of aggregate are of considerable 
significance to the highway engineers. The aggregates 
are categorized based on their size, shape, texture and 
gradation for different pavement mixes by various 
agencies like ASTM, BIS, ISI and IRC.

Recycling is driven by increasing customer demand for 
sustainable products, aggregates companies are now 
competing in the field of sustainability in order to 
maintain their market share. An additional driver for 
increased use of recycled materials is the reduction of 
embodied carbon used in extraction and processing of 
primary aggregates [3]. This can lead to significant 
long term cost savings in fuel efficiency and 
transportation charges.
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2 O B JE C T IV E S

The main objective of the study is:

To identify the maximum allowable percentage of RAP 
That can be added to Pre-mix chipping carpet.

To identify the strength variations of the Recycled Mix
for the selection of optimum proportion of recycled aggregates.

3 SC O PE  O F T H E  STUDY

The scope of the study is limited to pre-mix chipping carpet rural road construction under PMGSY, 
India

4 L IT E R A T U R E  STUDY

The use of recycled aggregates not only reduced cost of road construction but also improved eco- 
friendly environment.
Aravind K (2011) [1] studied the various hot mix recycling rehabilitation techniques intended for 

recycling and combined with required quantity of virgin asphalt binder and new aggregates in a hot 
mix plant. It deals with comparable performance to that of conventional mixes and better quality 
control. It studies the variation in properties of virgin mix and recycled mix like stiffness modulus, 
indirect tensile strength, fatigue and rutting performance by varying the percentage of RAP content.
Dr. Praveen Aggarwal (2014) [2] studied to suitability of recycled material in GSB layer for road 
construction. The study deals comparison of CBR, permeability and dry density tests results of virgin 
and recycled mix of various RAP content. The suitable percentage of RAP was found to be 15% of 
the recycled mix.
M. Abukhettala (2012) [3] Studied the rate of utilizing reclaimed asphalt pavement in HMA and base 
material in Ontarioas low as 8% of the total recycled material used in year between 2008 and 2010. 
The study also specify the modification to the binder grade in the asphalt mixture, especially the low 
temperature grade, does not need much concern when RAP is used in less than 15% of the total 
weight of the mixtures.
The effect of introducing RAP into the binder course mix was evaluated through a series of 
laboratory tests including the Marshall Test, Indirect Tensile Stiffness Modulus Test, Indirect Tensile 
Fatigue Test and Water Sensitivity Test.
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5 M E T H O D O L O G Y

M e t h o d o l o g y  a d o p t e d  f o r  t h e  p r e s e n t  s t u d y  c o n s i s t s  o f

F i g .  1 F l o w  c h a r t  o f  m e t h o d o l o g y

5.1 S A M P L E  C O L L E C T IO N  AND C L E A N IN G
The site selected for the study is PMGSY road Alanthara, Venjaramoodu Thiruvananthapuram. The 
road taken under the study is estimated for reconstruction and the raw materials including RAP and 
virgin aggregate are selected for study from the site. The aggregate is cleaned with cotton plug. The it 
is cleaned with high pressure water jetting and it is dried in oven.

Fig. 2 PMGSY road Alanthara Venjaramoodu
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5.2 S E P E R A T IO N  O F R A P C O N S T IT U E N T S

The bituminous mix is selected from the rural road site is taken for study. The mix is thoroughly 
washed by action of jet power washing. Relatively high pressure power washing units are commonly 
available. This high velocity water is great enough to dislodge dirt and debris. The chances of flakes 
and wear from accelerated washing should be taken care during washing. The poor washing 
techniques will accelerate the water absorption. The washed aggregate mix is thoroughly cleaned with 
cotton plug. It is then oven dried for 24 hrs at 105 to 110°C. The process of separation of old 
aggregate binder mix is done mostly by heating and using CBE (centrifuge bitumen extractor). The 
bitumen is first treated with rejuvenators and aggregate mix is heated to around 175°C where most of 
the bitumen is separated and remaining is treated in CBE. The bitumen mix after heating is mixed 
with Tricholoroethylene and rotated at specific speed and mix is separated.

5.3 T E S T IN G  O F V IR G IN  A G G R E G A T E  AND B IN D E R

The aggregate properties of the virgin mix are evaluated. The various laboratory tests were done 
to evaluate the strength properties of the RAP. The gradation of RAP used is as per 14-2004 ( 
Table 3 gives gradation of RAP used).

T a b le l. Physical p ro p e rtie s  of v irg in  aggregate (IRC  14-2004 )
T est D escrip tion Value R ange M ethod  of test

Abrasion Value 24% Max 40% IS:2386 (Part 4)

Impact Value 26% Max 30% IS:2386 (Part 2)

Stripping Value .5% Max 10% IS :2386 (Part 7)

Water absorption .2% Max 2% IS :2386 (Part 10)

Soundness (magnesium 

sulphate-5 cycles)

4.6% Max 18 % IS: 2386 (Part 9)

Bulk density 1786 kg/m3 Min 1120 kg/m3 IS:2386(Part 3)

Combined flakiness and 

elongation index

28 Max 30 IS: 2386 (Part 5)

Angularity 10 0-11 IS: 2386(Part 5)

Specific Gravity 2.76 2.6-2.9 IS :2386(Part 5)

The binder considered for the study is NRMB (Natural rubber modified bitumen). The following 
properties of the binder were tested.
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Table2. Physical p ro p erties  of v irg in  b in d er (ASTM )
Test Description Value Range Method of test

Softening point 58°C Min 50 ASTM D 36

Elastic Recovery ratio 39% Min 35% ASTM D 6085

Penetration 52 cm 50-90 cm ASTM D 5

Viscosity 425 centipoise 2-6 poise ASTM D 2170/ D4402

Specific Gravity .99 .97-1 ASTM D 92

5.4 G R A D A T IO N  O F  A G G R E G A T E S
A sieve analysis (or gradation test) is a practice or procedure used to assess the particle size 
distribution of a granular material. The size distribution is often of critical importance to the way the 
material performs in use. A sieve analysis can be performed on any type of non-organic or organic 
granular materials including sands, crushed rock, clays, granite, feldspars, coal, soil a wide range of 
manufactured powders, grain and seeds, down to a minimum size depending on the exact method. 
The Combined gradation is obtained by mixing a known fraction of RAP with remaining fraction of 
virgin aggregates. The combined gradation should satisfy the gradation range as per IRC 14-2004. 
The combined gradation of the aggregates can go up to 40% of the RAP which confirms to specified 
gradation.

Table 3 Gradation of virgin aggregate and RAP (IRC 14-2004 part 2)
S i e v e  s i z e P e r c e n t a g e  f i n e r  ( % )  

( v i r g i n  a g g r e g a t e )

P e r c e n t a g e  f i n e r  

( % )

( R A P  a g g r e g a t e )

C o m b i n e d

G r a d a t i o n

( 4 0 % R A P )

R a n g e

2 2 . 4 9 3 . 5 7 2 9 9 . 3 0 9 5 . 8 6 6 6 - 1 0 0

1 3 . 2 4 5 . 5 7 2 7 1 . 3 6 7 5 5 . 8 6 3 3 - 6 6

1 1 . 2 2 3 . 7 5 1 4 . 7 1 2 0 . 1 3 2 0 - 3 3

5 . 6 0 . 2 5 1 0 . 5 5 0 - 1 5

5.5 T E S T IN G  O F  M IX E D  A G G R E G A T E S

V a r i o u s  t e s t s  a r e  p e r f o r m e d  t o  e v a l u a t e  t h e  s t r e n g t h  o f  m i x e d  a g g r e g a t e .  T h e  t e s t  d o n e  i n  t h e  

s t u d y  i s  i m p a c t  t e s t  a n d  L o s  A n g e l e s  a b r a s i o n  t e s t .
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5.5.1 IM P A C T  T E S T  O F M IX E D  A G G R E G A T E
The property of a material to resist impact is known as toughness. Due to movement of vehicle on 
road, the aggregates are subjected to impact resulting in a breakdown in to smaller pieces. The 
aggregates should therefore have sufficient toughness to resist their disintegration due to impact. This 
characteristic is measured by impact value test. The aggregate impact value is a measure of resistance 
to sudden impact or shock, which may differ from its resistance to gradually applied compressive load. 
The chief advantage of aggregate impact test is that the test equipment and the test procedure are quite 
simple and it determines the resistance to impact of stones simulating field condition. The test can be 
performed in a short time even at a construction site or at a quarry, as the apparatus is simple and 
portable. The maximum impact strength is obtained for the gradation containing 15% of RAP 
aggregate

Table 4 Variation of Impact value wrt RAP(%)

P ercen tag e  R A P Im p ac t v a lu e

5 28

10 27

15 26

20 28

25 29

30 29

35 30

40 31

5.5.2 A B R A S IO N  T E S T  O N  M IX E D  A G G R E G T E S

When vehicles move on the road, the soil particles present between the pneumatic tires and road 
surface causes abrasion of road aggregates. The steel rimmed wheels of animal driven vehicles also 
cause considerable abrasion of road surface. Therefore, the aggregate should be hard enough to resist 
the abrasion. In order to test the suitability of road stones do resist the abrading action due to traffic, 
tests are carried out in the laboratory using Los Angeles Abrasion test.

P ercen tag e  R A P A b rasio n  v a lu e  

(% )
5 25
10 26
15 27
20 26
25 27
30 28
35 29
40 29
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5.6 D E T E R M IN A T IO N  O F B IN D E R  C O N T E N T  O F R A P
The bitumen content of the paving mixture can be found out using centrifugal bitumen extractor or annual 
centrifuge. Bitumen extractor is used for quantitative determination of bitumen paving mixes. This 
involves heating of bituminous sample until it starts crumbling and place it in extractors rotating bowl and 
add solvent. It uses the rotation of the rotor inside a centrifuge to separate bitumen and aggregate. The 
extractors centrifugal action forces liquid through a filter paper ring at bowls periphery and the process is 
repeated until the solvent expelled is clear in color. The remaining are weighted and graded before and 
after extractions. The binder content is determined.

T h e  b i n d e r  c o n t e n t  i s  g i v e n  b y

W h e r e  b  -  b i t u m e n  c o n t e n t  ( % )

W 1  -  w e i g h t  o f  s a m p l e  o f  R A P  

W 2 -  i n c r e a s e  i n  w e i g h t  o f  f i l t e r  p a p e r

W 3 -  w e i g h t  o f  r e s i d u e  f i l t e r e d  f r o m  t r i c h l o r o e t h y l e n e  s o l u t i o n  

W 4 -  w e i g h t  o f  R A P  a f t e r  e x t r a c t i o n  

W e  g e t  t h e  v a l u e  o f  b  =  4 . 5 %

5.7 C O M P O S T IO N  O F T H E  R P C C

F r o m  t h e  p r e v i o u s  r e s u l t s  t h e  v a r i o u s  p e r c e n t a g e s  o f  t h e  c o m p o s i t i o n  o f  t h e  R P C C  i s  g i v e n  

b y

% of virgin aggregates = 57.3 
% of RAP aggregates = 38.2 
% of virgin binder = 2.7
% of RAP binder = 1.8

5.8 M O D IF IC A T IO N S  IN  M IX IN G  O F  R P C C

C o n v e n t i o n a l  m i x i n g  i n v o l v e s  h e a t i n g  o f  v i r g i n  a n d  r e c y c l e d  a g g r e g a t e s  i n  a  r o t a t i n g  d r u m  

m i x e r  w h e r e  t h e y  a r e  h e a t e d  a n d  m i x e d  t h o r o u g h l y  a n d  t r a n s f e r r e d  t o  n e x t  m i x i n g  c h a m b e r  

w h e r e  t h e y  a r e  c o a t e d  w i t h  b i t u m e n .  T h i s  c h a m b e r  i n v o l v e s  h e a t i n g  o f  b i n d e r  a n d  m i x i n g  

w i t h  r e c y c l e d  m i x  t h r o u g h  r o t a t i n g  d r u m  a c t i o n .  T h i s  i s  n o t  a n  e f f e c t i v e  m e t h o d  o f  m i x i n g  a s  

i n  t h e  c a s e  o f  m i x i n g  o f  o l d  a n d  n e w  a g g r e g a t e s .  T h e  m o d i f i c a t i o n  i n v o l v e s  a n  a d d i t i o n a l  

m i x i n g  c h a m b e r  f o r  m i x i n g  a n d  p r e  h e a t i n g  o f  t h e  o l d  a g g r e g a t e s .  T h i s  h o t  m i x  o f  o l d  

a g g r e g a t e s  i s  t h e n  t r a n s f e r r e d  t o  m i x e r  d r u m  w h e r e  t h e y  a r e  m i x e d  w i t h  p r e h e a t e d  v i r g i n  

a g g r e g a t e s  a n d  m i x i n g  p r o c e s s  i s  c o n t i n u e d  l i k e  c o n v e n t i o n a l  m i x i n g .  T h i s  c o n c e p t  a l l o w s  

R A P  t o  b e  p r e c o n d i t i o n e d  f l a s h i n g  o f  m o i s t u r e  i n  t h e  d r u m  a l s o  e l i m i n a t e  p r o b l e m s  

a s s o c i a t e d  w i t h  s c a v e n g e r  s y s t e m .
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Old aggregate and binder Virgin aggregate

1
Insulated
outer chamber heats 
and mixes old aggregates

Dryer and m ixer heats 
and mixes o f  new aggregates

1
heated liquid M ixture o f  RAP ,binder
bitumen and new aggregates 

inside pug mill m ixer

coater

bituminous mix

F ig  5. M o d ifica tio n s  done in  C onven tional m ix er

M any years o f  research has led to the development o f  theories and methodologies in roadway capacity 
analysis in the developed countries. For example, the Highway Capacity M anual (HCM) developed in 
the
United States o f  Am erica describes roadway capacity

6 C O N C L U S IO N
The prem ix chipping carpet used in village roads can be recycled. The RAP for the site selected 
village road, Alanthara Venjaramoodu Thiruvananthapuram can be recycled.

The maximum percentage o f  RAP that can be added to the m ix is 40%  o f  the proportion. Any 
proportion beyond this RAP percentage does not satisfy the standard gradation.

In the study the maximum percentage o f  RAP added is 35% o f  the proportion. The proportion beyond 
this RAP percentage does not satisfy the strength criteria.

The conventional mixing o f  RAP with Virgin aggregates can be made more effective using modified 
RAP mixer.

[1] Constituent Proportioning in recycled asphalt m ix with multiple RAP sources by Aravind K,
Science direct Vol 104 December 2011

[2] Use o f  recyceled aggregates in Granular sub base by D r Praveen IJIRSET Vol3 Issue 10, 2014.

[3] Investigation on use o f recycled asphalt shingles in Ontario hot m ix asphalt: A Canadian case
study. By M. Abukhettalacanadian journal o f  civil engineering, 2014

[4]Specifications for Highway works, Dept o f  transportation HM SO 1960
[5] Specifications o f  M aterials used for Unbound Aggregate by Penning A UNBAR3 University o f

Nottingham 2009
[6] Japan Road association “Technical Guide line for recycling and utilizing waste pavement

m aterials” 1984
[7] IRC 14 -  2004 Premix chipping carpet construction techniques and practices

7 R E F E R E N C E S
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ABSTRACT: In order to prevent premature failure in hot mix asphalt (HMA) pavements due to moisture 
ingress, it is necessary to identify mixes that are susceptible to moisture damage during the mix design stage. 
The objective of this paper is to present a method that utilizes a conditioning process along with suitable 
destructive and nondestructive tests and machine learning techniques to accurately assess the moisture damage 
potential of HMA mixtures. The scope of work included conditioning with the Moisture Induced Stress Tester 
(MiST) and testing of a set of HMA mixes with known field performance, and analysis of the data using 
machine learning techniques. Input variables obtained from a destructive test, the indirect tensile strength test 
and a non-destructive test, the ultrasonic pulse velocity test, were used to identify the good and poor performing 
mixes. Various machine learning models were used and it was found that the Support Vector Machine and the 
Naive Bayes methods were able to classify the mixes with high accuracy. Use of indirect tensile strength, 
ultrasonic pulse velocity test and classification based machine learning technique are recommended for the 
development of accurate models and research in pavement engineering.

1 Introduction

Moisture in any form combined with traffic and environmental conditions can cause significant loss in asphalt 
pavement strength and durability. Moisture related damage in pavements has been observed since the late 
1920’s [1]. Extensive research conducted by Hicks [2] showed that about half of the states in United States had 
experienced moisture-related distresses. Moisture induced damage has been regarded as one of the leading 
causes of premature failures in asphalt pavements and a major concern to the paving industry.

Over the years, extensive research has been conducted to develop a reliable and practical laboratory test 
procedure that can simulate field moisture damage condition and which can give predictions that correlate well 
with field performance. From the literature, it can be concluded that no single laboratory test method can be 
used to accurately predict the performance of a given hot mix asphalt (HMA) mixture due to various potential 
mechanisms of moisture damage. Research conducted by the Maine Department of Transportation (MDOT) and 
other agencies have found the moisture conditioning of HMA samples with the Moisture Induced Stress Tester 
(MiST) and the use of Indirect Tensile Strength test (ITS) to be effective in screening moisture susceptible 
HMA mixtures [3]. However, the results of tests were not found to be sufficiently accurate to justify the use of 
the MiST plus ITS procedure on a regular basis.

This paper presents a study that utilized the MiST and the ITS along with a suitable non-destructive test, the 
Ultrasonic Pulse Velocity (UPV) test and machine learning techniques to accurately assess the moisture damage 
potential of HMA mixtures.

2 Literature review

Moisture in liquid or vapor can infiltrate an asphalt pavement through various sources like rain water from the 
surface through cracks, or by capillary action from underground water through interconnecting air-voids or can 
exist from the mixing process as a result of improper drying of aggregates during mixing process [4, 5]. 
Moisture damage in asphalt pavement has been studied extensively for the past several decades and is defined as 
the loss in structural strength and durability of an HMA mixture due to the deteriorating effects of moisture [6]. 
It is a complex phenomenon involving many factors resulting in loss of stiffness and structural strength of the 
pavement [7]. The moisture by itself does not cause much damage to an asphalt pavement but it is the moisture 
along with traffic and environmental conditions that accelerates the pavement deterioration process [8, 9].
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Moisture damage mechanism in HMA can be broadly classified into cohesive failure (within binder or mastic) 
or adhesive failure (between binder/mastic and aggregate) or combination of both in HMA. Some of the major 
damage mechanism as reported in previous research studies [10-15] include detachment, displacement, 
spontaneous emulsification, pore pressure-induced damage, hydraulic scour, and effects of environment on 
aggregate-asphalt system. Some of the theories that have been developed to explain the adhesion of binder to 
aggregates include surface energy theory [16], chemical bond theory [17] and mechanical interlock theory [2, 
18]. Some of the other significant factors include binder rheology [19], source, their adsorption, polarity, 
functional groups present and the affinity o f asphalt binders to water [20-22], aggregate characteristics [19, 23, 
24] (such as mineralogy, texture, gradation) and mixture properties [5] (such as air voids, film thickness, 
permeability). Despite understanding the various types of moisture damage mechanism, researchers all around 
the world are still trying to find a reliable laboratory test and evaluation procedure to screen HMA mixes that are 
susceptible to moisture damage [1, 25].

Over the past several decades many laboratory testing and conditioning process have been developed, but none 
of them have been widely accepted by state agencies till date. Most o f laboratory test methods are performed on 
loose mixtures or on compacted samples. The earlier loose mixture tests include boiling water test and static 
immersion test, which were both qualitative tests, and involved subjecting the loose mixtures at elevated and 
room temperatures for specific time and observing visually for stripping potential. Some of the compacted mix 
sample test include Indirect Tensile Strength (ITS) and the dynamic modulus, as well as wheel tracking tests 
(Hamburg). At present, one o f the most widely used mix design test procedure to evaluate moisture damage is 
the AASHTO T283 test [26], which was developed on the basis of the work conducted by Lottman [27]. 
However, this test method has been reported to have poor correlation with field performance and has been found 
to be inconsistent with respect to saturation of the samples. In addition, the AASHTO T283 test process does not 
simulate the pore pressure that is generated under traffic in the presence of moisture. Researchers have also 
found that the AAHTO T283 test combined with Hamburg test had difficulties in predicting the field 
performance of pavement that are moderately resistant to moisture (NCHRP 9-34) [28].

Field observation of HMA mixes in areas of pavement with high water saturation and traffic loading have 
indicated localized and severe stripping o f pavement [14, 29, 30]. Traffic loading in the presence of moisture 
induces pore water pressure, which contributes to premature failures in asphalt pavements [31]. One of the 
major drawbacks of many laboratory conditioning systems is that they cannot simulate the damage caused by 
the generation o f pore water pressures. To overcome such a problem, the Moisture Induced Stress Tester (MiST) 
was developed (2003) [32, 33] on the basis o f work that was originally conducted by Jimenez [34]. MiST is an 
accelerated moisture conditioning device that simulates the action of repeated traffic loading on a saturated 
asphalt pavement by applying cyclic pore water pressure on a HMA sample. It has been found in a study that 
high pore water pressure does exist in the upper layers of HMA in the field [35] and that the MiST is capable of 
simulating that condition.

In the MiST conditioning process, a sample is placed inside a chamber with a bladder. The chamber is filled 
with water and then sealed to prevent the presence of any air inside it. The water is then heated to the desired 
temperature and the bladder is then pressurized and depressurized sequentially over the desired number of 
cycles to force water through and out o f the sample. The sample subjected to this pressurized cycles is then 
tested, and the results of tests conducted on the conditioned and the unconditioned samples are compared to 
evaluate the moisture damage potential o f the mix.

Traditional statistical models such as linear regression models or significance tests are normally used to relate 
mix properties to performance or screen poor performing mixes. The main disadvantage of such traditional 
statistical methods is that they cannot estimate nonlinear and complex relationships accurately. Recent advances 
in the area of statistics and data science have led to the development of Machine Learning (ML) techniques [36]. 
ML techniques can be used to predict HMA mix properties more accurately than traditional statistical 
approaches [37]. There is a need for research on accurate prediction of mix performance using ML techniques.

Machine learning techniques can be broadly classified into two categories on the basis o f technique that are used 
to train the model: supervised and unsupervised [36]. Supervised learning is the process of training the machine
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learning model with inputs/features and corresponding targets. In unsupervised learning, there is no target data, 
and the process is used for clustering data on the basis of their features alone. Supervised machine learning can 
be further divided into classification and regression techniques. In cases where the response variable (target 
variable to be predicted) is discrete/categorical, classification techniques are normally used. Regression 
techniques are used in cases where the response variable is continuous. There are various classification machine 
learning techniques such as:

• Support vector machines: These models are used for high dimensional and non-linearly separable data. 
They separate the data by a subspace such as hyperplane capable of separating the observations into 
two sets.

• Naive Bayes: These models are used for small data set with a higher number of parameters. The 
process assumes that the features in  a class are not related to each other.

• K-Nearest neighbor: These models are used to establish benchmarks and categorize data based on the 
classes of their nearest neighbor.

• Decision tree: These models predict the target class by learning some simple decision rules inferred 
from the features of the entire data.

3 Materials and methodology

Twenty-three plant produced loose HMA mixtures o f known field performances (by field observation and 
experience) were utilized in this study. Thirteen loose HMA mixtures, which were provided by one department 
of transportation (DOT) were compacted with a Superpave gyratory compactor at 5±1% voids, and the 
remaining ten HMA mixtures, which were provided by another DOT were compacted at 7±1% voids, each 
according to their standard construction practice. Table 1 presents the different properties of each mix. A 
minimum of three samples were used for each test, for each mix.

Table 1. Mix information.

Mix No. 
/Performance

NMAS
(mm)

Target 
construction 

voids, %
Binder
type

Percentage 
of binder

Percentage 
of RAP Additive

1/good 12.5 5±1 PG 64-28 5.6 20 No
2/good 12.5 5±1 PG 64-28 5.5 20 No
3/poor 9.5 5±1 PG 64-28 6.2 10 No
4/good 9.5 5±1 PG 64-28 6.4 20 No
5/good 9.5 5±1 PG 64-28 6.5 20 Lime
6/good 12.5 5±1 PG 64-28 5.3 20 No
7/poor 9.5 5±1 PG 64-28 6.5 0 No
8/poor 9.5 7±1 PG 58-28 6 20 Commercial
9/good 12.5 7±1 PG 70-28* 4.9 15 No
10/good 12.5 5±1 PG 64-28 5.6 20 No
11/poor 9.5 7±1 PG 58-28 6.0 20 No
12/good 9.5 5±1 PG 64-28 6.6 20 No
13/poor 12.5 5±1 PG 64-28 5.8 0 Lime
14/good 12.5 5±1 PG 64-28 5.8 20 No
15/good 12.5 5±1 PG 64-28 6.0 10 No
16/good 12.5 5±1 PG 64-28 5.7 20 No
17/good 12.5 5±1 PG 64-28 5.0 20 No
18/poor 12.5 7±1 PG 64-28 5.7 20 No
19/poor 12.5 7±1 PG 64-28 5.4 10 No
20/good 12.5 7±1 PG 64-28 4.9 20 No
21/poor 12.5 7±1 PG 64-28 4.6 20 No
22/poor 12.5 7±1 PG 64-22 5.0 0 No
23/good 12.5 7±1 PG 64-28 5.4 10 No

* Polymer modified

The compacted samples were then subjected to moisture conditioning using the MiST. MiST conditioning was 
conducted according to the ASTM D7870 standard, which specifies 3,500 cycles at 275 kPa, and at 60oC for PG 
64-28 and PG 70-28 mixes, and 50oC for PG 58-28 mixes. In addition to this ASTM protocol the samples were 
subjected to a 20-hour dwell period (saturation) prior to the application of cyclic pore pressure. The dwell period
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simulated the soaking period of water immediately after construction before the passage of traffic and allowed 
the diffusion of water into the asphalt-aggregate interface.

To evaluate the performance of HMA sample before and after MiST conditioning, a non-destructive testing, the 
Ultrasonic Pulse Velocity test (UPV), and a destructive testing, the Indirect Tensile Strength (ITS) test were 
used. The UPV testing, which is based on surface wave propagation techniques was conducted according to the 
ASTM C597-09 standard. The UPV testing works by converting the electrical pulse from a piezoelectric crystal 
to ultrasonic shock waves (p-waves), which travel from the transducer through the specimen and are then 
collected by the receiver on the other side of the specimen (direct transmission position). The shock waves 
received from receiving transducer are converted back to an electrical pulse. The seismic modulus is then 
calculated from the ultrasonic pulse velocity or the p-wave travel time, according to the following equation.

VP = H/tv; Mv = pxVp2; Es = M v x [ ( 1 4 t j J x ( 1 ~ : t j i :

Ed = (Es/3.2) x Temperature correction factor;
Temperature correction factor = 0.95 (for a test temperature of 21.1 oC)
Where, Vp = velocity of wave; tv = time of travel; p = density; ^ = Poisson’s ratio; Es = seismic modulus, Ed = design 
modulus

Hence, any change in  the material property after MiST testing would be reflected in  the ultrasonic travel time. 
The ITS testing was conducted according to the ASTM D6931 procedure. The results from  UPV and ITS testing 
are shown in Figures 1 and 2 respectively. In Figure 1, it can be seen that seismic modulus of moisture 
conditioned samples were lower than unconditioned samples for all mixes, except for mixes 9 and 15 which are 
the better performing mixes. This shows that UPV testing is sensitive to the effects of moisture damage. The 
indirect tensile strength was reduced after moisture conditioning, as can be seen in Figure 2, irrespective of good 
or poor performance in the field. A conventional statistical analysis of the data, as shown in Table 2, showed 
inaccurate identification of good and poor performing mixes -  note that some good mixes show significant 
reduction in  modulus/strength. Although some poor mixes showed significant reduction, the overall accuracy of 
prediction was 82.6% for Es and 73.9% for ITS.

Based on the collected laboratory test data, supervised machine learning classification techniques were used to 
predict the performance (good or poor) o f the HMA mixes. Here, post-MiST seismic modulus values and post- 
MiST ITS values were used as input variables. The K-NN, Naive Bayes, Support Vector Machines (SVM) and 
decision tree methods of ML were used in this study. The data consisted of test properties of each sample, and 
the samples were labelled according to the observed performance (good or poor) o f the mix from which the 
samples were prepared. Therefore, the total dataset consisted of 58 observations. The training and validation 
data consisted of 65 % and test data consisted of 35% o f the total data. K-fold cross validation was carried out in 
order to avoid overfitting and the value of k used was five. A confusion matrix is a representation of the error 
matrix that is generally used to visualize the performance of the machine learning classification models. 
Confusion matrix was constructed to evaluate the prediction accuracy o f the different models. It can be seen in 
Figure 3 that Naive Bayes and SVM based models have the highest accuracy (95%), much higher than that from 
the statistical analysis.
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Figure 1. Seismic modulus values before and after MiST conditioning 
Note: The error bars indicate the standard deviation of the data.

Figure 2. Indirect Tensile Strength before and after MiST conditioning 
Note: The error bars indicate the standard deviation of the data
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Table 2 Summary of statistical analysis

Mix Performance Additive Siesmic modulus 
difference 

Significant or not?

ITS difference 
Significant or 

not?
1 Good No No No
2 Good No No Yes
3 Poor No Yes No
4 Good No No No
5 Good Lime Yes No
6 Good No No No
7 Poor No Yes Yes
8 Poor Commercial Yes Yes
9 Good No No No
10 Good No No No

11 Poor No Yes Yes
12 Good No No No
13 Poor Lime No No
14 Good No No No
15 Good No No No

16 Good No No No
17 Good No No No
18 Poor No Yes No
19 Poor No Yes No
20 Good No Yes Yes
21 Poor No Yes Yes
22 Poor No No Yes
23 Good No No No

Note: True positive (TP) identifies the good mixes as good mixes and true negative (TN) identifies the poor mixes as poor 
mixes and accuracy is calculated as,

^  T o ta l o b se rv a tio n  (n)

The accuracy for Es is calculated below :

TP =12; TN = 7;
Accuracy = —— = 82.6%

'  23

Accuracy for ITS is calculated below:

TP =12; TN = 5;
Accuracy = —  = 73.9%

'  23
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O ut o f 20 ran d o m ly se lected 

sa m p le s  (3 5  %  o f d ata) used 

fo r te st in g , 13 sa m p le s w e re  

g ood and 7 w e re  poor. 10 out 

13 good sa m p le s w ere 

pred icted  g ood.

C o n fu s io n  Matrix C on fu s io n  Matrix

100%
0 .0%

KN N-Error=0.1518
T a rg e t C la s s

A
good sa m p le s /
w e re \
predicted \  I
good

i n  p— |
7 out o f 7 

poor 

sa m p le s 

w e re  

predicted 

a s  poor.

NB-Error=0.051
T a rg e t C la s s

Fig. 3a. Confusion matrix for K-NN classification; Fig. 3b. Confusion matrix for Naive Bayes 
Accuracy = 85% classification; Accuracy = 95%

Figure 3c. Confusion matrix for SVM classification; Fig. 3d. Confusion matrix for Decision tree
Accuracy = 95% classification; Accuracy = 80%

Figure 3 Confusion matrix for different machine learning models with an example calculation of accuracy of K-NN 
classification model
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Actual

GOOD POOR

derrP

GOOD

POOR

True good (10) False poor (0) 100%

False good (3) True poor (7) 70%

13 7 85%

^ Total observa tion  (n) 20

Fig. 3e. Example calculation of accuracy of K-NN model

Figure 3 Confusion matrix for different machine learning models with an example calculation of accuracy of K-NN 
classification model (continued)

4 Conclusions and Recommendations

The following conclusions and recommendations can be made from the study.

1. MiST conditioning process with the 20-hour dwell period prior to 3,500 pressure cycling at 275 kPa was able 
to simulate field moisture damage conditions in  the laboratory.

2. Non-destructive testing using ultrasonic pulse velocity was able to identify moisture susceptible mixes.

3. The test properties such as seismic modulus and indirect tensile strength after moisture conditioning can be
used by agencies to predict the moisture damage potential of HMA.

4. Models developed with two machine learning techniques, the Support Vector Machine and Naive Bayes (NB) 
method show excellent accuracy for classification of mixes into good and poor performing in terms of potential 
o f moisture damage.

5. The use of the indirect tensile strength test along with the ultrasonic pulse velocity test is recommended.

6. Machine learning models should be developed and utilized for accurate classification of HMA mixes 
according to their moisture damage potential.

7. The use of machine learning methods should be explored for other areas of research in pavement engineering. 
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A b s t r a c t .  W a r m  m ix  a s p h a l t  ( W M A )  is  a  r e c e n t  t e c h n o lo g y  u s e d  to  r e d u c e  th e  m ix in g  a n d  
c o m p a c t io n  t e m p e r a tu r e s  w i th o u t  a f f e c t in g  th e  q u a l i ty  o f  p a v e m e n t .  T h e  W a r m  M ix  A s p h a l t s  
( W M A )  is  m o d i f i e d  H o t  M i x  A s p h a l t  ( H M A )  w h ic h  i s  p r o d u c e d ,  l a id  a n d  c o m p a c te d  i n  
t e m p e r a tu r e  w h i c h  is  l o w e r  t h a n  c o n v e n t io n a l  H M A . T h e  W M A  is  p r o d u c e d  b y  m ix in g  c h e m ic a l  

a d d i t iv e s  to  th e  c o n v e n t io n a l  m ix  to  im p r o v e  th e  p a v e m e n t  p e r fo r m a n c e .
I n  th i s  s tu d y  a n  a t t e m p t  is  m a d e  to  c o m p a r e  th e  M a r s h a l l  p r o p e r t i e s  o f  W M A  p r o d u c e d  w i th  th e  
in o r g a n ic  a d d i t iv e :  “ S A S O B I T ” a n d  c h e m ic a l  a d d i t iv e  “ S T E A R I C  A C I D ” w i t h  H M A  f o r  D e n s e  
G r a d e  B i tu m in o u s  M a c a d a m  ( D B M ) . T h e  a d o p te d  m ix in g  t e m p e r a tu r e  f o r  H M A  w a s  1 6 0 ° C  a n d  
th e  m ix in g  te m p e r a tu r e s  f o r  W M A  w a s  1 1 0 ° C  - 1 4 0 ° C , w i th  a n  a d d i t iv e  d o s a g e  r a te  o f  3 %  b y  
w e i g h t  o f  t h e  b i n d e r  r e s p e c t iv e ly .
T h e  o p t im u m  b i n d e r  c o n te n t  w a s  to  b e  f o u n d  o u t  i n d iv id u a l ly  f o r  th e  m ix tu r e  f o r  d i f f e r e n t  m ix in g  
t e m p e r a tu r e s  a n d  a d d i t iv e  d o s a g e  r a te .  T h e  L a b o r a to r y  s tu d y  C o n c lu d e s  t h a t  v o lu m e t r i c  p r o p e r t i e s  
(V A , V M A  a n d  V F B ) ,  s ta b i l i ty ,  f lo w  v a lu e  w e r e  im p r o v e d  f o r  W M A  m ix  b y  th e  a d d i t i o n  o f  th e  
a d d i t iv e .
K e y w o r d s :  S a s o b i t ,  S te a r ic  A c id ,  W a r m  m ix  a s p h a l t ,  M a r s h a l  S ta b i l i ty .

1. Introduction
W a r m  M i x  A s p h a l t  i s  th e  m a n u f a c tu r in g  a n d  p a v in g  o f  a s p h a l t  m ix e s  a t  s i g n i f i c a n t ly  l o w e r  

t e m p e r a tu r e s  t h a n  H o t  M ix e d  A s p h a l t  ( H M A ) ,  w h i le  m a in ta in in g  o r  e v e n  e x c e e d in g  th e  q u a l i ty  o f  
e q u iv a l e n t  c o n v e n t io n a l  H M A  m ix e s .W M A  c a n  b e  c o n v e n ie n t ly  c l a s s i f i e d  b y  th e  d e g r e e  o f  
t e m p e r a tu r e  r e d u c t io n  c o m p a r e d  to  t h a t  o f  c o n v e n t io n a l  H M A . T h is  i s  i l lu s t r a t e d  i n  F ig u r e  1, w h ic h  

s h o w s  th e  t y p i c a l  r a n g e s  i n  m ix  t e m p e r a tu r e ,  f r o m  c o ld  m ix e s  to  c o n v e n t io n a l  h o t  m ix  a s p h a l t  
(H M A ) . I t  a l s o  s h o w s  h o w  th e  c o n s u m p t io n  o f  f u e l  in c r e a s e s  i n  o r d e r  to  p r o d u c e  m ix e s  a t  h ig h e r  

t e m p e r a tu r e s .  I f  th e  p r o d u c t io n  t e m p e r a tu r e  is  le s s  t h a n  1 0 0 ° C  ( 2 1 2 ° F )  i t  i s  c o n s id e r e d  a s  a  “ h a l f 

w a r m ” m ix . G e n e r a l ly  W M A  is  r e g a r d e d  to  h a v e  p r o d u c t io n  t e m p e r a tu r e s  a t  l e a s t  2 0 ° C  b e lo w  
th o s e  o f  H M A , a n d  a b o v e  1 0 0 ° C . W h i le  H M A  is  g e n e r a l ly  m a n u f a c tu r e d  a t  t e m p e r a tu r e s  b e t w e e n  
1 4 0 ° C  a n d  1 6 0 ° C , W M A  is  ty p i c a l ly  p r o d u c e d  a t  t e m p e r a tu r e s  b e t w e e n  1 0 0 ° C  a n d  1 4 0 ° C .

» ^  ------- ------ II-------  o
0 100 200 300 400

Temperature, #F

F ig u r e  1: T y p ic a l  t e m p e r a tu r e  r a n g e s  f o r  m ix e s ,  f r o m  c o ld  m ix e s  to  c o n v e n t io n a l
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2. Objectives
The following are the primary objectives of this research:

• To determine the physical properties of VG 30 and WMA samples (3% of 
Sasobit and Stearic acid as additive).

• Designing aggregate gradation and determining the optimum bitumen content for 
Dense Graded Bitumen mixes.

• To study the variation in various Marshall Properties like Stability, Flow, Air 
voids, Voids in Mineral Aggregate (VMA), Voids Filled with Bitumen (VFB) 
with the Change in temperature of aggregates with warm mix asphalt (Sasobit 
& Stearic Acid) when compared to VG30 bitumen.

• To determine the Suitable temperature for paving of WMA.

o  Experimental Work and Results

Table 3.1: Physical Requirements for Coarse Aggregate for DBM.

S .

N o P r o p e r t y T e s t S p e c i f i c a t i o n
T e s t

R e s u l t

1 Cleanliness
(dust) Grain size analysis

Max 5 % 
passing 0.075 
IS-Sieve

20mm - 
0.333
10mm -
0.389

2 Particle shape
Flakiness Index 15 % Max 13.03%
Elongation Index 20% Max 17.50%

3 Strength

Aggregate Crushing 
Value(ACV) 30 % Max 13.02%

Aggregate Impact Value(AIV) 27 % Max 14.30%
Los Angeles Abrasion Value 35 % Max 24.32%

4 Durability
Soundness
Sodium Sulphate Max 12 % 16.76%
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Magnesium Sulphate - 2 Max 18 % "

5
Water
absorption value Water absorption value 2 % Max

Average :- 
0.12%

Table 3.2 Properties of Bitumen

Property Test Method Value Requirement 
as per IS-73

Penetration at 25°c (mm) IS : 1203 -  1978 50.02 50-70 mm

Softening Point (°C) IS : 1203 -  1978 53oC Min 47oC
Specific gravity IS : 1203 -  1978 1.03

Table 3.3: Results of tests for Sasobit & Stearic Acid WMA mix

Property Tested
Test

Method Sasobit Stearic Acid
Penetration 

(100 gram, 5seconds at 250C) 
(1/10th of mm)

IS 1203
1978

39 mm 98 mm

Softening Point 0oC 
(Ring & Ball Apparatus)

IS 1205
1978 52.4°C 47.1oC

Table 3.4: Composition of Dense bituminous macadam mix

IS Sieve size 
(mm)

Job Mix 
Formula (JMF)

Aggregate
(%)

Weight of 
aggregate 

(gms)

Cumulative 
weight (gm)

37.5 100 4.32 51.84 51.84

26.5 95.68 8.32 99.84 151.68
19 87.36 10.25 123 274.68

13.2 77.11 34.59 415.08 689.76
4.75 42.52 10.7 128.4 818.16

2.36 31.82 22.09 265.08 1083.24

0.300 9.73 6.1 73.2 1156.44
0.075 3.63 2.63 31.56 1188

FILLER 1 1 12 TOTAL = 1200

Table 3.5: Dense bituminous macadam Gradation as per MORT & H specification
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Grading 1 2
Nominal aggregate size 

mm 40mm 25mm

Layer Thickness 80 - 100mm 50 - 75mm

IS Sieve (mm) Cumulative % by weight of total aggregate

45 100 -

37.5 95-100 100
26.5 63-93 90-100
19 - 71-95

13.2 55-75 56-80
4.75 38-75 38-54
2.36 28-42 28-42
0.3 7--21 7--21

0.075 2--8 2--8
Bitumen content by mass 

of total mix % Min 4.0 Min 4.5

Bitumen Grade pen 55 or 90 65 or 90

Fig 3.1: DBM Gradation Curve

Department of Civil Engineering, MBCET 266



ICID 2018 21-23 June, 2018

Fig 3.2 shows the Marshall samples that are prepared for the test of stability and flow for VG 30
samples of different Bitumen content

Fig 3.3 shows Marshall Samples for Sasobit WMA for Different aggregate temperatures
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Fig 3.4shows Marshall Samples for Stearic Acid WMA for Different aggregate temperatures

Fig 3.6 Variation of Flow Value of DBM
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Fig 3.9 Variation of VMA of DBM
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VFB (%)

3 3.5 4 4.5 5 5.5 6

BITUMEN CONTENT (%)

Fig 3.10 Variation of VFB of DBM

3.1 OPTIMUM BINDER CONTENT
Optimum Binder Content is found out by taking average value of following three bitumen Contents 
found from above graph i.e.

I. Bitumen content corresponds to maximum stability
II. Bitumen content correspond to maximum unit weight

III. Bitumen content corresponding to the median of designed limits of percentage 
air voids in total mix.
It is suggested by the MORTH that at the target composition the air voids should be within the range 
4%. So, the optimum aggregate temperature (OBC) of the present DBM mixes was decided to be 
estimated based on the average aggregate temperature for maximum density, maximum stability and 
specified percent air voids in the total mix. Here LIM E has been selected as filler material for 
further investigation considering its wide availability, low cost price and environment protection. 
From the looking into the above graphs the OBC is taken as 4.5%.

3.2 EFFECT OF SASOBIT ON DBM
For preparation of mix, binder content at 4.5% and Sasobit content is opted as 3% by weight of 
bitumen content varying the aggregate temperatures. Here suitable temperature and other Marshall 
properties are calculated by Marshall Method.

Table 3.6.Stability value for different Aggregate Temperatures.

AGGREGATE 

TEMPERATURE (°C) STABILTY (kgs)

110 1303.67
120 1359.24
130 1429.85
140 1371.25
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Fig 3.11 Variation of Marshall Stability of WMA With different temperatures

Table 3.7 Flow value for different Aggregate Temperatures

AGGREGATE TEMPERATURE

(°C)
FLOW (mm)

110 2.93
120 3.23
130 3.57
140 3.77

E 5
J .  4.5

S 4
g , s

5  2.5
2  2 U.

1C

FLCDW \/ALL ES

♦ Flow (mm)

)0 110 120 130 140 150 
AGGREGATE TEMPERATURE (*C)

Fig 3.12 Variation of Flow value of WMA with different Aggregate Temperatures.

Table 3.8 Bulk density for different Aggregate temperatures

AGGREGATE 
TEMPERATURE (°C)

BULK
DENSITY

110 2.29
120 2.31
130 2.32
140 2.31
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BULK DENSITY

Bulk 
Density 
(gm/cc)

100 110 120 130 140 150

AGGREGATE TEMPERATURE(*C)

Fig 3.13 Variation of Bulk Density of WMA With different Aggregate Temperatures

Table 3.9 % Air voids for different Aggregate temperature

AGGREGATE 

TEMPERATURE (°C) AIR VOIDS (Va)

110 5.37
120 4.94
130 4.59
140 4.49
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AIR VOIDS

100 110 120 130 140 150

AGGREGATE TEMPERATURE(*C)
Fig 3.14 Variation of Air Void of WMA With different aggregate temperature

Table 3.10 VMA for different Aggregate temperature

AGGREGATE 

TEMPERATURE (°C) VMA

110 15.69

120 14.96

130 14.59

140 14.81

Fig 3.15 Variation of VMA of WMA With different aggregate 

temperature
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Table 3.11 %VFB for different Aggregate temperature

AGGREGATE 

TEMPERATURE (°C) VFB

110 67.37
120 67.85
130 68.95
140 70.25

73.00
72.00 

tT  71.00 
e .  70.00 
m 69.00
S  68.00
>  67.00

66.00

\/C D  ( 0/

VFB (%)
----------

100 110 120 130 140 150 
AGGREGATE TEMPERATURE(*C)

Fig 3.16 Variation of VFB of WMA With different aggregate temperature

3.3 EFFECT OF STEARIC ACID ON DBM
For preparation of mix, binder content at 4.5% and Stearic Acid content is opted as 3% by weight 
of bitumen content varying the aggregate temperatures. Here suitable temperature and other 
Marshall properties are calculated by Marshall Method.

Table 3.12 Stability value for different Aggregate Temperatures

AGGREGATE CORRECTED
TEMPERATURE (°C) STABILTY (kgs)

110 1323.25
120 1412.67
130 1318.91
140 1287.67
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1600.00
STABILITY

>  1500.00
—i </t 1400.00 
“  cS 1300.00 B  Stability

(kgs)tn 1200.00
1100.00

100 110 120 130 140 150

AGGREGATE TEMPERATURE (*C)

Fig 3.17 Variation of Marshall Stability of WMA With different temperatures

Table 3.13Flow value for different Aggregate Temperature

AGGREGATE TEMPERATURE

(°C) FLOW (mm)

110 2.77
120 2.94
130 3.24
140 3.59

E 4 
E

3.5

2.5

FLOW VAL LIE

100 110 120 130 140
AGGREGATE TEMPERATURE (*C)

Flow
(mm)

150

Fig 3.18 Variation of Flow value of WMA with different Aggregate Temperature.
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Table 3.14 Bulk density for different aggregate temperatures

AGGREGATE 
TEMPERATURE (°C)

BULK
DENSITY

110 2.32

120 2.34

130 2.33
140 2.32

Fig 3.19 Variation of Bulk Density of WMA With different Aggregate

Temperature.

Table 3.15 % Air voids for different aggregate temperature

AGGREGATE 

TEMPERATURE (°C) AIR VOIDS (Va)

110 4.73
120 4.36
130 4.02
140 3.78
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Fig 3.20 Variation of Air Void of VMA With different aggregate temperature

Fig 3.21Variation of VMA of DMA With different aggregate temperature 

Table 3.17%VFB for different aggregate temperature

AGGREGATE 

TEMPERATURE (°C) VFB

110 67.18
120 69.34
130 71.87
140 73.79
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Fig 3.22 Variation of VFB of WMA With different aggregate temperature

3.4 OPTIMUM AGGREGATE TEMPERATURE (OAT)

Optimum Aggregate temperature is found out by taking average value of following three aggregate 

temperatures found from above graph's i.e.

I. Optimum Aggregate temperature correspond to maximum stability

II. Optimum Aggregate temperature correspond to maximum unit weight

III. Optimum Aggregate temperature corresponding to the median of designed 

limits of percentage air voids in total mix

Table 3.19 Optimum Aggregate temperature Values of WMA Sasobit Mixes

1 Property I Aggregate Temperature (°C)
1 Nominal aggregate size 

of 25 mm 110 120 130 140

I Marshall stability (Kgs) I 1303.67 1359.24 1429.85 1371.25
| Flow Value (mm) 2.93 3.23 3.57 3.77
I Bulk density (gm/cc) 2.29 2.31 2.32 2.31
I Air Voids (%) 5.37 4.94 4.59 4.49
I Voids in Mineral 

Aggregate VMA (%) 15.69 14.96 14.59 14.81

I Void filled with bitumen 
VFB (%) 67.37 67.85 68.95 70.25

Table 3.20 Optimum Aggregate temperature Values of WMA Stearic Acid Mixes

| Property Aggregate Temperature (°C)
I Nominal aggregate size 
| of 25 mm 110 120 130 140

| Marshall stability (Kgs) 1326.25 1412.67 1318.91 1287.67

I Flow Value (mm) 2.77 2.94 3.24 3.59

| Bulk density (gm/cc) 2.32 2.34 2.33 2.32

| Air Voids (%) 4.73 4.36 4.02 3.78
I Voids in Mineral 

Aggregate VMA (%) 14.41 14.22 14.29 14.42
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3.5 COMPARISION BETWEEN HMA AND WMA SASOBIT & STEARIC ACID

Fig 3.23 Marshall Stability value comparison on HMA & WMA mixes

5.000
'I '  4.000
E. 3.000

2.000
1 .0 0 0  

0.000
110 120 130 140

■  HMA 3.250 3.250 3.250 3.250
■  SASOBIT 3.07 3.35 3.60 3.95

STEARIC ACID 2.77 2.94 3.24 3.59

Fig 3.24Flow value comparison on HMA & WMA mixes
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2.360
2.340
2.320
2.300
2.280
2.260
2.240

1  ■

U i l i l h l

110 120 130 140
■  HMA 2.310 2.310 2.310 2.310
■  SASOBIT 2.280 2.300 2.310 2.290

STEARIC ACID 2.320 2.340 2.330 2.320

Fig 3.25 Bulk density value comparison on HMA & WMA mixes

ro 6.000
^  5.000
£  4.000

3.000 
g  2.000
tr 1.000

u.uuu
110 120 130 140

■  HMA 4.120 4.120 4.120 4.120
■  SASOBIT 5.53 5.12 4.68 4.52

STEARIC ACID 4.73 4.36 4.02 3.78

Fig 3.26 Air Voids (%) value comparison on HMA & WMA mixes
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Fig 3.27 VMA (%) value comparison on HMA & WMA mixes

Fig 3.28 VFB (%) value comparison on HMA & WMA mixes
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3.5 COST ANALYSIS CALCULATIONS
Table 3.21 SASOBIT- COST ANALYSIS PER MT OF ASPHALT MIX (DBM) - 

_____________________________ with 3 % SASOBIT and 25% Fuel Saving_________________

SASOBIT- COST ANALYSIS PER MT OF ASPHALT MIX (DBM) - with 3%  Sasobit and 25% Fuel
Saving

Total
A Cost Increase Value Unit (Rs/ MT)
a Sasobit - Required per MT of hot mix

Cost of Sasobit per Kg 70 Rs
With 3%  dosage (Binder content considered as 4.5%)
Increase in the cost of Hot Mix 1.35 Kg 95

Total
B Savings Value Unit (Rs/ MT)
a Savings in Fuel

Consumption per MT for Normal hot mix - (Aggregate
heating, production and laying) 5.5 lts

Savings for Sasobit Mix- with minimum 25% savings 1.375 lts
Savings in Fuel (cost @ Rs 55/ ltr, deisel ) 76

b Savings in bitumen due to addition of Sasobit
Binder cost- Rs 45000/ MT
Bitumen saved (0.1%) 0.9 Kg 45

c Reduction in Anti-Strip Usage
Cost per Kg 150 Rs
Dosage per MT of binder 0.5%
Qty required per MT of Hot Mix 0.225 Kg
Savings 34
Total Minimum Assured Savings (a + b + c) 154
Direct Cash Benefit (B -A) 60

Table 3.22 showing Project Economics (1 lane , 1 KM Project )

Cost of Sasobit
A)DBM Layer

Value Units

Width of Lane 3.5 Mts

Length 1000 Mts

Thickness (110mm) 0.11 Mts

Total Volume of Mix Required 385.0
Cub
Mts

Weight of the Mix Required 924.4 MT

Bitumen Required (4.5%) 41.6 MT
Sasobit Required (3% of Bitumen) 1247.9 Kgs

Total Sasobit Required per Lane Km 1247.9 Kgs

Total Kms of Project 1 Kms
Lanes 1 Nos
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Total Sasobit Required for the Project 1247.91975 Kgs

Price of Sasobit 70 Rs/ Kg

Total Cost of Sasobit for the project 87,354 Rs

3.23 Direct Cash Savings of Sasobit Usage

D I R E C T  C A S H  S A V I N G S  O N  A C C O U N T  O F  S A S O B I T  U S A G E

INR
FUEL SAVINGS 69,906.62
SAVINGS OF BITUMEN 41,597.33
SAVINGS OF LIME 31,197.99
TOTAL SAVINGS 142,701.93

N E T  R E V E N U E  (  i n  I N R  ) 55,347.55

4 CONCLUSION

It is observed that the penetration value of Neat / VG30 Bitumen drops down from 62.7 to 58 for WMA
Sasobit and there is a increase in penetration value from 62.7 to 98 for Stearic Acid.
It is observed that the softening point value of Neat / VG30 Bitumen & drops down from 49.8 to 38 for
WMA Sasobit and 47.1 for Stearic Acid.
The Bulk density value for VG30 bitumen mixes at OBC 4.5% in HMA at 160oC was equal to that of WMA
Sasobit & Stearic acid at 130 C and 120 C, Thereby attaining better density at much lower temperatures than
HMA.
The Marshall properties of Sasobit WMA at 130oC and Stearic Acid WMA 120oC are comparable to
HMA at 160oC.
Reduction in emissions as compared to HMA Mixtures.
It is economical to use WMA at site over HMA as it enhances Direct and Indirect cost savings.
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Abstract. Environmental impact assessment (EIA) for transportation projects has an integral role in environmental 
management schemes. All the road works and other transportation infrastructure development programs creates significant 
impact on various aspects of life. Impacts can be positive or negative. Here an EIA is conducted to study the socio-economic 
impacts and bio-physical impacts of widening of Thrissur - Vadanapally road project and evaluation of the same. The impact 
prediction is done by means of good fit models for the existing conditions. Gaussian air dispersion model, CRTN Model for 
traffic noise, Mass Balance and Streeter- Phelps Equation for water quality analysis were used. With the help of these 
models, the prediction is done accurately. The predicted impact includes the meteorological and climatic impacts, noise 
quality, water quality, air quality and social impacts. Water quality changes rises only when there is change in drainage 
pattern occurs. These change is modelled using the Streeter Phelps equation and the mass balance equations. Air quality 
modelling was done using the Gaussian dispersion model and the impact of traffic noise was done using the CRTN Models. 
The air and noise values at the present condition was greater than the prescribed norms of pollution control board. The air 
quality issues are predominant at distances nearer to the source, as the distance increases the effect of air pollution also 
decreases. Various mitigation measures are suggested for reducing the impacts predicted or to avoid the impact in each stage 
of construction.

Keywords: Environmental impact assessment, impact prediction, impact modelling, mitigation measures

1 Introduction
Recent environmental issues that has developed due to Urbanization with special effects on the environment has 
led to the process called Environmental Impact Assessment (EIA) which can be defined as “the need to identify 
and predict impacts on the environment and on man's wellbeing of legislative proposals, policies, programs, 
projects and procedures and to interpreter and communicate information about the impacts”. Since the 
introduction of EIA over 30 years ago, the possible profits has been widely recognized and it has been adopted 
and implemented in more than 100 countries by numerous aid and funding agencies .In essence, EIA is a process 
that assesses the impact of developments on the environment in a efficient, universal and multidisciplinary way 
taking into consideration all environmental components. EIA as a process involves a number of steps which are 
as follows: [3]

• Description of project

• Screening

• Scoping/consideration of alternatives

• Baseline studies public consultation and participation

• Impact prediction

• Preparation of Environmental Impact Statement(EIS)

• Decision making

• Post decision making and monitoring

1 . 1 O b j e c t i v e s

The main objective of the study is identified as to predict and evaluate impacts of a road project.

To achieve the main objective of predicting and evaluating the impacts of a road project involves following 
subtasks:

• Impact prediction using good fit models

• Suggesting mitigation measures for impacts predicted
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2 Literature Review
Environmental impact assessment (EIA) is a planning instrument for predicting the effects on the environment 
from altering or building a new establishment. For the purposes of EIA, the meaning of environment incorporates 
physical, biological, cultural, economic and social factors. Over the last three decades, environmental impact 
assessment (EIA) or environmental assessment (EA) has become a major tool for effective environmental 
management. Over the years, the focus of EA has changed towards making it a useful tool for environmental 
sustainability, which can be very effectively put to use to ensure that all important factors are included and 
unnecessary factors are revealed and dropped. This contributes towards ensuring that the environmental sinks and 
resources are not so excessively stressed as to cause any reduction in the assimilative capacity of the environment.

Highway projects are generally undertaken to improve the economic and social welfare of the people. At the 
same time, they may also create an adverse impact on the surrounding environment. People and property in the 
direct path of the road works are affected. The environmental and social impact of highway projects include 
damage to sensitive eco-systems, soil erosion, changes to drainage pattern and thereby groundwater, interference 
with animal and plant life, loss of productive agricultural lands, resettlement of people, disruption of local 
economic activities, demographic changes, accelerated urbanization and increase in air pollution. Highway 
development and operation should, therefore, be planned with careful consideration of the environmental impact. 
To minimize these adverse effects that may be created by highway development projects, the techniques of EIA 
become necessary. Identification and assessment of potential environmental impact should be an integral part of 
the project cycle. It should commence early in the planning process to enable a full consideration of alternatives 
and to avoid later delays and complications. [3]

Impacts of the project on various environmental components were identified at preconstruction, construction 
and operation phases of the project on the basis of assessment of proposed project activities and analytical review 
of baseline environmental status of the project impact zone. Further, the impacts were categorized into permanent 
or temporary and highly significant, moderately significant, less significant and no significant based on the 
character and magnitude of impacts. Various impact on air, noise and water quality were identified using the 
models available.

2 .1  A i r  D i s p e r s i o n  M o d e l

Gaussian plume model uses a realistic description of dispersion, where it represents an analytical solution to the 
diffusion equation for idealized circumstances. The model assumes that the atmospheric turbulence is both 
stationary and homogeneous. In reality, none of these conditions is fully satisfied. However, Gaussian plume 
model has been successfully used for rural configurations. [1] The Gaussian dispersion equation can be written 
as:

(1)

Where C is the concentration, Q is the emission rate of the pollutant from the source, u is the wind speed which 
defines the direction x. y is the horizontal distance perpendicular to the wind direction, z is the vertical direction, 
H is the effective height of the plume (considering the additional height Ah to which the hot gases rise above the 
physical height of the source h); i.e., H = h + All, and uy  a n d  o^are the parameters of the normal distributions

in y and z directions, usually called the dispersion coefficients in y and z directions respectively.

D o w n w in d  d i s t a n c e  (k m )

F ig . l .  Pasquill-Gifford (P-G) curve for try
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Downwind distance (km)

F ig .2 . Pasquill-Gifford (P-G) curve for <TZ

Pasquill assigned a letter value to each of the curves ranging from A through F, where A represents highly 
turbulent conditions resulting in vigorous diffusion and F represents conditions with relatively little turbulence 
and weak diffusion. Furthermore, he specified practical criteria needed to identify the atmospheric conditions 
represented by each of the curves that were based on routine observations of wind speed, cloud cover and solar 
insolation. Gifford subsequently reformulated Pasquill’s method of defining h and 9 to produce the now well- 
known and widely used curves for ay  and ctz , given in figure 1 and 2. In the graphs each curve represents the 
following:

• A: strongly unstable
• B: moderately unstable
• C: slightly unstable
• D: neutral
• E: slightly stable
• F: moderately stable

2 .2  C R T N  M o d e l  f o r  T r a f f i c  N o is e

A motor traffic noise model based on the perpendicular propagation analysis technique (direction perpendicular 
to the center line o f motorways carriageway) is found performed well in a statistical goodness-of-fit test against 
the field data. For each type of vehicle, regression analysis of noise level (dB A) on speed was carried out based 
on Logarithmic relationship. [4]
A traffic noise model was applied for the basic noise level study. The equation being used in practice for 
predicting the basic traffic noise is the calculation of road traffic noise (CRTN) model. The main equation for 
predicting the noise level is given by,
L = 10 log Q + 33 log (V + 40 + 500 / V) + 10 log (1 + 5P / V) - 26 .6

(2)
Where:
L= Predicted noise level in dB 
Q= Traffic flow
P  = Percentage of heavy vehicle;
V = Average speed of vehicles.
2 .3  M a s s  B a l a n c e  a n d  S t r e e t e r -  P h e l p s  E q u a t i o n  f o r  W a t e r  Q u a l i t y  M o d e l l i n g

The Streeter-Phelps equation is used in the study of  water pollution as a water quality modelling tool. The 
model describes how dissolved oxygen (DO) decreases in a river or stream along a certain distance by 
degradation of  biochemical oxygen demand (BOD). The equation is also known as the DO sag equation. [1]

D t =  —  -  ID- **1*] +
k r  -  k d

(3)
Where,

D t = Dissolved oxygen (DO) deficit, mg/l 

Kr  = Re oxygenation coefficient
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= oxygenation coefficient at 20°c, generally taken 0.15- 0.2 

Kd = De oxygenation coefficient

= De oxygenation coefficient at 20°c, generally taken 0.1

L = Ultimate BOD of the mix at the point of discharge, mg/l 
Do = Initial DO deficit, mg/l 

When two streams or rivers merge or water is discharged to a stream it is possible to determine the BOD and 
DO after mixing assuming steady state conditions and instantaneous mixing. The two streams are considered as 
dilutions of each other thus the initial BOD of the mix,

£  _  C?.Qs +  £ r Qs

Q s  +  Q r

(4)
Where,
C = Initial concentration of BOD in the river downstream of the mixing 
Cs= BOD of the content o f the merging river
Cr =  Background BOD of the concentration in the river
Qs = Flow in the merging river upstream from the mixing point
Q r = Flow in the river upstream from the mixing point

3 Project Description
The Project road Thrissur- Vadanapally is situated in the Thrissur district o f Kerala State in the state highway 75 
(SH-75). Thrissur- Vadanapally section of length 16.12 km which starts at Chungam Kanjani bus stop (Chain 
age -0+000) and ends at Eravu (Chain age -  8+980), the total length of the stretch being 8.980 km. The project 
road lies in the Thrissur District in Kerala and passes through Olarikkara - Elthuruth - Kannapuram -Manakody - 
Kunnathangadi -Arimbur - Kanjany -kandassankadavu- Vadanapally - Joins NH 17.

Various surveys including those for environmental and social impacts have been carried out for the 
project roads. These were conducted during the Feasibility Study and updated during the revision of EIA. The 
carriageway is throughout 10m for the project road, two lane divided carriage way with shoulders. The 
calculated traffic along the road way at present is 1547 vehicles/hour.

The improvement alternatives considered by the consultants have generally been
• Improve to a wide carriageway of 17m with more shoulders and lined drains with M15 concrete.
• Widening of the carriageway and associated land acquisition to expand the highway to two lanes or to 

the required width.
• Most of the available corridors widths vary within each link and could not accommodate the widening 

to two lanes without additional acquisition of land. The available corridor width is not consistent.

4 Data Collection
Primary information regarding the road project like the alignment, cost were collected from the Public works 
department (PWD), Thrissur. Secondary information was collected from District Planning Maps and District 
Census Handbooks. Base line information were collected from Thrissur cooperation and Water quality testing 
laboratory, Thrissur.

The base traffic count was also determined using the video graphic survey technique. Composition of 
each vehicle in the traffic stream identified for finding out the air quality details. Fresh environmental 
monitoring was carried out for determination of ambient air quality, water quality, and noise level at various 
locations along the proposed alignment to establish the baseline status of these environmental parameters along 
the project area. The important sources of air pollution in the region are vehicular traffic and domestic fuel 
burning activities. Details of monitoring results are presented in Table 1 and 2.

Table 1. Emission rate for different modes

Mode CO2 CO Nox C H  SO2 p m  HC Total

Bicycle 0 0  0 0 0 0 0 0

Two wheeler 26.6 2.2 0.19 0.18 0.013 0.05 0.2 29.433
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Three wheeler 60.3 5.1 1.28 0.18 0.029 0.2 0.14 67.229
Car 223.6 1.98 0.2 0.17 0.05 0.03 0.25 226.28
Bus 515.2 3.6 12 0.09 1.42 0.56 0.87 533.74
LMV 515.2 3.6 12 0.09 1.42 0.56 0.87 533.74
HMV 515.2 5.1 1.28 0.09 1.42 0.2 0.14 523.43

Table 2. Emission rate

Mode
Speed of 
vehicle 
(m/s)

Emission at entry 
(Olarikkara) (g/s)

Emission at exit 
(Eravu)(g/s)

Bicycle 0 0 0
Two Wheeler 42 2468.547 1816.193

Three Wheeler 40 30.532 30.525
Car 45 1937.522 1903.58
Bus 40 533.739 462.571

LMV 50 445.951 280.488
HMV 35 583.754 583.754

Emissions from the vehicle at entry and exit depends on the number of vehicles and its speed. As the speed of 
the vehicles increases the emission rate decreases. Also emission rate depends on the road way characteristics.

Noise level monitoring was carried out at each location in a peak hour traffic time using sound level 
meter capable of measuring the Sound Pressure Level (SPL) in dB. The calculated noise levels at locations in 
the project road are presented in Table 3.The values are compared with the standards prescribed by CPCB for 
various zones.

T a b l e  3 . Ambient noise level along the project road

Sl no Place Category of zone Sound level(dB)

Applicable 
CPCB values 
at day time 
(dB)

Commercial
1 Waiting Shed cum

Residential
70.5 55

2 Kalhara Apartments Residential 60 55
3 Mother Hospital Silent zone 70.5 50
4 Olarikkara Temple Silent zone 

Silent zone
70.5 50

5 Olarikkara Church and
commercial
zone

72.5 60

6 Elthuruth Junction Commercial 69 65
7 Somany Fittings , Chettupuzha Commercial 71.5 65
8 Saraswathi Vilasam School, Chettupuzha Silent zone 69 50
9 St. Gemma’s L. P School Silent zone 72 50
10 Niya Collections , Kunnathangnadi Commercial 73 65
11 Govt U. P. School Arimbur Silent zone 69 50
12 Kerala Agro Industries Cooperation Commercial 60 65
13 St Joseph’s H.S. S Eravu Silent zone 70 50

14 Karali Engineering Works Commercial cum 
Residential 72 55
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5 Modelling of Potential Impacts

5.1 A ir Quality Im pacts

Obtained emission rates are used for modelling in the Gaussian plume model. Defining the study area conditions 
the equation 1 reduces to,

C(x,  0, 0) ------------v ' ’ J 27i CFy tr t̂i

Since the emission is at ground level, height o f the plume H is taken as zero and the horizontal direction 
perpendicular to the direction of wind y  and the vertical z is also taken as zero. The results o f this study is 
tabulated in the table 3 and 4.The concentration are tabulated for each 110m x  distance at the entry and exit 
points of the road stretch. Concentration of vehicular emission at various distances from the point of its origin 
was plotted.

Table 4. Concentration of pollutants at entry point (Olarikkara)

Entry Q=5347.697*10A6 ^g/s

x 
(m) C (^g/mA3)

100 14055067.35
210 7649016.245
320 3123348.3
430 2248810.776
540 1115481.536
650 937004.49
760 638866.698
870 449762.155
1000 267715.568

Table 5. Concentration of Pollutants at exit point (Eravu)

Exit Q=5432.79*10A6 ^g/s

x
(m)

C (^g/mA3)

100 14278712.75
210 7770728.028
320 3173047.278
430 2284594.04
540 1133231.171
650 951914.183
760 649032.398
870 456978.808
1000 271975.481

The concentration of the emission will be higher at its origin point. As the distance from the source increases its 
concentration level decreases and reduces up to a negligible level. This means that zones nearer to the road 
project suffer more than that at the far end. The vehicular emissions have damaging effects on both human 
health and ecology. There is a wide range of adverse health/environmental effects o f the pollutants released 
from vehicles. The effects may be direct as well as indirect including right from reduced visibility to cancers and 
death in some cases of acute exposure of pollutants specially carbon monoxide. These pollutants are believed to 
directly affect the respiratory and cardiovascular systems. In particular, high levels o f sulphur dioxide and 
Suspended Particulate Matter are associated with increased mortality, morbidity and impaired pulmonary 
function. At Olarikkara there we have sensitive areas like hospitals, religious places with the impact zones and
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also we have residential cum commercial zones. So special care should be taken for that zones. At the exit point 
o f our project corridor, i.e. at Eravu, we have residential cum commercial zones with in the effected distance
5.2 W ater Quality Impacts
Water quality issues are considered only due to the drainage pattern. When it rains the rain water reaches the 
nearby water body i.e. to the Puzhakkal River nearer to the project corridor. The changes in the give water 
quality conditions are checked. The change in dissolved oxygen is only calculated using the Streeter-Phelps 
equation and mass balance equations. The present and predicted water quality changes are given in the table 5 
given below.

Table 6. Water quality of Puzhakkal River
Parameters
observed Present water quality Predicted water quality 

________change________
Permissible limits 

IS 10500(2012)

Nitrate
Iron

Chloride
pH

COD
BOD
DO

2.340 mg/l 
0.234 mg/l 
24.000mg/l 

6.3 
13.6 mg/l 

8.5 mg/l 
4.8

30 mg/l 
0.8 mg/l 

40.000mg/l 
6.4 

47.16 mg/l 
30 mg/l 

5.2

45 mg/l 
0.3 mg/l 
1000 mg/l 
6.5-8.5

Using the mass balance equation initial BOD of the river- effluent mixture will be equal to 10 mg/l 
corresponding to a flow of 27 m3/s for river water and 1.55 m3/s drainage water. The ultimate BOD of the river 
is taken as 14.62 mg/l and it is assumed that river is flowing at a velocity of 0.2 m/s. Using the equation 3 and 4 
the DO deficit was calculated for the entire river length i.e. for 30 Km. saturation DO is taken to be 7.6 mg/l 
corresponding to 5000mg/l chlorine at 30°c. The results are given in the table 6.

Table 7. DO deficiency at Puzhakkal River

Distance (Km) Number of days DO deficit (mg/l)
5
10
15
20
25
30

0.28
0.57
0.86
1.15
1.44
1.73

3.92
3.42
2.83
2.55
2.41
2.36

Due to the re-oxygenation process the DO deficit value decreases. The oxygen deficiency in the water will 
affect the biotic life present in the river.

5.3 Noise Quality Impacts

The major source of noise pollution is due to the noise generated from the vehicles. The noise level at the entry 
and exit points are calculated by considering the vehicular traffic present there using the equation 2

Table 8. Noise level due to traffic

At entry At exit

Total number of vehicles 3362 2321
Percentage of heavy vehicles 2.85% 3.61%
Average speed of vehicles 42 Km/h 42 Km/h
Traffic flow 2241.33 veh/h 1547.33 veh/h
Noise level 72.01 dB 70.41 dB

The ambient noise level calculated is above the permissible limits i.e., greater than 55dB in the residential cum 
commercial areas. Also we have to take attention towards the sensitive areas like hospitals and religious places 
in the entry point. The increased noise level will effect badly on these areas.
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6 Mitigation Measures
The increased runoff due to widening of the roadway will be negligibly small. Water quality in roadside ponds 
adjacent to the right of way may show slight improvement after road upgrading due to reduced erosion from 
improved roadside berms and embankment slopes stabilized or protected by rip trap or other material including 
planting to prevent soil erosion. The water quality impacts will be controlled, mitigated or minimized by the 
enforcement of all applicable laws and regulations. This is built in to the Environmental Management Plan. The 
upgrading of the project road link will reduce erosion from the roadway and result in minor improvements in 
water quality (i.e. reduced silt loads). Care has been taken in the design to provide side drainage.

The net air quality impact during the operational phase of the project road is expected to be beneficial. 
Improvements in road surface condition and traffic capacity will alleviate local congestion and improve traffic 
flow, thereby reducing engine idling and the contribution it makes to local air quality degradation. With 
improved vehicle performance on a better road surface, the air pollution should actually be reduced. Provision 
for designated parking areas for auto rickshaws, cars, jeeps etc will improve the road safety conditions and 
traffic management situations decongesting the traffic corridor thereby positively contributing to air quality 
improvements. Paving and provision of adequate side drainage in villages will significantly reduce human 
exposure to air pollution, including both vehicular emissions and roadside dust.
Confining construction activities of the project road links to social working hours and employing noise 
controlled construction equipment of international standards will mitigate noise impacts during the construction 
phase for the local population. Measures will include:

• Source Controls, i.e. requirements that all exhaust systems be maintained in good working order; 
properly designed engine enclosures and silencers will be employed; and regular equipment 
maintenance will be undertaken.

• Site Controls, i.e. requirements that stationary equipment will be placed as far away from sensitive 
receptors as possible (i.e. aggregate crushers, etc.); disposal sites and haul routes will be selected to 
minimize objectionable noise impacts; and shielding mechanisms will be employed where possible.

• Time and Activity Constraints, i.e. operations will be scheduled to coincide with periods when people 
are least likely to be affected; work hours and work days will be limited to less noise sensitive times as 
far as possible.

• Community Awareness, i.e. public notification of construction operations will incorporate noise 
considerations and methods to handle complaints should be included.

It is anticipated that there will be ‘measurable’ decrease in noise levels as the measured values indicate high 
noise levels in the region. Estimated noise levels due to road use following which noise levels may exceed the 
ambient noise standards specified by the Noise Pollution (prevention and control) Rules 2000 of the Ministry of 
Environment and Forests, Government of India. Mitigation at these locations may include the posting of signs 
prohibiting the use of horns and, to the extent possible, landscape planting to serve as noise barriers. The effect 
of noise can be reduced considerably by the combined effect of sound insulating walls and green barriers. [6]

7 Conclusions

The predicted impact includes the noise quality, water quality and air quality. Water quality changes rises only 
when there is change in drainage pattern occurs. These change is modelled using the Streeter Phelphs equation 
and the mass balance equations. Air quality modelling was done using the Gaussian dispersion model and the 
impact of traffic noise was done using the CRTN Models.

• The results shows that there will be reduction in water quality mainly at the point of discharge 
especially reduction in DO level and increased turbidity. The water quality issues raised in other stages 
of construction should be properly checked.

• The air and noise values at the present condition are greater than the prescribed norms of pollution 
control board. According to the project details, the improved road conditions reduces these air quality 
and noise quality issues as the riding characteristics get improved.

As a future work, more realistic models for modelling the environmental issues can be used. With the 
emergence of satellite remote sensing technology and Geographic Information Systems (GIS), research presents 
a new framework for the analysis phase of the Environmental Impact Assessment (EIA) for transportation 
projects based on the integration between remote sensing technology, geographic information systems, and 
spatial modeling.
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Abstract:
This study endeavors in developing a relationship between functional and structural characteristics of a 
pavement. Eighteen rural roads of total length (37.88 KM) with different traffic, subgrade characteristics and 
climatic conditions in seven districts o f Tamil Nadu were selected. Considering advantages of modern high- 
performance survey devices in the acquisition of road pavement functional parameters, it would be of practically 
significant if the structural state of a pavement could be estimated from its functional conditions. Linear 
regression model, Non-linear regression models and Artificial Neural Network (ANN) models were used to 
obtain the relationship between structural and functional characteristics of the pavements.
Keywords: Functional characteristics, Structural Characteristics, linear regression, nonlinear regression, 
A N N

1. Introduction
India owns the second largest network of roads in the world, next to USA. As per statistics o f year 

2009, the total road length in the country is over 3.3 million km, which gives the spatial road density of about 1 
km/km2 of area.Assuring good conditions to the pavement allows users to drivewith acceptable comfort and 
safety levels. However, in order toguarantee high quality standard, road agencies have to monitorthe 
performance parameters of the entire network frequently andto adopt the most proper maintenance operations 
where needed.Indeed, continuous collection of new data regarding pavementconditions is a strategical operation 
to update Pavement ManagementSystems (PMSs) and optimize network maintenance andagency funds. 
Pavement performance parameters are also verynumerous and diversified (structural and functional parameters). 
It is relatively economical to perform roughness or distress measurements through high-speed Profilometers or 
Roughometer. However, deflection data collection bymeans of Falling Weight Deflectometer (FWD) or 
Benkelman Beam Deflection (BBD) is slow, with high unit costs, and adverse effects on traffic due to the stop- 
and-go procedure. To overpass this limitation, many researchers have tried to analyse various performance 
indicator (roughness, distresses, structural capacity, etc.) and to identify some useful correlation among them. In 
this way, it would be possible to estimate the value of some indices performing other surveys,reducing then the 
frequency of the slowest and most expensiveones.

The most interesting and remarkable relationship should exist between roughness measurements and 
the pavement structural performance. It is known that roughness and irregularities are related to deterioration of 
the pavement structural capacityand, if  a pavement structure is not designed adequately, roughness would 
increase quickly. However, despite some research attempts, it is not easy to analytically develop this 
relationship. So, results are very interesting and prove that the ANN represents anadequate model to evidence 
this relation. The papers show the effectiveness of the adoption of a large Coir data for the analysis of the 
correlation. ANN provides also better results in comparison with Linear Regression. J a i n  e t  a l .  (2017) used 
Artificial Neural Network Based Development of Pavement Depreciation Models for Urban Roads. S o l l a z z o  e t  
a l .  (2017) developed an ANN model to correlate roughness and structural performance in asphalt pavements in 
terms of International Roughness Index (IRI) and Effective Structural Number (SNeff). M u r i l l o  (2013) gave the 
correlation between deflections measurements on flexible pavements obtained under static and dynamic load 
techniques. The major goal of this study was to find the relationship between the structural and functional 
characteristics of the pavement.
2. S tudy  A rea
The study area comprises o f 18 low volume roads with a total length o f 37.88 km constructed as part of Bharat 
Nirman Phase III project in Coimbatore, Dharmapuri, Dindigul, Krishnagiri, Ramanathapuram, Tiruppur and 
Tiruchirappalli districts. Figure 1 is a map showing the study area.

Department of Civil Engineering, MBCET 294



ICID 2018 21-23 June, 2018

F ig .  1 .S t u d y  a r e a

Table 1 shows the list of 18 low volume roads identified for this study.

2 . P r o j e c t  A p p r o a c h
T a b l e  1 L i s t  o f  R o a d s  i d e n t i f i e d  f o r  t h i s  S t u d y

Sl.N
o District Block From To Lengt 

h (km)
1 Coimbatore Thondamuthur Narasipuram Poondi 3.786

2 Coimbatore Thondamuthur Vaithegi falls road Javvukadu via 
Panchanvayal 3.75

3 Dharmapuri Nallampalli Mittareddihalli Komathampattipudur 0.8
4 Dindigul Guziliamparai Chatrapatty 

Mallapuram road Seethapatty 1.505

5 Krishnagiri Thally Thallykothanur B.B.Palayam 0.6

6 Ramanathapuram Kadaladi KamuthiSayalkudi road Perumal
Thalaivanendal 2.21

7 Ramanathapuram Kadaladi ThanjavurSayalkudi road Malatar road 0.915
8 Ramanathapuram Kadaladi Chithirangudi Ponthampuli road 1.755
9 Tiruppur Avinashi CheyurKuttagam Salaipalayam 1.25
10 Tiruppur Pongalur KandiyanKoil Thayampalayam 3.4

11 Tiruppur Udumelpet Kolumam 
Kallapuram Road Navalodai Colony 1.0

12 Tiruppur Udumelpet Sugar mill road Kalliyapuram road 1.8

13 Tiruppur Udumelpet Erisinampatty Thirumurthi
Settlement 2.85

14 Tiruppur Udumelpet Udumalpet-Chinnar road
Etthikalmedu

Attumalai
Settlement

2.8

15 Tiruppur Udumelpet Elayamuthur 
Poochimedu Road Athithurai. 0.96

16 Tiruppur Udumelpet Elayamuthur Poonikattuthurai
Road 2.15

17 Tiruchirappalli Uppiliyapuram Maradi Kattapalli 2.85
18 Tiruchirappalli Uppiliyapuram Sobanapuram Gandhipuram 3.5

TOTAL 37.88

This study endeavors in developing a relationship between functional and structural characteristics of a 
pavement along with formulating a Pavement Deterioration Model and Maintenance Management Model. The 
steps involved in this process are shown in figure 2.
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Fig 2. Project Approach
The delineation of study area was done in such a manner that it consists of roads having enough dynamics to 
achieve the goals of this research. An extensive data collection was performed on all the selected roads. Various 
tests were adopted for studying the material properties and pavement performance of the pavements. The details 
of these tests are explained below.

Pavement Material Properties
Pavement material properties were studied using both laboratory as well as field tests.

a) Standard Proctor compaction test:The Proctor compaction test is a laboratory method for
experimentally determining the optimal moisture content at which a given soil type will become most dense and
achieve its maximum dry density. This test is done as per IS 2720 (Part 7) -1980.
b) Laboratory CBR test:The California bearing ratio (CBR) test is a penetration test meant for the 
evaluation of subgrade strength of roads and pavements. The results obtained by these tests are used with the 
empirical curves to determine the thickness of pavement and its component layers.
Pavement Performance Study

Pavement performance study comprises of the analysis of both functional and structural performance of the 
pavement.

a) Functional Performance: Functional performance of the pavements was evaluated by conducting 
distress surveys and roughness measurement.

Distress Survey:The various distresses in the pavement namely Rutting, Raveling, Potholes, Depression, 
Cracking Area, and Edge Drop were measured. Visual Survey for judging the condition of the drainage and 
Shoulder was also performed in order to depict the distress more precisely.
Roughness Measurement:Roughness of the study roads have been measured with MERLIN and Roughometer. 
i) MERLIN: MERLIN (Machine for Evaluating Roughness using Low-cost Instrumentation) is
used either for calibrating response type instruments or for direct measurement of roughness. The machine is 
made to rest on the road with the wheel, rear foot and probe in contact with the road surface. The vertical 
displacement between the road surface under the probe and the centre point of an imaginary line is marked on a 
chart. Each new measurement is taken by moving the MERLIN forward to a new position on the road and 
recording the corresponding new position of the pointer on the chart so that a histogram distribution of markings 
is gradually built up. The spacing between the two marks, D is measured in millimeters. As per IRC: SP 72 -  
2007 the range of IRI ranges from 2.4 to15.9 Road roughness can be determined using equation 1.

IRI = 0.593+0.0471D..................................................(1)

Where, D is measured in mm and IRI in m/km
i) Roughometer: It is a portable type equipment and consists of an accelerometer sensor which is installed at the 
rear axle of survey vehicle, a distance measuring instrument, interface module and a controller. The pavement 
roughness measurements using this equipment should be done preferably at a speed between 40 to 60 km/hr, in 
order to obtain most reliable and accurate data. The output is in the units of International Roughness Index (IRI).

b) Structural Performance
The structural characteristics of the pavement were measured using Benkelman beam Deflection Test.
Benkelman Beam Deflection (BBD) Test:The deflection of flexible pavements under moving wheel loads was 
determined by Benkelman Beam Apparatus. The test was conducted as per IRC 81-1997 at sub sections of the 
roads.A Truck loaded with 12 tons such that the rear axle load is 8170 kg, equally distributed over the two sets 
of dual wheels is used. The spacing between the tyres should be 30-40 mm; the tyre is 10x20 ply inflated to a 
pressure of 5.60 kg/sq. cm. The rebound deflection value D at any point is given by equation 2.
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D = 2(Do-Df) + 2K (Di-Df) ........................................(2)

where,
Do = The Initial Dial gauge reading under and in between the gap of the back dual wheel of Truck normally it is 
adjusted to zero
Di = Intermediate Dial gauge reading at a distance 2.7m after running of Truck 
Df = Final Dial gauge reading at a distance 9m after running of Truck.

The allowable limit of deflection, for which no need of improvement is required as per IRC: 81 -
1997 is 0.45mm.

The collected data was consolidated and Pavement performance parameters like IRI, characteristics deflections 
etc. were calculated. An attempt was made to establish a relationship between the functional parameters and 
deflection of the pavement. A pavement prediction model was developed by dint o f this relation and the IRI and 
Deflection for the next season were predicted. From these predicted values, a Maintenance Priority Index was 
formulated to prioritize the pavement for the Maintenance and Rehabilitation work.

3. Models to Correlate Structural and Functional Characteristics of Pavement

Linear regression model, Non-linear regression models and Artificial Neural Network (ANN) models were used 
to obtain the relationship between structural and functional characteristics of the pavements. A large database of 
pavement material properties of the selected roads played the key role in improving the accuracy of the models. 
This database contains records on structural characteristics, functional characteristics, climatic features, and 
traffic details for nine test sections located in Tamilnadu. The test sections selected to study the correlation of 
functional and structural characteristics of the pavement are listed in table 2.

Table 2 Selected Roads to Analyse the Correlation of Structural and Functional Properties of Pavement

Sl.N
o.

District Block From To Length (km)

1 Coimbatore Thondamuthur Narasipuram Poondi 3.786

2 Coimbatore Thondamuthur Vaithegi Road Javvukadu(Via)
Panchanvayal 3.75

3 Dindigul Guziliamparai Chatrapatty Seethapatty 1.505

4 Ramanatha
Purm Kadaladi Sayalkudi road Malatar road 0.915

5 Tiruchirappalli Uppiliyapuram Maradi Kattapalli 2.85

6 Tiruchirappalli Uppiliyapuram Sobanapuram Gandhipuram 3.5

7 Tiruppur Udumelpet Elayamuthur Poonikattuthurai road 2.15

8 Tiruppur Avinashi Kuttagam Salaipalayam 1.25

9 Tiruppur Pongalur KandiyanKoil Thayampalayam 3.4

The following data were collected for all the nine test sections.
■ Length of the section(L)
■ Pavement Temperature (temp)
■ Average Daily Traffic Volume of roads in PCU(T)
■ CBR of Natural Subgrade
■ Maximum Dry Density of the soil subgrade(MDD)
■ Rutting data for different sections
■ International Roughness Index for different section(IRI)
■ Deflection data for different sections(D)
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The Table 3 shows the sample data for one road.
T a b l e  3  S a m p l e  d a t a  f o r  o n e  t e s t  s e c t i o n

Road Name Length
(km)

Length 
of section 

(km)

Average
Daily

Traffic

CBR
(%)

MDD
(g/cc)

Rutting
Data
(mm)

IRI
(m/km)

Deflection
(mm)

Narasipuram
to

Poondi 3.786

0.386

106

2.92 1.77 7.06 6.66 1.02
0.45 1.82 1.69 7.00 7.14 0.48
0.45 3.65 1.68 7.38 6.98 0.68
0.45 1.46 1.78 6.72 6.75 0.53
0.45 1.82 1.81 6.94 5.55 0.52
0.4 2.19 1.66 7.35 6.46 0.34
0.4 3.28 1.76 7.11 6.85 0.47
0.4 2.92 1.80 6.88 7.03 0.31
0.4 2.92 1.81 7.50 6.84 0.00

Length of section, Average Daily Traffic, CBR value, Pavement Temperature, MDD, Rutting data and IRI were 
considered as the independent variables. Deflection for different section and Effective Structural number were 
considered as dependent variables for all the models.

L i n e a r  R e g r e s s i o n  A n a l y s i s
Linear regression attempts to find the relationship between the variables by fitting a linear equation to observed 
data. The regression statistics of Linear Regression Analysis are shown in Table 4.

T a b l e  4  R e g r e s s i o n  S t a t i s t i c s  o f  L i n e a r  R e g r e s s i o n  A n a l y s i s

R2- Value 0.31

Mean Square of Errors 0.64

DOF 7
N o n l i n e a r  R e g r e s s i o n  A n a l y s i s
Exponential Regression Analysis and Logarithmic Regression Analysis was performed. 
a) Exponential Regression Analysis
It is the process of finding the equation of a best fitting exponential function for this set of data. The regression 
statistics of Exponential Regression Analysis are shown in Table 5.

T a b l e  5  R e g r e s s i o n  S t a t i s t i c s  o f  E x p o n e n t i a l  R e g r e s s i o n  A n a l y s i s

b) Logarithmic Regression

R2- Value 0.43

Mean Square of Errors 0.56

DOF 7
Analysis

It is a method of regression that is used to predict a continuous quantity which can take any positive value for 
the given set of data. The regression statistics of Logarithmic Regression Analysis are shown in Table 6.

T a b l e  6  R e g r e s s i o n  S t a t i s t i c s  o f  L o g a r i t h m i c  R e g r e s s i o n  A n a l y s i s

R2- Value 0.204

Mean Square of Errors 0.44

DOF 7
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A rtificial N eural N etw ork (ANN)
ANNs are recent computational models defined in analogy with the biological characteristics to simulate the 
decision process in the brain. They are useful to approximate and estimate unknown functions depending on 
various and numerous input values.

Multilayer Feed-forward Neural Network (MFNN) is the most widely used type of ANN. An MFNN is 
characterized by three kinds of layers of interconnected neurons: input, hidden, and output layers. Each neuron 
processes the received inputs and, according to a properly defined activation function, produces an output that is 
transmitted to neurons in the following layer through specific connections defining the network topology. Each 
connection is associated to a specific weight (wi) that amplifies or reduces the input. For the single neuron, the 
relationship existing between inputs (xi) and output (yi) is defined using a specific transfer function that usually 
has the logistic sigmoidal shape.

1

Where, I = £  Wixi is the sum of the weighted inputs xi produced by the previous neurons.

In a ‘‘supervised approach” -  such as MFNN -, given a large set of input and output data, the training procedure 
consists in the modulation o f the various weights to produce acceptable output. The results should be very 
similar to the output provided for training. Usually, the training phase is performed using a back propagation, 
model that allows the network to adjust the weights in a reverse direction, distributing the error among the 
various neurons and minimizing it after each iteration.
Levenberg-Marquardt is the most used training algorithm and, generally, the error is evaluated in terms o f Mean 
Square Error (MSE).(Sollazzo et. al, 2017). Figure3 shows the internal skeleton of the ANN model Building 
phase. ANN works on the principle of predicting the output value by analysing the trends of input data. Then 
Statistical Fitting curve are obtained by comparing output value given by ANN and Target value.

Fig. 3 a) Layers of a M LP ANN and N etw ork topology. b) P erceptron  structure. c) Sigmoidal tran sfe r 
function.
The Prime objective was to estimate the Deflection of the asphalt pavement from different attributes of the 
pavement using ANN model.
Each ANN created had 25 hidden neurons, and the related records were randomly divided in the training (70 %), 
validation (15 %), and test (15 %) groups. Trainings were performed using the Levenberg- Marquardt algorithm, 
measuring performance by means of MSE. Figure 4 depicts the different layers in the constructed ANN.

Fig. 4 D ifferent layers in ANN
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The consolidated data was fed as the input of ANN model.

Table 7 shown below, are the consolidated output of the ANN for all phases (Training, validation, Test and All 
Sample phase)

Table 7 Consolidated ANN output
Phase Sample Size MSE Regression Value
Training 54 0.06 0.95

Validation 12 0.11 0.89

Test 12 0.08 0.92

All 78 0.094 0.91

4. Results and Discussions
Table 8 compares the Statistical analysis provided by all the approaches. 
__________________  Table 8 ANN vs. Linear and Nonlinear Regression Analysis

Model Phase Sample Size MSE R-value
ANN Training 54 0.06 0.95

Validation 0.11 0.89
Test 0.08 0.92
All 0.094 0.91

LR Total 0.52 0.56
Nonlinear-
Exponential

Total 0.56 0.66

Nonlinear-
logarithmic

Total 0.44 0.45

ANN can assure better results in terms of both R-values and MSE values. Although some of the records have been 
used only for testing in the ANN approach, LR provides an R-value 60% lower than ANN, while the MSE for LR 
is larger than ANN
Thus the numerical application assess that ANN can effectively be used as a powerful tool for predicting 
deflection performance using different attribute o f the pavement.
5. Conclusions
The numerical application ( R 2-value and SSE) assess that ANN can effectively be used as a powerful tool for 
estimating structural performance using roughness data, especially if  compared to Linear and nonlinear 
Regression models. W ith the above relation, it would be possible to estimate the value of some indices like 
deflection data, by perform other surveys (like IRI and CBR), thus reducing the frequency for the use BBD and 
FWD which are slowest and most expensive ones.Statistical parameter like R-value for ANN model comes out 
to be above 0.91 thus shows strong relation between the Predicted output value and the target value.For further 
validation, LR model value compared with the ANN parameters in terms of R-value, R-value for ANN obtained 
as 0.91 which is 60% more than that o f LR, from that it can be concluded that ANN is the better tool for 
predicting the Deflection using IRI and other parameters.
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A b s t r a c t .  Kerala is well renowned for being one among the perfect tourist locationsin India. Eventhough 
many of the locations in Kerala have high tourism potential, they are not projected out in to the sight o f people 
as what it demands and subsequently may result in the decrease in proportion of the tourists. The paper tries to 
find out such types of unexplored locations and the reasons behind, taking Kozhikode district in the state of 
Kerala, India, as the study area.All the known and unknown tourist places in the district were analyzed and an 
attempt is made to explore those unexplored tourist locations. Data were collected on the basis o f questionnaire 
survey including how many of them were already aware of each tourist places, how many o f them had visited, 
not visited and the reason(s) behind. Along with this, data pertaining to existing condition and connectivity 
pattern of each of these locations were identified. It has been inferred that the identified unexplored locations 
will attract more tourists provided improvements in connectivity are made.

K e y w o r d s : Accessibility,Tourism, Unexplored, Questionnaire 

Introduction

Tourism is considered as a key sector which ensures socio-economic development of the country. Transport 
accessibility is most often the factor that influences the choice of tourist destination. Transport is a key enabler 
o f tourism and plays a vital role in moving tourists from their place of residence to their final destination and on 
to various attractions. It is a matter of fact that, in order to have better coverage and visibility, the tourism 
destinations should be accessible. There are a lot of tourist destinations in the state of Kerala, which lacks 
visibility/accessibility and hence only limited number of tourists visit the place. In order to increase the 
accessibility, the destination should be connected well with the major transport network by suitable mode.This 
paper tries to find out such types of unexplored locations and the reasons behind, taking Kozhikode district in 
the state of Kerala, India, as the study area, with an objective to develop a transport network connecting major 
tourist destinations and also to improve the existing transport facilities for promoting tourism, which will 
provide employment, increase business and earn foreign exchange for the country.

S c o p e  a n d  O b j e c t i v e s

The scope of the study was to identify the effect of transport network connecting the major tourist destinations 
in a region. The major objective was to identify the connectivity issues of various potential tourist destinations 
and to evaluate how these issues are affecting the tourist inflow and to examine the role of transport and quality 
of serviceable infrastructure in development of tourism.

S t u d y  a r e a  a n d  m e t h o d o l o g y

Kozhikode district is in south west shore of Indian landmass with a long recorded history as a commercial hub 
from antiquated time travel records.The whiff o f history keeps on saturating the paths, bazaars and business 
centres of Kozhikode. Lavish green, wide open quiet shorelines, historic sites, wildlife sanctuaries, rivers and 
hills make Kozhikode a popular destination.
The methodology of the study included a reconnaissance survey to identify the major and unexplored tourist 
destinations in the selected area. A detailed questionnaire survey was conducted to identify the tourist inflow 
and connectivity issues of all identified potential tourist destinations. Various data pertaining to existing 
connectivity were collected. Major connectivity issues were identified from the data analysis. The forecasting of 
number of tourists and corresponding traffic volume were made if all the connectivity issues are rectified.

Department of Civil Engineering, MBCET 302



ICID 2018 21-23 June, 2018

2. Data Collection

2 .1  R e c o n n a i s s a n c e  s u r v e y

A reconnaissance survey was conducted to identify the various tourist locations in the study area. As part of 
reconnaissance survey, a total o f 54 tourist attractions were recognized. Out of this,excluding all religious 
placesand already explored tourist locations, 15 locations were found to be unexplored potential tourist 
destinations and are listed in table 1. These locations were categorized as refreshment, Dam/ Trekking/ 
Waterfall and beaches/Light house.

Table 1. Identified unexplored and potential tourist destinations
Refreshment
1 Janakikkad
2 Kakkad Eco Tourism
3 Vanaparvam
4 Kanayamkode
5 Vallikotukavu
6 Payamkuttimala
Dam/ Trekking/ Water fall
7 Arippara waterfalls
8 Peruvannamuzhi dam
9 Nambikkulam
10 Kakkayam dam
11 Vayalada
Beaches/ Light house
12 Kadalur light house
13 Sand banks beach
14 Thikoti drive in beach
15 Velliyamkallu inscriptions

2 .2  Q u e s t i o n n a i r e  s u r v e y

A detailed questionnaire survey was conducted on both explored and unexplored tourist locations. A total of 
2025 samples were taken which give an accuracy level of 95% confidence interval at 1% significant level for an 
infinite population. Preliminary analysis was done to obtain gender wise classification, age group distribution 
and mode split. Mode split emerged from the results is shown in Fig.1.

Mode Split
Car 0<><> Two

Fig.1 .Mode split

3. Results and Discussions

3 .1  D a t a  A n a l y s i s

An analysis was done which indicates the number of total tourists who have heard and who have visited each of 
theseunexplored locations.From table 2, which details the proportion of sample who has visited/heard of the
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potential locations, it can be seen that most of the locations are remaining unexplored. From the questionnaire 
survey, it was found that most of the tourists who already have visited these locations are not interested to visit 
the places again after their first visit. The main reasons for not visiting and the responses given by tourists are 
tabulated in table 3.

Table 2.Awareness Results from questionnaire survey

Location % heard % visited
% prefer 
to visit 
again

% not 
prefer to 

visit again

Janakikkad 32 9 71 29
Kanayamkode 28 15 61 39
Kakkad Eco Tourism 40 13 52 48
Vanaparvam 19 8 67 33
Vallikkatukavu 27 15 49 51
Peruvannamuzhi Dam 62 33 59 41
Nambikkulam 13 1 33 67
Arippara Waterfalls 49 27 38 62
Kakkayam Dam 70 48 70 30
Vayalada 46 29 48 52
Thikkoti Beach 51 27 47 53
Sand Banks Beach 22 14 53 47
Kadalur Light House 27 16 49 51
Velliyamkallu 17 3 55 45
Payamkuttimala 35 17 87 13

It was observed that most of the tourists who visited these unexplored tourist centres demand improvement on 
road conditions along with basic amenities, placing sign boards at major intersections and proper accessibility. 
So by rectifying all these identified issues, tourist inflow to each of these locations will enhance.

Table 3.Reasons for not visiting again

Location
Poor

accessibili
ty (%)

Inadequate 
signs & 

information
(%)

Far from 
other tourist 
places (%)

Security/safe 
ty issues (%)

Lack of 
basic 

amenities 
(%)

Not of 
interest 

(%)
Others

(%)

Janakikkad 53.4 8.8 5.8 3.5 5.2 3.7 8.4
Kanayamkode 54.1 2.5 3.4 1.0 2.5 8.6 6.9
Kakkad 48.9 3.9 6.0 1.9 2.7 2.4 9.4
Vanaparvam 58.4 2.7 4.1 1.4 2.3 3.4 7.3
Vallikkatukavu 51.9 2.4 3.2 2.5 3.6 3.5 8.7

Peruvannamuzhi 37.3 6.9 5.2 6.3 8.9 1.9 8.0
Nambikkulam 58.7 2.2 1.7 0.7 1.1 1.8 7.0
Arippara 44.0 12.9 3.6 8.5 7.2 0.3 6.5
Kakkayam 32.5 7.4 4.0 4.8 6.1 0.6 7.1
Vayalada 41.4 9.6 4.2 6.8 6.6 1.4 7.4
Thikodi beach 42.7 2.7 3.6 2.6 6.0 1.4 9.6
Sand banks 53.0 7.0 2.6 1.8 5.0 1.7 9.7
Kadalur 50.7 2.7 2.2 1.7 1.5 1.4 8.3
Velliyamkallu 57.6 16.9 4.0 5.8 4.0 2.8 8.4
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3.2 Estimation of tourist demand if improvements are made

It is anticipated that the tourist inflow to the identified unexplored destinations will increase manifold provided 
improvements to the location are made, particularly the connectivity aspect. The potential tourist demand is 
calculated based on three aspects as follows,
1.Base year tourists. This corresponds to the existing condition and considers the number of tourists who visit 
the places in the base year
2. Recurring tourists. This category considers, those tourists, who have heard about these locations and who 
have already visited the location, but are not interested to visit again due to the reasons as per table 3. It is 
assumed that this proportion of tourists will visit the location again with the rectification measures demanded.
3. Induced dem and . It is clear from the questionnaire survey that most of the tourists were not aware about the 
unexplored tourist centres. Proportion of people who are interested in the type of tourist location but were not 
aware of the existence of such places were determined. Based on the preference made by the corresponding 
sample, the induced tourist traffic to the unexplored places is found out.
Total Demand
Total anticipated demand of tourists is obtained by adding these three categories for the base year. This demand 
is forecasted for the year 2030.Tourist inflow towards individual unexplored tourist centres can be obtained by 
multiplying the total demandwith corresponding percentage of tourists obtained as per the preceeding 
paragraphs. The obtained values are converted to vehicular traffic based on the base year mode split.Table 4 
shows the existing percentage share o f tourists for each locations, corresponding number of tourists in the base 
year, increased percentage share after improvements and the corresponding number of tourists and the 
forecasted traffic volume.

Table 4.Estimatednumber of tourists and traffic

Location
%

share
of

tourists

Demand in 
base year

% share of
tourists
after
improveme
nt

Estimated 
demand in 
base year

Tourist 
demand in 

2030

Estimated 
Traffic in 

2030 
(PCU/day)

Janakikkad 9.1 74377 31.5 257202 343096 643
Kanayamkode 14.8 120687 59.4 485332 647411 1212
Kakkad 12.6 102911 38.0 309995 413519 774
Vanaparvam 7.8 64086 44.3 362190 483144 905
Vallikkatukavu 15.3 124897 64.6 527598 703790 1318
Peruvannamuzhi Dam 33.1 270377 67.1 547848 730803 1369
Nambikkulam 1.3 10291 19.7 160540 214153 401
Arippara Waterfalls 27.2 222195 72.1 589219 785991 1472
Kakkayam Dam 48.0 391999 82.7 675249 900750 1687
Vayalada 29.4 239971 79.5 649478 866374 1623
Thikkoti Beach 27.4 224066 68.0 555487 740993 1388
Sand Banks Beach 14.4 117413 72.2 589526 786401 1473
Kadalur Light House 16.5 134720 70.5 576175 768591 1439
Velliyamkallu 3.4 28067 22.0 179881 239953 449
Payamkuttimala 17.2 140480 51.5 420959 561539 1052

It can be inferred from the table that the number of tourists that will visit the unexplored destination will 
increase to the tune of 3 to 7 times. The result will be an overall economic development o f the area and in turn 
increasing the state’s revenue.

4. Conclusion
Eventhough many of the locations in our country have high tourism potential, they are not projected out in to the 
sight of people as what it demands. There will be many reasons for the same. This paper examined such a 
scenario taking one of the districts in Kerala, as a case study. It was observed that the tourists who visited these 
unexplored locations were worried about proper transport connectivity and signs and information. The analysis
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of data revealed that the tourist inflow will increase to the tune of 3 to 7 times to these locations once proper 
connectivity is made.The result will be an overall economic development of the area and in turn increasing the 
state’s revenue.
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Abstract. An Activity-based model is the one that generally replaces the conventional trip-based model, 
which is usually represented to as the four-step model. With the variations in the transportation system 
attributes and changes in socio-demographics of the individuals, the transportation planners and engineers’ 
need to have the ability to estimate the variations in transportation demand so as to make a well-versed 
transportation infrastructure planning decision possible. Activity-based models are used for this purpose; 
these models are used to forecast travel characteristics and usage of transport services under different socio
economic scenarios. An activity-based travel pattern model has been developed for the individuals of the 
study area. This activity-travel pattern model will take different input parameters such as various land-use, 
socio-demographic, activity system, and transportation level-of-service attributes. Thus it will provide the 
activity-travel pattern of each individual in the study area as the output, within the continuous time domain.

Keywords: Activity-Based Travel Pattern, Four-Step Model, Socio-Economic, Travel Demand.

1 Introduction

Transportation plays an important role in the growth and economy o f a nation. For a country like India, 
transportation planning is becoming unavoidable due to the fast-growing population and travel demand. 
Transportation planners and engineers have to be able to forecast the response of transportation demand for the 
changes in the attributes of the transportation system and changes in the socio-demographics of the people using 
the transportation system in order to make informed transportation infrastructure planning decisions. Travel- 
demand models are used for this purpose. It is used to predict the travel characteristics and the use of transport 
services under various socioeconomic scenarios and for various transport service and land-use configurations.

The mathematical relationship between travel demand and traveler and system characteristics can be 
achieved with the help of travel demand modeling. Earlier travel demand modeling is done with the help of trip 
based four-step modeling -  as the trip generation, trip distribution, mode choice and route choice. This four-step 
modeling is said to be conventional modeling. Later on, new generation models such as tour based and activity 
based models emerged overcoming most o f the drawbacks of the conventional method. The tour based approach 
considers a chain of trips starting and ending at the same location as the individual unit o f analysis whereas 
activity-based travel demand model considers travel as a derived demand to satisfy the need of the individual 
[1].

The objective of this paper is to develop an activity-based travel demand model for Chelakottukara, the 22nd 
ward of the Thrissur City of Kerala, taking into consideration of the socio-economic factors and travel pattern, 
validating the generated model and suggesting how it can be made beneficial in the planning process. It includes 
a tour generation model for both single and complex activities.

2 Literature Review

2.1 Trip-Based Models

Trip-based travel models have evolved over many decades. As their name suggests, trip-based models use the 
individual person trip as the fundamental unit o f analysis. Trip-based models are widely used in practice to 
support regional, sub-regional, and project-level transportation analysis and decision making. Trip-based models 
are often referred to as “4-step” models because they commonly include four primary components. The first trip 
generation components estimate the numbers of trips produced by and attracted to each zone (these zones
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collectively represent the geography of the modelled area). The second trip distribution step connects where 
trips are produced and where they are attracted to. The third mode choice step determines the travel mode, such 
as automobile or transit, used for each trip, while the fourth assignment step predicts the specific network 
facilities or routes used for each trip[2].

2 .2  A c t i v i t y - B a s e d  M o d e l s

Activity-based models are having some similarities to traditional 4-step models: activities are generated, 
destinations for the activities are identified, travel modes are determined, and the specific network facilities or 
routes used for each trip are predicted. However, activity-based models incorporate some remarkable advances 
over 4-step trip-based models, such as the clear representation of realistic constraints of time and space and the 
linkages among activities and travel, for an individual person as well as across multiple persons in a household. 
These linkages enable them to more sensibly represent the effect o f travel conditions on activity and travel 
choices. Activity-based models also have the ability to integrate the influence of very detailed person-level and
household-level attributes and the ability to create detailed information across a broader set o f performance
metrics. These abilities are possible because activity-based models work at disaggregate person-level rather than 
a more aggregate zone-level like most trip-based models [2, 3].
2 .3  E c o n o m e t r i c  M o d e l i n g  A p p r o a c h

It involves systems of equations to capture relationships among macroscopic indicators of activity and travel, 
and to predict the probability of decision outcomes. These models explore how activity and travel patterns are 
related to land use and socio-demographic characteristics of the traveler. The main criticism of the econometric 
approach is that it does not explicitly model the behavioral mechanisms underlying activity engagement and 
travel. This limits the richness of the behavior theories that can be incorporated into the model system. 
Nevertheless, the family of econometric models - ranging from discrete choice models, hazard duration models 
and limited-dependent variable models - remains strong approach to activity-travel analysis. Its strength lies in 
allowing the examination of alternative hypotheses about the unconcerned relationships among behavioral 
indicator [4, 5].

3 Study Area

The study area selected is Chelakottukara, the 22nd ward of Thrissur Corporation which is shown in figure 1. 
The study area consists of total population of 5627 individuals as of 2011 census, 1599 dwelling units and 580 
other building comprising a total of 2179 units.

Fig.1. Thrissur Corporation Map
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4 Methodology

The study area selected was Chelakottukara, 22nd ward of Thrissur Corporation. The primary data, i.e. socio
economic and travel characteristics were collected using household questionnaire survey. The secondary data, 
i.e. population data were obtained from Thrissur Corporation. After compiling, sorting and coding, the activity- 
travel pattern model was developed using SPSS software.

4.1 Data Collection

Data need to be collected can be divided into two - primary data and secondary data. Primary data is the data 
obtained from the household questionnaire survey. For this survey, an activity travel diary is mandatory, which 
can incorporate personal information and travel information of whole members of the selected household. On 
the other hand, secondary data includes population data. The sample size of the study area is estimated with the 
help of current population and building details of the study area [6]. The guideline suggested by Bruton [7] is 
adopted and a sample size of 160 households is selected in a random manner.

4.2 Preliminary Analysis

The data collected from the household questionnaire survey is sorted and coded as a different group of similar 
characteristics. These coded data is later used as the variables for model generation. Summary of the data 
collected is given in table 1.

Table 1.Summary of Household Survey Data

Details Item Value (in %)

Average Household size 3.55 -
Household Average Household income per 

month (in Rs.) 29228.00 -

Trip
Average tour rate per household 2.09 -
Average tour rate per person 0.59 -
Workers 198 35.74
Students 128 23.10

Sample Homemakers 154 27.80
Retirees 63 11.37
Employment Seeking Group 10 1.81
Female 288 51.99

Total Male 266 48.01

Individuals 554 -

Distribution Based on Occupation.From the chart plotted (Figure 2) based on occupation share of people, it 
can be identified that in the sample collected, 28% of total population are Home Makers. By conducting the 
preliminary study one can also find that the female percentage is slightly higher than that o f the male. That 
would be the reason for this increase in Home Makers. Also, it can be found that by combining the working 
groups (government employee, private employee, self-employed and daily wages) together it is noted that about 
36% (1+17+16+2) in the study area are employed. This indicates that the average income obtained from the 
survey is appropriate.

Fig.2. Distribution of Occupation
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D i s t r i b u t i o n  B a s e d  o n  A g e .A chart has been generated for the distribution on age, which is given in figure 3. It 
can be observed that in the sample collected, there is an equal distribution of ages in all age category of people. 
But among them also majority of the people are in the age limit of 45 to 60 years. This implies that the age cross 
section of the sample is good.

13%
24%

■ 0 -1 5
20%  1 5 -3 0

" 3 0 -4 5
" 4 5 -6 0

25% ■ > 60

1
18%

Fig.3. Distribution of Age

D i s t r i b u t i o n  o f  H o u s e h o l d  S iz e .  A graph has been plotted with household size along the x-axis and percentage 
household size along the y-axis, which is shown in figure 4. From this graph, it can be identified that for a 
household size of 4, the percentage household size is maximum, which is 30.57%. As it is mentioned earlier that 
the average household size of the study area is 3.55, this graph is giving the clear picture regarding how the 
average household reached that value.

Fig.4. Distribution of Household Size

D i s t r i b u t i o n  o f  P e r s o n ’s E d u c a t i o n  L e v e l .Person's education level is illustrated in figure 5. It can be seen that 
of the sample collected, 72% of people are below graduate. That can be the reason behind the increase in self
employment and private employment compared to that of the government employment. That is also reflecting 
directly on their income too as it has already seen that the average income of the study area is Rs. 29288.00 per 
month.

6%

__  ■ Above Graduation

• Graduation

72% m Below Graduation

Fig.5. Distribution of Education Level
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D i s t r i b u t i o n  o f  V e h i c l e  O w n e r s h i p .  The chart (Figure 6) is plotted with the ownership of vehicles. It can be 
seen that for about 64% of the sample is owning one or two automobiles. This may increase the tours that can be 
generated.

1%

0
W 10%

1
19% V

■ 2
30%

■ ' 3

■4

■ 5

Fig. 6. Distribution of Vehicle Ownership

D i s t r i b u t i o n  o f  T o u r  R a t e .  In order to find a relationship between household tour rate and vehicle ownership, a 
graph has been plotted with the number of automobiles in a household along the x-axis with tours per household 
along the y-axis, as shown in figure 7. It can be seen that with the increase in the automobile ownership there is 
an increase in the number of tours generated per household. Hence, that it can be said that both the automobile 
ownership and numbers o f tours made are directly proportional to each other as the automobile increases the 
number of tours also increases.
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Fig.7. Distribution of Tour Rates

A c t i v i t y - T r a v e l  P a t t e r n s . The activity-travel patterns that are identified from the sample taken are of two types, 
namely simple activity pattern and complex activity pattern. In simple activity pattern, there will be only two 
number of trips. In complex activity pattern there will be a minimum o f three number of trips. The simple 
activity patterns obtained are, HWH (Home-Work-Home), HEH (Home-Education-Home), HSH (Home-Shop- 
Home) and HOH (Home-Others-Home). While the different complex activity patterns observed are HWH+ and 
HOH+ [8].

D i s t r i b u t i o n  o f  A c t i v i t i e s .It has been already found from figure 2 that 37% of total population are workers. 
Thus there is a chance o f having more work activities in the study area, and from the figure 8, it can be found 
that 46% of total activities are of working activity.
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Fig.8. Distribution of Activities

4 .3  M o d e l in g

The modeling was done using SPSS (Statistical Package for Social Science) statistical software package. The 
utility maximization theory described by multinomial logit model is used as the modeling approach.Multinomial 
logistic (MNL) regression, which is the simplest model, is used to predict categorical placement or the 
probability of category membership on a dependent variable based on multipleindependent variables. The 
variables used for modeling the activity-travel patterns are gender, age, education, type of employment, monthly 
income, vehicle ownership, mode of travel, distance of travel, cost o f travel, duration o f travel, activity duration 
and time of day. Before going for the model development the first task is to find the correlation between 
different variables. That has been found out with the help of SPSS by using Spearman's rank correlation 
technique, which is given in table 2.

Table 2. Correlation study of activity pattern

Variables Code Type o f  Correlation
Gender G Negative
Age A Positive
Education Ed Negative
Employment Em Positive
Income I Negative
License Li Negative
Vehicle V Negative
M ode M Positive
Travel Distance TDi Negative
Travel Cost TC Negative
Travel Duration Tdu Negative
Activity Duration Adu Negative
Time o f Day Ti Positive

The final output is to generate a model and thereby estimate the total number of different activities occurring 
in the study area. To reach the desired output it is necessary to go through three different steps. The first step is 
to obtain the score of each activity by the help of equations generated. After that the next step is to calculate the 
probability of occurrence of each activity by the help of score of each activity pattern. Then the last step is to 
find the total number of activity with the help of probability of occurrence of each activity and the total 
population of the study area.

M o d e l  F o r m u l a t i o n .Multinomial logistic (MNL) regression modelis used to predict categorical placement or 
the probability of category membership on a dependent variable based on multiple independent variables. As an 
outcome of multinomial logit modeling, the different equations that can be used for predicting the utility score 
of various activity patterns are as given below:

HWH =  - 3 . 693 +  0.1271" — 0.025r£>; +  0.003TC +  0.003TDU+ 0.002ADU +  0.105Cj,+ 0 .3 2 7 ^ +  0.2414;
+  0.179,4g +  0 .0314*- OjD45£d0 +  2.370£fHD +  l .S lf iF j lt j  +  1.213Ef)lI  +  1.827£mg

+  3.412jMo +  3 .6 4 6 ^  + 3 .3 6 9 ^  +  3-584Afs +  3.562M4 +  3.092J#S +  0.02B7\
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H EH  =  — 3.183 — 0.036K + 0.00977^ — O.flllTYT — 0.005rDu - O.O O ldZ^- 0 .1 5 6 ^ ,- 1.2 0 4 ^ -  0.13Bvlj 

+ 3.737*4,+ 3 .5 4 9 ^ + 4 .9 7 1 ^  +  4 .5 6 4 ^  + 4.717M4 +4.953MS +  1 .1 9 1 ^

HSH  =  -5 .4 2 4 -  0.169V + Q.Q30TI}, -  Q.QQBTC -  O.Q14TJ\ -  0.0154£JU-  0.6360),- 0 .0 5 9 ^ -0 .5 0 4 4 *
-  0 .2 7 6A3 -  0 . 3 4 1 ^  +  1 .4 6 fi£ d 0 -  2 .3 9 1 E m D +  0 .5 4 3 ^ ™ ! -  0 .2 9 9 £ w ij +  0 .2 4 2 £ m g

+ 13.3B9AfD +  14.252,Vf1 +  13.650M* + 13.024Mg +  13.239/<f4 +  13.079:^ - 2.9047^

HOH  =  - 4 , 2 2 5 -  0 .0 3 7 V '- 0 .0 2 5 rD i +  0.006TC + 0.0217’D [i-  0 . 0 0 1 ^ +  0 .7 2 7 ^  +  0 .0 B S ^ -  1.140JSj

+ 10.653jVfD + 9.465MJ+ lO .lS lM j + 10.233.Vfg + K.769J^  + 8.999MS -  4.1597^

H ir a + =  -1 .7 9 4 -  0.286V- 0.03870;+ 0.071TC+ 0.004TDU+0.0024DU-0.115Go +  0.383>lt

+ 1.512IiD+ 5.532jVfD + 5.457*fL -  0.794MS + 0.675,Vg + 3.825/^ + 3.789^

HO H +=  -9 .4  7 3 -  0.250V +  0.066TDi + 0.0177C- 0.032TDU-  0.001ADU + 0.131CD + 3.42+jJj
+ 4 .2 5 3 4 ; +  2 .B034* +  0.8374* -  1 .0 6 6 £ dp -  2 .1 9 6Em D +  l.S 9 4 E m 1 -  0 .1 2 5 £ fn z 
+ 3 .3 5 9 £ m g +  5 .2 +  3 .34 6Em5 +  1 .6 4 0 £ m 6 +  0 .3 7 5 ^  +  2 .2 1 9 ^ + 4 .1 8 7 ^
+ 0.660I,iD + 2.489jM„+ 3.934,VfL + 0.660*^ + 2 .1 2 2 ^ -  0.652*f4 + 3.856Afs

From these equations, the score of each type of activity pattern can be found out by inputting the values 
corresponding to each independent variables.

The probability o f occurrence of each activity pattern can be calculated by using the equation (1).

(1)

Where Xi is the vector of explanatory variables describing observation i to k.
The total number of activity pattern can be calculated by multiplying these probabilities by the total 

population of the study area which is 5627.
M o d e l  C h a r a c t e r i s t i c s .The overall test of the relationship between the independent variables and dependent 
variables is given by the likelihood ratio test. Here the model with independent variables has a significance of 
0.000 which is less than the level of significance 0.05. Hence, it is concluded that the dependent variables are 
related to independent variables. The significance of the model is obtained with the help of knowing the Chi- 
Square value of the model which is 433.94 and degrees of freedom 186. The tabled Chi-Square value is 239.428 
corresponding to the same degrees of freedom. From this two Chi-Square values it can be seen that the tabled 
value is less than the obtained value. This means that the coefficients of independent variables have a significant 
role in the equations generated. Also, the significance of each independent variables is given in table 3.

Table 3.Model statistic

Variables Chi-Square d f Sig.
Intercept 0.000 0
Vehicle 2146.848 6 0.000
Travel Distance 3386.861 6 0.000
Travel Duration 7364.159 6 0.000
Gender 6.234 6 0.398
Age 8935.943 24 0.000
Education 1838.605 6 0.000
Income 26159.825 18 0.000
M ode 6248.857 30 0.000

*the values for travel cost, activity duration, employment, license and time can’t  be estimated by SPSS
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The model that has developed is having a McFadden’s coefficient of determination (R2) value of 0.409. 
Generally R2 values will range from 0 to 1 [9]. 0 indicates that the model explains that, there is no variability of 
the response data around its mean. And 1 indicates that the significant variability of the response data around its 
mean.

The accuracy of the model has been checked by the help of substituting 1/3rd of the data which is not used 
for the model creation. As an outcome, the accuracy of the model generated is 82%, which can be considered as 
a good model.

5 Conclusions

An activity tour generation model was developed on six different aspects using activity-based approach.The 
multinomial logit model was used as the modeling tool. For every activity-based tour generation model, activity 
tour chains were considered as the dependent variable and different independent variables (gender, age, 
educational qualification, employment, income, license, vehicle ownership, mode used for travel, travel 
distance, travel cost, travel duration, activity duration and time of day) were identified significant in the model. 
The utility functions developed from the model is used for generating the probability functions which predicts 
the occurrence of activity tour chains. The activity tour chains considered in the model were home-based work 
tours, home-based educational tours, home-based shopping tours, home-based other tours, home-based complex 
work tours and home-based complex other tours.

The model was developed to predict the score of each activity. Using multinomial logit model, the 
probability of each activity was calculated. The models can serve as a platform for predicting the number of 
tours generated for a given socioeconomic group and accordingly transportation and land use plans can be 
formulated in a long-term perspective.

The extension of the study area from a single ward of the Thrissur city to entire Thrissur city can be 
considered as the future scope of this mini project. By implementing it in such a manner a decent and good 
model can be made that can make so many advantages to the Thrissur Corporation to analyze what will be the 
possible outcome by making any significant changes in that area. Also, a micro-simulation model creation can 
also enhance the importance of the extension of this mini project.

ACKNOWLEDGEMENT

Authors would like to express sincere gratitude to the staff, students, and management of Jyothi Engineering College 
for the priceless assistance in accomplishing the work.

REFERENCES

[1] B. G. Hutchinson, “Principles of Urban Transport Systems Planning.” Scripta Book Company, University of Michigan, 
320-400, 1974.

[2] R. B. Chandra, S. Srinivasan, Y. G. Jessica and S. Aruna, “Activity-Based Travel-Demand Modeling for Metropolitan 
Areas in Texas.” Center for Transportation Research, The University of Texas at Austin, Paper No. 0-4080, 2003.

[3] G. M. Michael, “An Activity-Based Microsimulation Model for Travel Demand Forecasting” Conference on Activity- 
based Approaches, Netherlands, 1996.

[4] J. Castiglione, M. Bradley and J. Gliebe, "Activity-Based Travel Demand Models: A Primer." Resource Systems 
Group, Inc.,SHRP 2 Report S2-C46-RR-1. Transportation Research Board, Washington D.C, 2015.

[5] S. V. S. Saladi and K. V. Krishnarao, "Activity-Based Approach to Travel Demand Modeling: An Overview." 
TransportiEuropei, 61(6), 2016.

[6] G. R. L.Amrutha, V. S. Landge and K. V. S. Sanjay, "Activity-Based Travel Demand Modeling of Thiruvananthapuram 
Urban Area." Transportation Research Procedia 17, ELSEVIER, 498-505, 2016.

[7] M. J. Bruton, "Introduction to Transportation Planning." Hutchinson Technical Education, London, 99-150, 1971.
[8] Y. Sadayuki and M. Abolfazl, “An Activity-Based Microsimulation Model of Travel Demand in the Jakarta 

Metropolitan Area” Journal of Choice Modeling, 3(1), 32-57, 2010.
[9] D. Salgado, D. Jolovic, T. M. Peter and M. A. Rafael, “Traffic Microsimulation Models Assessment -  A Case Study of 

International Land Port of Entry” Procedia Computer Science 83, ELSEVIER, 441-448, 2016.

Department of Civil Engineering, MBCET 314



ICID 2018 21-23 June, 2018

Paper Id: TE 209

URBAN RESIDENT’S AWARENESS AND 
READYNESS FOR SUSTAINABLE 

TRANSPORTATION A CASE STUDY
Leejiya Jose and Vincy Verghese

A b s t r a c t - T h e  p r e s e n t  c o u r s e  o f  t r a n s p o r t  d e v e l o p m e n t  i n  K e r a l a  m a r k e d  b y  o v e r - d e p e n d e n c e  o n  m o t o r  
v e h ic l e s  p u s h i n g  t h e  m a i n  c i t i e s  o f  t h e  s t a t e  i n t o  a  m a j o r  t r a n s p o r t a t i o n  c r i s i s .  I n c r e a s e d  u s e  o f  m o t o r  
v e h i c l e s ,  e s p e c i a l l y  i n  a r e a s  u n a b l e  t o  a f f o r d  p r o p e r  f a c i l i t i e s  c o m e s  a t  b o t h  a  h e a v y  e c o n o m i c  a n d  
e n v i r o n m e n t a l  c o s t .  W i t h  t h e  n u m b e r  o f  v e h ic l e s  o n  i t s  r o a d s  i n c r e a s i n g  t o  u n m a n a g e a b l e  l e v e l s ,  K e r a l a  is  
a l r e a d y  i n  t h e  g r i p  o f  t r a n s p o r t a t i o n  c r i s i s .  U n l e s s  i m a g i n a t i v e  m e a s u r e s  a n d  i n n o v a t i v e  p r a c t i c e s  a r e  
a d o p t e d ,  t h e  S t a t e  m i g h t  f i n d  i t  i s  i m p o s s i b l e  t o  p r o v i d e  a n  e f f i c i e n t  t r a n s p o r t  s y s t e m .
A  s u s t a i n a b l e  t r a n s p o r t a t i o n  s y s t e m  b e s i d e s  c o n t r o l l i n g  a i r  e m i s s i o n s ,  t r a f f i c  c o n g e s t i o n  o r  e x c e s s iv e  f u e l  

u s e ,  m u s t  b a l a n c e  t h e  p r e s e n t  a n d  lo n g  t e r m  n e e d s  f o r  t h e  e n v i r o n m e n t ,  e c o n o m i c  g r o w t h  a n d  e q u i t y .  
W a l k i n g  a n d  b i c y c l i n g  h a v e  n e g l i g i b l e  e n v i r o n m e n t a l  e f f e c t s .  H o w e v e r ,  t h e y  a r e  a f f e c t e d  b y  t h e  
e n v i r o n m e n t a l  i m p a c t  o f  m o t o r i z e d  t r a n s p o r t .  W a l k e r s  a n d  c y c l i s t  a r e  t u r n i n g  t o  b e  a  r a r e  s i g h t  i n  t h e  
c i t i e s .  T h e  u n i o n  g o v e r n m e n t  h a s  c l a i m e d  t h a t  i t  h a s  t a k e n  m a n y  i m p o r t a n t  s t e p s  t o  m a k e  p u b l i c  
t r a n s p o r t a t i o n  s y s t e m  s u s t a i n a b l e  a n d  e n v i r o n m e n t  f r i e n d l y .  M a n y  p r o j e c t s  a i m e d  f o r  m o r e  s u s t a i n a b l e  
m o b i l i t y  a r e  e i t h e r  n o t  o r  o n ly  p a r t l y  s u c c e s s f u l .  S u s t a i n a b l e  m o b i l i t y  r e q u i r e s  c o n s i d e r a b l e  c h a n g e s  in  
i n d i v i d u a l  t r a v e l  b e h a v i o r .
T h i s  p a p e r  s t u d i e s  t h e  w i l l i n g n e s s  o f  a n  u r b a n  p o p u l a t i o n  t o  u s e  s u s t a i n a b l e  v e h i c l e s  a n d  t h e i r  r e a d i n e s s  
t o  r e d u c e  c a r  u s a g e  a n d  a l s o  t h e  b a r r i e r s  a n d  m o t i v a t i o n s  t o  u s i n g  s u s t a i n a b l e  t r a n s p o r t a t i o n  f o r  d a i l y  
t r i p s  b y  c o n d u c t i n g  a  s u r v e y  o f  v e h i c l e  u s e r s .  M o d e s  o f  s u s t a i n a b l e  t r a n s p o r t a t i o n  c o n s i d e r e d  i n  t h i s  
p r o j e c t  a r e  p e d e s t r i a n s ,  b i c y c l e  a n d  p u b l i c  t r a n s p o r t a t i o n .  D i s t r i b u t i o n  o f  t h e  q u e s t i o n n a i r e  w i l l  m a k e  
f r o m  h o u s e  t o  h o u s e  a n d  a l s o  a p p r o a c h i n g  r e s p o n d e n t  a t  t h e  r e c r e a t i o n  c e n t e r ,  s h o p p i n g  c e n t e r s  e t c . ,  f o r  
t h e  s e l e c t e d  a r e a .
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I.INTRODUCTION

Development of road infrastructure has not kept pace with the rapid increase in the number of vehicles in 
Kerala. The number of all class vehicles in the State went up from 1,19,720 in 1975 to 36 lakhs in 2006. 
This was accompanied by increase in road length from 14,870 km to 21,347 km. Energy intensity of 
various transport modes is a key factor in determining transport related environmental impacts. Energy 

consumption per passenger km by bus is the least and is highest for cars among road based personalized 
vehicles. Public transportation provides more sustainable travel compared to other transport modes. But the 
sustainable mobility requires considerable changes in individual travel behavior.
Road traffic has increased significantly over the years because most households today have access to two or 
more cars. In Kerala the average number of vehicles owned per family is two, and the average number of family 
members with driving license is also two. These figures indicate that virtually every family has a car and every 
family has more than one member with a driving license. The union government has claimed that it has taken 
many important steps to make public transportation system sustainable and environment friendly. Many projects 
aimed for more sustainable mobility are either not or only partly successful. Sustainable mobility requires 
considerable changes in individual travel behavior. Nevertheless, travel by private car remains the predominant 
mode of choice in major city centers. A number of studies have shown that some people might not always drive
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out of need, but because of choice. Car features provide a psycho-social value, which influences everyone to use 
a car rather than other modes o f transportation. Therefore, the government should enhance transport policies that 
reduce the dependency and need to drive a car by providing alternatives other than driving.
Sustainable Transport is sometimes known as Green Transport and it is any form of transport that does not use 
or rely on dwindling natural resources. Instead it relies on renewable or regenerated energy rather than fossil 
fuels that have a finite life expectancy. For this reason, it is said to have a low or a negative effect on the 
environment since it makes use of energy sources that are sustainable. Walking, cycling and sailing are excellent 
examples of sustainable transport.

The sustainable transportation means any sort o f transportation vehicle or transportation habit that is 
environmentally friendly and doesn’t emit toxic gases that could impact the environment and human health. A 
sustainable transportation system, besides controlling air emissions, traffic congestion or excessive fuel use, 
must balance the present and long-term needs for the environment and economic growth.

II .LITERATURE REVIEW

Although no common accepted definition of sustainability, sustainable development or sustainable transport is 
available, it is generally accepted that sustainable development are, and more specifically, sustainable transport, 
implies finding a proper balance between environmental, social and economic qualities. A popular definition for 
sustainable transport was developed by the European Conference ofMinisters o f Transport (ECMT 2004), which 
stated that a sustainable transportation system is one that is accessible, safe, environmentally-friendly, and 
affordable.

This chapter provides an overview of previous research on sustainable transportation projects. It introduces the 
framework for the case study that comprises the main focus of the research described in this thesis.
Many projects aimed for more sustainable mobility are either not or partly successful. Sustainable mobility 
requires considerable changes in individual travel behavior. One o f  the main reason of unsuccessful sustainable 
mobility project is the habitual character of individual travel behavior. The reduction of car use is a specific 
problem because the attractiveness of car is based on many variables associated with comfort, such as 
convenience, independence, flexibility, safety or privacy. These factors are studied by Nasrudin et al.[1]. They 
found that most o f the respondents are considered driving a car as relaxing and safe and also stated that driving a 
car gave them freedom. This study examined willingness of people to switch to more sustainable vehicles, 
willingness to reduce car usage, willingness to switch to public transport etc.,
A modification for this study is done by Nasrudin et al[2]. This study examined how transport policy measures 
have influenced travel behavior to promote sustainable transportation and the readiness of an urban population 
to reduce car usage. And they measured the respondent’s readiness to reduce car use, readiness to reduce car 
speed and readiness to walk and cycle.
Different variables tested in this survey includes the role of road pricing in travel behavior, role of parking fees 
in shopping venue selection, readiness to practice sustainable modes of travel and reasons why respondents do 
not like to walk or cycle. The results showed that increase in petrol prices would be a key factor to reduce travel 
and car usage and more provisions on public transport and affordable public transport fares would also 
encourage them to reduce car usage and opt for public transport.
Nasrudin et al.[3] conducted a study on “Barriers and motivations for sustainable travel behavior” in order to 
understand the barriers and motivations to using sustainable transportation for daily trips. The reasons for 
respondents are not motivated to use public transport are inefficient services and expensive fares. And the 
findings in this study are barriers and motivations to walk and cycle, Percentage of reasons why respondent do 
not like to walk or cycle, barriers and motivations to use public transportation and level of willingness to use 
public transport if  the services are improved. And the main barriers and motivations to use public transport 
found in this study are punctuality problem, inefficient public transport services, expensive fares etc. 
Abdullah,Y.A.,et al[4] are studied the willingness of an urban population to use sustainable vehicles and their 
readiness to reduce car usage. The number of cars owned and number of licenses held in the family, the emotion 
and perception of owning and driving a car, the level o f readiness to reduce car usage are evaluated in this study. 
Results of the survey suggested that the majority were not ready to consider cycling and walking as alternative. 
Every family has a car and every family has more than one member with a driving license. And also they found 
that a car is seen as something that provides security from unwanted people and events, as well as providing 
convenience, reliability and capability to provide access to more destinations than public transport.
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III.METHODOLOGY

Methodology is the systematic, theoretical analysis o f the methods applied to a field of study. It comprises the 
theoretical analysis o f the body of methods and principles associated with a branch of knowledge. The methods 
section describes action to be taken to investigate a research problem and the rationale for the application of 
specific procedures or technique used to identify, select, process, and analyze in the formation applied to 
understanding the problem, thereby, allowing the reader to critically evaluate a study’s overall validity and 
reliability. And this section describes how was the data collected or generated, and how was it analyzed.
Data collection is done by household survey. Household surveys collect information by sampling the homes 
where people live and then interviewing one or more persons at each home. Household surveys are the most 
common type because they offer a standard way o f collecting information.
A total of 384 respondents were selected for this survey, as a sample representing the total population of 
Thrissur city by using stratified random sampling method. Selected of the sample were calculated based on the 
total population which is o f 315957 peoples, with 95% degree of confidence limit, and 5% of the margin of 
error. Survey is conducted by approaching respondent at their home for different sections in the city. Here for 
this survey, the sampling is done by using a survey software known as sample size calculator.

A.Sample Size Calculator

This Sample Size Calculator is presented as a public service of Creative Research Systems survey software. We 
can use it to determine how many people you need to interview in order to get results that reflect the target 
population as precisely as needed. We can also find the level o f precision we have in an existing sample.

Before using the sample size calculator, there are two terms that we need to know. These are: confidence 
interval and confidence level

B. Sample Size Calculator Terms: Confidence Interval & Confidence Level

The confidence interval (also called margin o f error) is the plus-or-minus figure usually reported in newspaper 
or television opinion poll results.

The confidence level tells you how sure you can be. It is expressed as a percentage and represents how often the 
true percentage of the population who would pick an answer lies within the confidence interval. The 95% 
confidence level means you can be 95% certain; the 99% confidence level means you can be 99% certain. Most 
researchers use the 95% confidence level.

The data used for the sampling are:

• Total population =315957 persons (From census data 2011)
• Confidence level =95%

• Margin o f error =5%

• Sample size needed =384

Results obtained from the sample calculator for the given population is as shown in the Fig3.2.

Find Out The Sample Size
Result

You will need to measure 384 or more samples.

Confidence Level: 196% » |

Confidence Interval: 5|%

Population Proportion 501 %. Use 50% if not sure

Population Size: 3159571 Leave blank If unlimited population size.

Fig. 1 Sample size calculator 

The following table (Table. 1) also represents sample size required for different population ranges
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TABLE 1

SAMPLE SIZE FOR VARIOUS POPULATION RANGES

Confidence
level=95%

Confidence level=99%

Margin of error Margin of error
Population

size
5% 2.5% 1% 5% 2.5% 1%

100 80 999 87 96 99
500 217 377 475 285 421 485
1,000 278 606 906 399 727 943
10,000 370 1332 4899 622 2098 6239
100,000 383 4513 659 2585 14227
500,000 8762 663 2640 16055
1,000,000 384

9423
384
9512

1532

1534

663 2647 16317

From this table sample size required for a population of 315957 and 95% confidence level with margin of error 
5% is 384.

IV.DATA ANALYSIS
After data has been collected, it needs to be presented in a way that communicates the information and enables 
conclusions to be drawn. Clear, accurate and appropriate ways of presenting data were chosen out o f the several 
ways of data presentation. The several ways of presenting data include tables, pie charts, bar graphs and line 
graphs, only tables, pie charts and bar graphs were used in this research.
The purpose of the discussion is to interpret and describe the significance o f our findings in light of what was 
already known about the research problem being investigated, and to explain any new understanding about the 
problem after taken the findings into consideration. This chapter presents the results o f the data analysis and 
discussion o f the results.

A.Car Ownership and Driving Licenses Held in A Family

Table 2 shows that, the average number o f vehicles owned per family was two and the average number of 
driving licenses belonging to a family was also two. These numbers show that virtually every family has a car 
and every family has more than one member with a driving license.

TABLE 2

NUMBER OF VEHICLES OWNED AND DRIVING LICENSES HELD IN A FAMILY

Number of 
vehicles owned 

in the family

Total Percentage
(%)

Number of 
driving licenses 

held in the 
family

Total Percentage
(%)

0 28 7 0 26 7
1 108 27 1 111 28

2 158 40 2 149 37
3 70 18 3 81 20
4 26 6 4 22 5
5 8 2 5 7 2

6 2 1
Total 398 100 398 100
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B.Emotions and Perceptions Toward Car

From the conducted interviews with car owners and non-car owners to investigate the psycho-social benefits to 
people which is obtained by using cars, it is found that a car is seen as something that provides convenience, 
reliability, and capability to provide access to more destinations than public transport. In the current study, when 
asked how they generally felt while driving their cars, the majority of the respondents provided positive 
feedback. Most considered driving a car gave them freedom and they considered driving a car as safe and 
relaxing than other public transportations.

TABLE 3

PERCENTAGE OF VARIOUS EMOTIONS FELT WHEN DRIVING A CAR

Statements Total Percentage (%)
Freedom 186 33
Relaxing 164 29

Safety 115 21
Stressful 39 7

Tiring 40 7
Troublesome 17 3

From table 3 and fig 3 respondents stated that driving a car gave them freedom and considered driving a car as 
relaxing and saf

■ Freedom

■ Relaxing

■ Safety

■ Stressful 

Tiring

■ Troubles 
ome

Fig.2 Percentage of various emotions felt when driving a car

C. Willingness to Switch to More Sustainable Vehicles

Lensink (2005) concluded that obtaining a more sustainable transport system requires that more attention should 
be paid to the interaction between infrastructure planning and traveler’s decision behavior. The research of 
Boarnet and Sarmiento and Cao et al. suggested that residents of a new urbanist area were more willing and able 
to take public transport, walk, or cycle to their destinations, due to their own personal beliefs and philosophies 
on transport and the environment.

D. Willingness to switch to walking or cycling

Walking and cycling are the two modes of transport which are available to nearly everyone, produces almost no 
emissions, promote fitness and health and make the minimum impact on the local environment..
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NOT READY READY
R ea d in ess  to  w a lk  a n d  cycle

■ 16-20 121-30 131-40 141-50 151-60 B>61
i----------------------------------------- r»----------------------------------------- 1

Fig.3 Willingness to switch to walking or cycling 

The study found that majority are willing to cycle or walk as alternatives to using a motor vehicle.

In general, younger generations tend to be more concerned about environmental quality than older generations. 
Hence the younger generations are considered more open to environmental issues than older generations. In this 
study, the results show that the younger age group (16-20) recorded the highest result in showing ready to walk 
or cycle. And the older age group (greater than 61) recorded the highest in showing not ready to walk or cycle.

E. Level o f  willingness to switch to use public transport by gender

The current study examined the level of willingness to use public transport by gender.Table represents
willingness of people to use public transport.

TABLE 4

LEVEL OF WILLINGNESS TO SWITCH TO USE PUBLIC TRANSPORT BY GENDER

Gender Willingness to use public transport Total
Not ready Ready

Male 20 185 205
9.8% 90.2% 100%

Female 12 181 193
6.2% 93.8% 100%

Total 32 366 398
8% 92% 100%

From this table we can see that female respondents were shown to be more ready to use public transport 
compared to males. And overall 92% respondents are ready to use public transport and 8% of respondents are 
not ready. Which means that women were found to be more willing to reduce their car usage, more positive 
towards reducing the environmental impact of travel modes, and more positive towards ecological issues than 
men.

1(H)

»1AU FEMALE

G e n d e r

■ SOT READY ■READY

Fig.4 Level of willingness to use public transport by gender
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F.Mode o f Travel to Work

The objective of this stage of the analysis was to identify association between different modes of travel to work. 
The Figure 4.4 reveal the main modes of transport by which residents get to work.

W A L K I N G  C Y C L I N G  T W O  W H E E L E R  C A R  P t ' B L I C
T R A N S P O R T

Fig.5 Mode of travel to work

The results o f this study showed that 44.70% of respondents use public transportation to commute to work 
compared with 26.38% who use car and 15% who use two wheelers. To encourage residents to support a 
sustainable transportation program, the respondents were asked to provide an opinion on the factors that would 
reduce the use of cars. The respondents were given several statements on options would motivate them to reduce 
car use.

□ Petrol price increase ■ M ore public transport
Cheaper public transport fares ■ Increase in car tax

Fig.6 Reasons causing car use reduction

Majority stated that the increase in petrol prices would be a key factor to reduce travel and car use. Other than 
that, more provisions on public transport and affordable public transport fares would also encourage them to 
reduce car use and opt for public transport as the main mode of travel.

G.Mode of travel to personal trips

The objective of this stage of the analysis was to identify association between different modes o f travel to 
personal trips. The Figure 4.6 reveal the main modes of transport by which residents get to personal trips.
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Fig.7 Mode of travel to personal trips

From the figure () most of the respondents use car (48.24%) to commute to personal trips compared to 38.94% 
who uses two wheelers and 35.67% who uses public transport.

H.Reasons for not using public transportation

Public transportation is transport of passengers by group travel systems available for use by the general public, 
typically managed on a schedule, operated on established routes, and that charge a posted fee for each trip. 
Example of public transport include city buses, passenger trains etc. But the use public transport decreasing day 
by day and the reason for this decrease in use of public transport is analyzed in this section and the percentage of 
various reasons are provided in  the table 4.4.

TABLE 5

REASONS FOR NOT USING PUBLIC TRANSPORTATION

Reasons for not 
using public 

transportation

Total Percentage(%)

More comfortable 
using the car

168 42

Loss o f time 
waiting for public 

transport

94 24

Public transport is 
not efficient

50 13

Expensive fares 35 9

Others 26 7

Table 3 shows that, 42% of respondents stated that they were “more comfortable using the car” . This was 
followed by the second highest reason, “loss of time waiting for public transport” . Among the reasons 
respondents refuse to use public transport are punctuality problem, inefficient public transport services, and 
expensive fares.

In this study, we have identified several barriers in  using public transport. When respondents were asked their 
reason for not using public transport, 42% of respondents stated that they were “more comfortable using the 
car”. This was followed by the second highest reason, “loss of time waiting for public transport” . Among other 
reasons included inefficient public transport and expensive fares.
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Ready » Not ready

Fig.8 Willingness to use public transportation if the services are improved

However, the current study also found that the majority of respondents are willingness to use public transport if 
the services are improved. The improvement in public transport system would motivate them to use public 
transport as alternative to using a private vehicle.

I. Readiness to adopt cycling

Walking and cycling are the two modes of transport which are available to nearly everyone, produces almost no 
emissions, promote fitness and health and make the minimum impact on the local environment. This section 
analyzes the readiness of urban population to adopt cycling if  excusive cycle tracks are provided. And the 
percentage of readiness of people to adopt cycling is presented in the following Figure (Fig 4.8).

Fig.9 Readiness to adopt cycling, if  exclusive cycle tracks are provided

From the Fig 4.8, it is clear that most of the respondent are ready to use cycling, if  exclusive cycle tracks are 
provided. This analyzes shows that male respondents are more ready to adopt cycling compared to that of 
females. About 60% of male and 45% of females are ready to adopt cycling.

J.Readiness to use car sharing

Car sharing is the practice of sharing a car for regular travelling especially for commuting.
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Fig.10 Readiness to use car sharing

The study found that the majority are willing to use car sharing. Male are more ready to use car sharing (70%) 
compared to females (62%).

K.Readiness to use share auto services (at least up to 7km)

Share auto is the practice of sharing auto rickshaws for regular travelling especially for commuting. This study 
tested the readiness of respondents for using share auto services and the results shows that majority are ready to 
adopt share auto services. In which females are more ready to use share auto services compared to males. About 
82 % of females are ready to use this services compared to 67% males. About 33% males are not ready to use 
share auto services as a mode of travel.

Fig. 11 Readiness to use share auto service 

V.SUMMARY

The willingness of an urban population to use sustainable vehicles and their readiness to reduce car usage and 
the barriers and motivations to using sustainable transportation for daily trips are studied in this project by 
conducting a household survey of urban population. This study indicates that the majority of the respondents are 
ready to consider cycling or walking as alternative modes of travel and most o f the residents are depend on their 
car and two wheelers. The habitual character of daily mobility is seen to be a major barrier for changes towards 
a more sustainable behavior. Other general conclusions obtained from the study are

• The average number o f vehicles owned per family was two and the average number of driving licenses 
belonging to a family was also two. These numbers show that virtually every family has a car and 
every family has more than one member with a driving license.
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• Most considered driving a 
car gave them freedom and they considered driving a car as safe and relaxing than other public 
transportations.

• The study found that majority are willing to cycle or walk as alternatives to using a motor vehicle. 
Younger age group (16-20) recorded the highest result in showing ready to walk or cycle

• Petrol price increase is the main factor which causes car use reduction and provision of more public 
transport facilities also reduces car use

• If proper cycle tracks are provided, it will encourage people to use bicycles as a convenient mode of 
transport, especially for short trips

• Most of the respondents are ready to use public transportation, if  services are improved
• Willingness to use sustainable modes of travel is depending up on age, gender, vehicle ownership etc.,

VI.CONCLUSION

Road traffic has increased significantly over the years because most households today have access to two or 
more cars. A number of studies have shown that some people might not always drive out o f need, but because of 
choice. Car features provide a psycho-social value, which influences everyone to use a car rather than other 
modes of transportation. The willingness of an urban population to use sustainable vehicles and their readiness 
to reduce car usage and the barriers and motivations to using sustainable transportation for daily trips are studied 
in this project by conducting a household survey of urban population. This study indicates that the majority of 
the respondents are ready to consider cycling or walking as alternative modes of travel and most of the residents 
are depend on their car and two wheelers. The habitual character of daily mobility is seen to be a major barrier 
for changes towards a more sustainable behavior.
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Abstract. The number of road crashes is increasing at an alarming rate in India. Hence, there is an urgent 
need for a systematic approach to improve road safety. A Road Safety Audit (RSA) is the formal safety 
performance examination of an existing or future road or intersection by an independent, multidisciplinary 
team. It qualitatively estimates and reports on potential road safety issues and identifies opportunities for 
improvements in safety for all road users. Budgetary constraints limit many developing countries from 
performing the audit on regular basis. This will eventually delay any rehabilitation or repair process making 
the road conditions the worst and risky. This paper proposes a systematic approach to do the road safety 
audit on a highway and to do effective and efficient data mining, for deriving knowledge driven decisions in 
the classification of highway sections. The approach will help to perform safety evaluation of sections and to 
identify the crash potential locations. Further output of the work is the development of a mathematical model 
for classification of highway sections based on road safety audit.

Keywords: Data mining, Weka, Road Safety Audit, Road safety model

Introduction

Road Safety Audit (RSA) is a systematic process for examining the safety performance of an existing or 
future road by an independent team or trained specialties. Qualitative estimation on potential road safety issues, 
identification of opportunities for improvements and ensure safety for all road users are the basic objectives of 
RSA. Government integrates RSAs into the project development process for new roads and intersections, and 
also encourages RSAs on existing roads and intersections. Public agencies with a desire to improve the overall 
safety performance of roadways under their jurisdiction should be excited about the concept of RSAs. All new 
and reconstructed roads should be as safe as possible. Since RSA is done based on a clearly defined procedure it 
can be used at any phase of project development from planning stage to construction. RSAs can also be used on 
any sized project from minor intersection and roadway retrofits to mega-projects. Through the systematic 
application of RSA, it can ensure a growing awareness about road safety principles which can be applied 
throughout the highway planning, design, construction and maintenance organization. Traffic control devices 
provide safe and secure journey for the road users. These are devices used to inform, guide and control the 
traffic. Maintenance of traffic control devices is one of the most important aspects of highway management 
systems. Scientific and well-timed installation of the traffic control devices increases safety as well as 
significantly decreasing accident rates. For a safer driving environment, timely maintenance of the traffic signs 
is very important and incorporating these activities makes a viable economic sense. The specialized units of 
highway authorities, that is the Road Safety Authority (RSA) frequently check the safety requirements of the 
traffic control devices.

Road Safety Audit can minimize the risk and severity of road accidents by the road project and also can 
minimize the need of remedial work after construction. Road safety inspection based on (IRC SP -  88, 2010) [1] 
is conducted on an existing road, from Kunnamkulam to Peramangalam, since it is identified as one of the 
accident black spot.
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Background
This section, describe a short survey about Road Safety Audit, and classification of road by means of Weka 
software and analysis

R oad Safety A udit (RSA)

Road safety audit is done to ensure the operational safety performance of a road. Hence, it has the potential for 
improving safety when it is applied to a road or traffic design before the project is implemented. Through RSA 
the identification of potential safety hazards on new road projects at the appropriate stage can be done and so 
that it can minimize the adverse effects at minimum cost. It can be conducted on any design proposal, which 
involves changes to the ways road users will interact, either with each other or with their physical environment. 
Purpose of the audit is to identify hazardous features on existing road so that it can be eliminated or otherwise 
treated before they become an accident prone location.

Mehar and Agarwal [2] present some basic concepts for a systematic approach for formulation o f a road 
safety improvement program in India. They developed an accident record system, for ranking of safety 
hazardous locations, and also for identification of safety improvement measures and to determine priorities of 
safety measures. It also describes the difficulties faced in the safety audits and analysis of accidents. Their study 
highlights the system o f accident data collection in India is inconsistent and irregular. This study presented a 
frame work for development of road safety improvement program in India. They also stressed the need for 
developing a comprehensive methodology that should be capable of identifying the remedial measures based on 
the analysis of accident records as well as detailed engineering studies.

Griselda Lopez and Jaun de Ona [3] conducted analysis on the deficiency of traffic control devices with 
regard to crashes on rural highways. They adopted variables related to geometric and environmental road 
characteristics and found that the road which is improperly or poorly signaled can lead to incorrect placement or 
maneuvers o f vehicles and ambiguous situations that can increase the risk of crashes. They analyze the 
relationship between road crashes in two-lane rural highways and certain deficiencies in signaling.

They also found out that the human error is most often related to the perception and processing of 
information presented by the road or traffic environment. There are situations that cause problems with 
road user perception, interpretation or judgment stages may lead to driver to loss of control. Driver will 
get distracted due to crashes derive from diverse sources outside the vehicle. Hence, it is crucial to maintain 
the road features in optimal conditions so that they have the least possible impact on the drivers 
performance. They had done the analysis using CART method.

Arun S Bagi, Dheeraj N Kumar [4] explained that for each accident there is a need of systematic study in a 
scientific manner and detailed investigation of the accident spot. This type of investigation will help to identify 
some of the causative factors responsible for accidents and to give relative importance. The results o f the study 
could be employed advantageously to take up preventive measures to reduce the accidents. They studied 
accident prone areas on the Bannerghatta road and studied the effect of roadway geometrics and traffic 
conditions on the road stretch. Pedestrian safety analysis is also done. Accident prone locations are identified by 
the analysis. The study focuses on is the identification of accident prone areas on the road from FIR, to study the 
effect of roadway geometrics and traffic conditions on the road stretch and development of statistical 
relationship between accident rates and various factors causing accidents.

Saffarzadeh and Farshad [5] studied the maintenance of highway traffic control device and the problems 
faced, they found that in many developing countries, due to budget limits and lack of regular maintenance 
activities and many deficiencies related to signs, guardrails road markings increased. They also tried to propose 
an appropriate management system for the maintenance of traffic control devices, along with the development of 
computer software for control devices, which can identifying the necessary time for maintenance.With those 
mathematical models it can increasingly lead to the efficiency of operational systems for the maintenance of 
traffic control devices with in the limitation of the allocated budgets. These models are essentially flexible like 
any other mathematical model, regarding the alternatives.

Farzaneh Moradkhani, Somayya Ebrahimkhani [6] identified the factors behind road traffic accidents using 
data mining algorithms including and keep controlling on it. They have done the research, evaluation and 
implementation by using Weka software. The results of data mining will help organizations such as
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transportation, to explore the accidents data recorded by the police information system, and discover patterns 
and predict future behaviors and effective decisions to be taken to reduce accidents.

Majid Khalilikhah, Kevin Heaslip [7] studied the effects of damage on sign visibility. Traffic signs are 
provided to convey information to the drivers. So it is necessary to ensure visibility in night time or low light 
conditions, traffic signs must be in compliance with the minimum retro reflectivity standards outlined by the 
road safety manual .They studied about the aging of sign and also other contributing factors affect sign retro 
reflective performance and are determined the effects of various damage forms on sign retro reflectivity, 
through statistical methods, including regression models, chi-square test, t-test, and odds ratio were employed to 
analyze traffic sign data.

Data Understanding

The first stage of data mining process is to select the related data from many available data source and to 
correctly describe the data. Data sources can vary based on the purpose of analysis. The data was collected from 
two sources

A. Road inventory data
The selected study area is a 15 Km road stretch. The study area is divided into 200m sections for the 

convenience of study.

B. Traffic collision data
Past five year (2013-2017) accident data o f Kunnamkulam and Peramangalam police station is collected from 

the FIR, and it includes information such as Location, Time Driver, Passenger, Pedestrian data related to (age, 
sex, alcohol influence)and also severity of crashes (Fatal crashes , Grievous injury crashes and Minor injury 
crashes)

The data type can be quantitative or qualitative data. Quantitative data is measurable using numerical values. 
Qualitative data also known as categorical data contains both nominal and ordinal data. Nominal data has finite 
non -ordered values, such as terrain data has two values: flat and rolling. Once relevant data are selected, data 
pre-processing should be done.

Data Pre-Processing

Data pre-processing involves converting the collected raw data into an understandable form. Real-world data is 
sometimes insufficient, unpredictable and/or lacking in certain performance or trends and is likely to contain 
many errors. Data pre-processing is the best method for resolving such errors. Data pre-processing prepares the 
unprocessed data for further processing.

A. Data Field Selection
Data gathered from various sources were combined, classified and examined. Some of the data which are not 

relevant for the data mining technique was ignored.

B. Data classification
Data classification process can improve the quality of the data collected by correcting the errors detected. 

Generally data classification reduces errors and improves the data quality. Data classification can correct the 
errors such as the entries which are clearly invalid occurred due to human error and error on the problem 
reporting system can be identified and those which are correctable were corrected.

C. Data Transformation
Data transformation is the process of transforming the data into appropriate forms which are able for data 

mining. The data set used in the study contained integer values for the entire attributes.The attribute considered 
in the training dataset are presented in Table 1.The table shows the classification values for the corresponding 
attributes.
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Table 1. Classification table

A ttribu te Classification values

Width of road 1 :Proper 
2:Not sufficient

Shoulder width 1 :Proper 
2:Not sufficient

Terrain

ing 
lat 

ol 
:Fl 

:R
 

1: 
2:

Veh/3 min 1: Vehicle count with in limit 
2:Exceeds limit

Passing Zone width 1:Sufficient 
2:Not sufficient

Warning Sign 1 :Properly provided 
2:Provided -not clear 
3 :Not provided

Regulatory Sign 1 :Properly provided 
2:Provided -not clear 
3 :Not provided

Informatory Sign 1 :Properly provided 
2:Provided -not clear 
3 :Not provided

Pavement Markings 1 :Properly provided
2:Partially removed 3:Completly removed

Position of sign board 1 :proper sight distance 
2:Less sight distance

Post Mounted Delineators 1 :Properly provided 
2:Very less in number 
3 :Not provided

Crash Severity 0:No crash 
1 :Minor injury 
2:Major injury 
3 :Fatal

Data Mining

Data mining, is an emerging technique for data analysis hence it has the ability to collect, store and can extract 
the hidden predictive information from large databases. With the increased volume of database it is very 
difficult to understand the data without any powerful tool. Data mining is a new powerful technology with great 
potential to help user to derive decision from the data collected hence it is a typical tool for decision supporting 
system. Data mining tool is very useful to solve questions quickly in  which by traditional method were too time 
consuming to solve. Through data mining the collected data can be organized, explored and can discover 
patterns for predicting the future behavior. Data mining techniques can be implemented in  existing software and 
also can enhance the value of existing information resources, which can be integrated with new products and 
systems.

Weka Analysis

Weka (Waikato Environment for Knowledge Analysis) is software developed by the University o f Waikato, 
New Zealand which is popular suite for machine learning. Weka is freely available software and is licensed 
under the GNU General Public License. It is a collection of machine learning algorithms mainly useful for 
solving real-world data mining problems. It is Java based software and runs on almost any platform and the 
algorithms can either be applied directly to a dataset or it can be called from the Java code. Weka supports
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several standard data mining tasks, more specifically, data preprocessing, pattern extraction, and clustering, 
classification, regression, visualization, evaluating and interpreting results.

Experim entation

To predict the classes of road in the study area various classification models were built using Weka software. In 
Weka, decision trees are easy to build and understand, and it can manage both continuous and categorical 
variables, and can perform classification as well as regression. They automatically handle interactions between 
variables and identify important variables. Since W EKA’s explorer generally chooses reasonable defaults, the 
J48 decision tree algorithm, Simple CART, Navie Bayes, SMO, Multi-layer perceptron were used to perform 
the classification analysis. Training and testing were done using ten-fold cross-validation.

J48. It is the implementation of ID3 algorithm developed by Weka project team and it is used to generate 
univariate decision trees. [8]

Naive Bayes. It is a probabilistic classifiers based on applying Bayes' theorem with strong (naive) 
independence assumptions between the features.[8]
SM O (Sequentially m inim al optimization). It implements sequential minimal algorithm for training a support 
vector classifier. It replaces all missing values and transforms all nominal attribute into binary one. [9]

M ulti-layer perceptron. It is a neural network system, and it can be used for difficult to complex problems. 
They are very good for approximation.[9]

Simple CART. This decision tree is normally applicable in data mining to produce a frame work that predicts 
the value of its dependent variable.[3]

Results

For the analysis there are 66 sections of road. All the five classifiers performed similarly well with respect to the 
number of correctly classified instances. Accuracy measure represents how far the set o f data are being 
classified correctly. The error rates and accuracies of each classifier are analyzed and are shown in Table 2.

Table 2. Accuracy measurement

Sl
no

Classifiers No: of correctly 
classified instances

Accuracy 
in %

E rro r  ra te

1 Classification tree(J48) 62 93.93 0.06
2 Navie Bayes 64 96.96 0.26
3 SMO 66 100.00 0.27
4 Multi-layer perceptron 66 100.00 0.02
5 Simple CART 62 93.93 0.16

Among them Multi layer perceptron classifier sounds better with 0.0268 error rate and 100% accuracy even 
though SMO classifier also give 100% accuracy but the error rate is slightly greater than Multi-layer perceptron. 
Hence, out of all classifiers Multi layer perceptron suits best for predicting classes o f roads.

However, accuracy alone does not completely describe the prediction efficiency, and other means of 
evaluating the predictive models are necessary. The receiver operating characteristics (ROC) curve, the relative 
operating characteristic curve, gives the comparison of two operating characteristics based on the changes in the 
criterion. ROC curve is a plot between the fraction of (TPR) true positive rate versus the fraction of false 
positives FPR (false positive rate). In an entirely random test has an AUC of 0.5, while a perfect test (i.e., one 
with zero false positives or negatives) has an AUC of 1.00.

Here in all cases, the AUCs values obtained were greater than 0.5, with the Multi-layer perceptron model 
displaying AUCs equals to 1. These results indicate that Multi layer perceptron suits best for predicting classes 
of roads. After the prediction of type of road the top correlated independent parameters which affects the 
classification of the road has to be find out.
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Exploration

Data Exploration is done to predict future trends and irregularities are searched in order to achieve a better 
understanding of the data set. After sampling the data, it is to be explored numerically for grouping the data. The 
classification and analysis process can be made more accurate through Data Exploration.

C orrelation

Correlation analysis is done with two third of the data in order to identify top correlated attributes. Correlation is 
done to measure the degree of association between two variables, hence it is a non parametric test and is done 
based on the assumption that data must be ordinal and the score of one variable must be monotonically related to 
other variable. The relevant features can be obtained by conducting correlation analysis i.e., the (variables, 
predictors) they are the independent and dependent variables for the model construction. The top 5 attribute 
obtained are:

• Regulatory sign
• Pavement markings
• Position of sign board
• Post mounted delineators
• Crash

Data Modelling
Through modeling it can formulate models that explain patterns in the data. Data Modeling is done to construct 
mathematical equations by combining variables that reliably predicts a desired outcome. Modeling is done by 
using SPSS software.

7.1 M odel calibration
Model calibration is the reverse process to regression, where instead of a future dependent variable being 
predicted from known explanatory variables, a known observation o f the dependent variables is used to predict a 
corresponding explanatory variable. The calibration in regression is the use of known data on the observed 
relationship between a dependent variable and an independent variable to make estimates of other values o f the 
independent variable from new observations of the dependent variable.

7.2 Coefficient of D eterm ination (R2)
It represents the variation o f dependent variable explained by the independent variable included in the model. A 
value of R2 is between 0 and 1. The coefficient o f determination, R 2, is used to analyze how differences in one 
variable can be explained by a difference in a second variable. The coefficient o f determination, R2, is similar to 
the correlation coefficient, R. The correlation coefficient formula will show how strong linear relationship is 
existing there is between two variables.

Table 3 shows the summary of R2 values. Higher the value o f R2, the model will be better. The obtained 
value o f R2is 0.88 it means 88 % of the points should fall within the regression.

Table 3. Summary of R Square

Model R R2 Adjusted R2 Std. Error of estimate
1 0.94 0.88 0.86 0.26

7.3 Regression analysis
Linear regression is an approach for modeling a relationship between a scalar dependent variable with one or 
more independent variables. In linear regression, the relationships are modeled using linear predictor 
functions whose values are unknown model parameters are estimated from the data. Such models are 
called linear models. Regression analysis is a statistical process for estimating the relationships among variables.
7.4 M odel validity
Remaining one third data is checked for validity. Then the average root mean square error is calculated. Model 
with minimum root mean square is selected. Regression validation is the process of deciding whether the 
numerical results satisfying contemplate relationships between variables, obtained from regression analysis, are
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acceptable as descriptions of the data. In this case, dependent variable is the class of road and independent 
variables are Regulatory sign, pavement markings, position of sign board, post mounted delineators, accident. 
The coefficients of these dependant variable obtained by conducting regression analysis is shown in table 4

Table 4. Regression coefficients

Model Unstandardized
B

Coefficients 
Std. Error

Standardized 
Coefficients Beta

T Sig.

Constant -0.394 0.160 -2.455 0.02
Regulatory sign 0.159 0.049 0.197 3.249 0.02
Pavement
Markings

0.354 0.067 0.401 5.308 0.00

Position of sign 
board

0.401 0.199 0.242 3.385 0.02

Post mounted 
delineators

0.135 0.055 0.151 2.438 0.02

Crashes 0.257 0.049 0.365 5.505 0.00
By substituting the corresponding values of these road sections into the road safety model the rank o f the road 
will obtain as:
Class of road = -0.394+ 0.159*regulatory sign+0.354*pavement markings+0.401*position of sign 
board+0.135*post mounted delineators+0.257*accident

(1)

Table 5 shows the ranking of road based on the RSA model. Based on these value ranking of each section of 
road in the study stretch are found out.

Table 5. Ranking of highway sections

Classification R ank
Good 1
Fair 2
Poor 3

Application of RSM

Consider a road section with No regulatory sign, Completely removed pavement markings, Sign board kept with 
less sight distance, Delineators less in number, Occurrence of major accident

Table.4 shows the classification values corresponding to the conditions of road as obtained by road safety 
audit. By substituting the corresponding values of these road sections into the road safety model the rank of the 
road will obtain i.e.

Class of road = -0.394+ 0.159*3+0.354*3+0.401*2+0.135*2+0.257*2 
= 2.736 »  3

(2)
Hence road is classified as Poor

Table 6. Road classification

Condition of road Classification values

No regulatory sign 3
Completely removed pavement markings 3
Sign board kept with less sight distance 2
Occurrence of major accident 2
Delineators less in number 2
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Conclusions

T h e  o u tc o m e  o f  a  r o a d  s a fe ty  a u d i t  i s  th e  i d e n t i f i c a t io n  o f  a n y  r o a d  s a f e ty  d e f ic ie n c ie s  a n d  f o r m u la t io n  o f  
r e c o m m e n d a t io n s  a im e d  a t  r e m o v in g  o r  r e d u c in g  th e  d e f ic ie n c ie s .  T h u s ,  a n  a u d i t  w i l l  h e lp  to  i d e n t i f y  th e  
a c c id e n t  p o t e n t i a l  lo c a t io n s  a n d  p e r f o r m  s a fe ty  e v a lu a t io n  o f  h ig h w a y  s e c t io n s .  I n  th i s  s tu d y ,  a  m o d e l  f o r  th e  
c l a s s i f i c a t i o n  o f  d i f f e r e n t  s e c t io n s  c o u ld  b e  d e v e lo p e d .  I t  h e lp s  to  id e n t i f y  th e  c o n d i t i o n  o f  e a c h  r o a d  s e c t io n ,  
h e n c e  c a n  m a k e  o u t  th e  s e c t io n  w h i c h  n e e d s  to  b e  im p ro v e d .  O u t  o f  th e  to t a l  6 6  s e c t io n s  o f  K u n n a m k u la m  - 
P e r a m a n g a la m  h ig h w a y ,  3 3  s e c t io n s  a r e  i n  g o o d  c o n d i t i o n  w i t h  a d e q u a te  t r a f f i c  c o n t r o l  d e v ic e s ,  2 5  r o a d  
s e c t io n s  a r e  i n  f a i r  c o n d i t i o n  a n d  8  s e c t io n s  a r e  i n  p o o r  c o n d i t io n s .  T h e s e  s e c t io n s  c a n  b e  im p r o v e d  b y  p r o v id in g  
p r o p e r  t r e a tm e n t s  a s  id e n t i f i e d  f r o m  th e  a u d i t .
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A STUDY ON PROFIT OPTIMISATION OF KERALA STATE ROAD 
TRANSPORT CORPORATION

A n u s r e e  P .P .  [1] a n d  J o m y  T h o m a s  [2]

[1]P G  S tu d e n t ,  D e p a r tm e n t  o f  C iv i l  E n g in e e r in g ,  R a j iv  G a n d h i  I n s t i tu te  o f  T e c h n o lo g y ,
K o t ta y a m , I n d ia

[2]A s s i s t a n t  P r o f e s s o r ,  D e p a r tm e n t  o f  C iv i l  E n g in e e r in g ,  R a j iv  G a n d h i  I n s t i tu te  o f  T e c h n o lo g y ,
K o t ta y a m , I n d ia

A b s t r a c t - Growth o f  t r a n s p o r t a t i o n  n e e d s  h a s  i n c r e a s e d  th e  n e e d  o f  b e t t e r  t r a n s p o r t a t i o n  f a c i l i t i e s .  I n  a  

d e v e lo p in g  c o u n t r y  l ik e  I n d ia  p u b l ic  t r a n s p o r t  s y s te m s  p l a y s  a n  im p o r t a n t  r o le  i n  p r o v id in g  p a s s e n g e r  
t r a n s p o r ta t io n .  M o s t  o f  th e  I n d i a n  s ta te s  h a v e  G o v e r n m e n t  o w n e d  p u b l i c  t r a n s p o r t  c o m p a n ie s .  T h e s e  d a y s  m o s t  
o f  th e s e  S ta te  R o a d  T r a n s p o r t  C o r p o r a t io n s  a r e  f a c in g  s e v e re  f i n a n c i a l  c r i s i s .  T h o u g h  th e  m a in  o b je c t iv e  o f  
S R T U  i s  p u b l i c  s e rv ic e ,  i t  s h o u ld  w o r k  o n  a  s e l f - s u s t a in in g  b a s i s .  S o  p r o f i t a b i l i t y  o f  p u b l i c  t r a n s p o r t  u n d e r t a k in g  
i s  g a in in g  s ig n i f i c a n c e ,  a l s o  p r o f i t  m a k in g  i s  a  m e a s u r e  o f  e f f i c ie n c y  o f  s u c h  a  s y s te m .

K e r a l a  S ta te  R o a d  T r a n s p o r t  C o r p o r a t io n  is  o n e  a m o n g  th e  S ta te  R o a d  T r a n s p o r t  U n d e r ta k in g s .  R e c e n t  y e a r 's  
d a ta  s h o w s  th a t  K S R T C  i s  i n  lo s s .  S o  th i s  s tu d y  f o c u s e s  o n  th e  v a r io u s  f i n a n c i a l  a n d  p h y s i c a l  p e r f o r m a n c e  
m e a s u r e s  t h a t  a r e  to  b e  o p t im iz e d  to  in c r e a s e  th e  p r o f i t a b i l i ty  o f  K S R T C . C o r r e l a t i o n  a n d  r e g r e s s io n  a n a ly s i s  
d o n e  a n d  a  p r e d i c t i o n  m o d e l  f o r  p r o f i t a b i l i ty  o f  K S R T C  is  d e v e lo p e d  b y  u s i n g  a  s o f tw a r e  S P S S . T h e  r e s u l t  o f  
th e  s tu d y  s h o w s  t h a t  t h e  v a r i a b l e s  l o a d  f a c to r ,  e f f e c t iv e  k i lo m e te r s ,  s c h e d u le s  o p e r a t e d  a n d  s t a f f  p e r  s c h e d u le  
h a v e  s ig n i f i c a n t  e f f e c t  o n  p r o f i t a b i l i ty .

Keywords: Profitability, KSRTC

1. INTRODUCTION
A s  l iv in g  s ta n d a r d s  in c r e a s e ,  th e  d e m a n d  f o r  t r a n s p o r t a t i o n  a ls o  r is e s .  I n  d e v e lo p in g  c o u n t r i e s  a n d  e m e r g in g  
e c o n o m ic s ,  t h e  s o lu t io n  s e e m s  to  b e  to  in c r e a s e  o n - r o a d  t r a n s p o r t .  P u b l ic  t r a n s p o r t  i s  a  s o lu t io n  f o r  th e  p r o b le m . 
P u b l ic  t r a n s p o r t  s y s te m s  a r e  a n  e s s e n t i a l  p a r t  o f  s a fe ,  c l e a n  a n d  a f f o r d a b le  t r a n s p o r t  f o r  d e v e lo p m e n t .  F r o m  a  
s o c ia l  p e r s p e c t iv e ,  p u b l ic  t r a n s p o r t  is  o f t e n  th e  o n ly  m e a n s  o f  t r a n s p o r t  f o r  th e  c o m m o n  m a n . I t  g iv e s  t h e m  
g r e a t e r  a c c e s s  to  e d u c a t io n ,  h e a l th  c a r e ,  r e c r e a t io n  a n d  im p r o v e s  t h e i r  l iv e l i h o o d  o p p o r tu n i t i e s .  A ls o  p u b l ic  
t r a n s p o r t  is  e f f i c i e n t  t h a n  p e r s o n a l  m o to r  v e h ic l e s  i n  t e r m s  o f  th e  r o a d  s p a c e  i t  u s e s  u p  a n d  th e  e n e r g y  i t  
c o n s u m e s .

P u b l ic  t r a n s p o r t  r e m a in s  t h e  p r im a r y  m o d e  o f  t r a n s p o r t  f o r  m o s t  o f  th e  p o p u la t i o n  i n  In d ia .  I n d ia 's  p u b l ic  
t r a n s p o r t  s y s te m s  a r e  a m o n g  th e  m o s t  h e a v i ly  u s e d  i n  t h e  w o r ld .  I t  p r o v id e s  th e  v i t a l  c o n n e c t iv i ty  to  f a r  f l u n g  
a r e a s  i n  a  d e v e lo p in g  s o c ie ty .  T h e re  a r e  s e v e r a l  m o d e s  o f  p u b l i c  t r a n s p o r t .  B u s e s  ta k e  u p  o v e r  9 0 %  o f  p u b l ic  

t r a n s p o r t  i n  I n d i a n  c i t ie s ,  a n d  s e rv e  a s  a  c h e a p  a n d  c o n v e n ie n t  m o d e  o f  t r a n s p o r t  f o r  a l l  c l a s s e s  o f  s o c ie ty .  A ls o  

i t  h e lp s  to  r e d u c e  th e  t r a f f i c  c o n g e s t io n  d u r in g  p e a k  h o u r s  a n d  h e lp s  to  c a r r y  m o r e  n u m b e r  o f  p a s s e n g e r s .  S ta te  
R o a d  T r a n s p o r t  C o r p o r a t io n s  a r e  th e  g o v e r n m e n t  c o m p a n ie s  w h ic h  p r o v id e  p u b l ic  t r a n s p o r ta t io n .  T h e  R o a d  

T r a n s p o r t  A c t  1950 g a v e  a  b o o s t  to  r u r a l  m o b i l i ty .  T h e  p r o m u lg a t io n  o f  R T C  A c t  e n a b le d  S ta te s  a n d  C e n tr a l  
G o v e r n m e n ts  to  ta k e  i n i t i a t iv e  to  f o r m  th e  R o a d  T r a n s p o r t  C o r p o r a t io n s .  N o w  th e r e  a r e  6 7  S T U s  i n  I n d ia ,  o f  
w h ic h  2 1  w e r e  f u n c t io n in g  a s  s t a tu to r y  c o r p o r a t io n s ,  2 7  w e r e  i n c o r p o r a t e d  a s  g o v e r n m e n t  c o m p a n ie s ,  e ig h t  
w e r e  r u n  a s  d e p a r tm e n ta l  e n te r p r i s e s  a n d  11 w e r e  b e i n g  r u n  a s  m u n ic ip a l  u n d e r ta k in g s .  S ta te  R o a d  T r a n s p o r t  
U n d e r t a k in g s  p r o v id e s  p u b l i c  t r a n s p o r t  f a c i l i t i e s  i n  e v e r y  s ta te  w i th  th e  h e lp  o f  a  n u m b e r  o f  b u s e s .  A f t e r  th e  
e c o n o m ic  l ib e r a l iz a t io n ,  a l l  th e s e  g o v e r n m e n t  s ta te  t r a n s p o r t  c o r p o r a t io n s  h a v e  i n t r o d u c e d  v a r io u s  f a c i l i t i e s  l ik e  
l o w - f lo o r  b u s e s  f o r  th e  d i s a b le d  a n d  a i r - c o n d i t i o n e d  b u s e s  to  a t t r a c t  p r iv a te  c a r  o w n e r s  to  h e lp  d e c o n g e s t  r o a d s .  
K e r a l a  S ta te  R o a d  T r a n s p o r t  C o r p o r a t io n  o r  K S R T C  is  th e  s t a te - r u n  b u s  c o m p a n y  i n  th e  s ta te  o f  K e r a la .  I t  is  o n e  
o f  th e  o ld e s t  s ta te  r u n  p u b l ic  b u s  t r a n s p o r t  s e rv ic e s  i n  In d ia .  K S R T C  is  a  P u b l ic  S e c to r  C o r p o r a t io n  u n d e r  th e
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Ministry of Transport o f the State Government o f Kerala. This Kerala Public transport bus service was started in 
1938 with headquarters in Thiruvananthapuram. It is one of the oldest state run public bus transport services in 
India. The Kerala State Road Transport Corporation began as the Travancore State Transport Department, 
constituted by the former Travancore Government with the intent of reorganizing the transportation services of 
the state, but later it changed on the state’s name i.e. Kerala. The acting of the Road Transport Corporation Act 
in 1950, the Government of Kerala formulated KSRTC rules in 1965. The Kerala State Road Transport 
Corporation was formally established by the government of Kerala by the notification dated, 15 March 1965. 
The Transport Department was converted into an autonomous corporation on 1 April 1965.

The main objective of the study is to find the factors affecting profitability of KSRTC and to optimize the profit. 
This can be done by fulfilling the following objectives

• To find the parameters affecting profitability of KSRTC by using correlation and regression analysis.

• To make a multiple linear regression model to predict the future profit.

2. LITERATURE REVIEW
2.1 G eneral

To begin with the project first it is essential to have an idea about the different approaches and researches in the 
subject area. So for that a detailed review of literature is conducted. There are different methods used for the 
analysis o f profitability o f a firm. A large variety of studies were conducted in different part of the world for 
different organizations. The transport sector need to continuously review their capacity in order to make sure 
that they give better services to the society and the users. Even though profit making is not a motto for public 
transport it should not be in loss. There were a lot o f studies conducted worldwide to analyze the profitability of 
organizations. A brief detail of case studies used for the analysis of profitability of organizations is described 
below.

2.2 R esearch Papers 

M ultiple L in ea r Regression

Multiple linear regression attempts to model the relationship between two or more explanatory variables and a 
response. Variable by fitting a linear equation to observed data. It quantifies the impact o f various simultaneous 
influences upon a single dependent variable. It is capable of dealing with an arbitrarily large number of 
explanatory variables. Multiple regression analysis will estimate the equation of a hyper plane in n  Space such 
that the sum of squared error has been minimized. Its intercept implies the constant term, and its slope in each 
dimension implies one of the regression coefficients.

A study has been conducted by W orem i et.al.,(2009) at Niger state of Nigeria to evaluate the performance of 
public transport company. The study evaluates the variables that tend to determine the level o f performance of 
public transport companies in Niger state. This study was carried out in Minna, the administrative seat o f Niger 
State, Nigeria. The purpose of this study is the entire management and/or operators of public transport company 
in Niger State. Structured questionnaires and interview techniques were adopted for data collection. The 
collected data is analyzed using multiple linear regression technique to identify the factors affecting 
performance of public transport companies in Niger.
The research involved working with the independent variables of years of establishment of the corporation, Cost 
of maintenance, government policies on importation of spare parts, total number functioning vehicles, state of 
the roads and its networks, effect o f exchange rate, effect o f paratransit, staff strength, and organizational 
structure/managerial factors. The performance function model was estimated using three functional forms of 
linear, semi log and exponential equations. Then linear function was chosen as the lead equation based on R 2, t 
and f  values. The result shows that cost of maintenance is significant at 5% level and organizational structure is 
significant at 10% level. So it was concluded that cost of maintenance and organizational structure play 
prominent role in performance of public transport companies in Niger

Soumen M itra  and D r.Jay ita  G uha Niyogi (2012) conducted a study on A quick assessment technique to 
determine profitability in private city bus services -  case study Kolkata-Howrah urban area, India. This study 
has been conducted in Kolkata-Howrah urban area which incorporates data on route, operation and financial 
system. A multiple linear regression is used. This indicates that five attributes, namely route-length, number of 
days a bus operates in a month, average passenger per day, average fare, legal cost involved.
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3. STUDY AREA AND DATA COLLECTION
3.1 Study area

KSRTC is having 28 depots covering the entire Kerala state. This study is conducted for all depots of KSRTC. 
Data required for this study is collected from Transport Bhavan Trivandrum for the years 2011 to 2016. The 
data regarding physical performance and financial performance are collected. The study area is shown in figure
1.

Fig.1. Location of KSRTC Depots

3.2 D ata Collection

Data collection is the first and foremost important phases of transport study. Since final results and conclusions 
depend on the accuracy of the data collected, care should be taken in this phase. The study is based on the data, 
which is collected from Transport Bhavan, Thiruvananthapuram. For conducting correlation and regression 
analysis monthly data of average kilometer per liter, Total Fuel used, Staff per schedule, accidents, schedules, 
effective kilometer, average vehicle utilization, load factor, EPKM and CPKM for years 2011 to 2016 is 
extracted from the obtained data set.

4. METHODOLOGY

4.1. G eneral

There are different methods used for the evaluation of performance and efficiency o f an organization. Literature 
review gives an idea about those methods.

4.2. C orrelation

There are a number o f physical and financial performance parameters that affect the profitability of a public 
transport company. Physical performance measures includes parameters like number of divisions, number of 
depots, number of bus stations, number of schedules, schedules added, new vehicles added, vehicles scrapped, 
number of routes, route kilometers, load factor, effective kilometers, vehicle utilization, fleet utilization, kmpl, 
tyre life, staff per schedule, number o f break-downs, number of accidents etc. Financial performance parameters 
includes revenue, cost of operation, CPKM, EPKM etc.

Correlation is a statistical technique that can show whether and how strongly pairs o f variables are related. So to 
find the effect of these parameters on profitability, the correlation between these parameters and profitability is 
found out. The variables that are used for the correlation analysis are average kilometer per liter, Total Fuel 
used, Staff per schedule, accidents, schedules, effective kilometer, average vehicle utilization, load factor and 
profitability which is taken as the ratio of EPKM to CPKM.

Correlation between two variables is expressed based on correlation coefficient (r). It ranges from -1.0 to +1.0. 
The closer r  is to +1 or -1, the more closely the two variables are related. If r is close to 0, it means there is no 
relationship between the variables. If r is positive, it means that as one variable gets larger the other gets larger. 
If r  is negative it means that as one gets larger, the other gets smaller which is often called an "inverse" 
correlation. Correlation coefficients are normally reported as a value between -1 and +1. The square of the 
coefficient is equal to the percent of the variation in one variable that is related to the variation in the other.
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Correlation between two variables can be found out using SPSS. Correlation between two variables is said to be 
significant if the significance value is less than .05 for a confidence level of 95%, and is significant if  the 
significance value is less than .01 for a confidence level of 99%.

4.3. Regression

Regression analysis is a statistical process for estimating the relationship among variables. It is widely used for 
prediction and forecasting. In this project regression analysis is used to find the relationship between the 
parameters and profitability and to develop a prediction model.

A multiple linear regression model can be expressed as follows

Y=A0+BlX l + B2 X2 + B3 X3 + ............  + Bn Xn (1)

Where,

Y = Dependent variable 

A0 -Constant

B i, B2, B3, ...................Bn- Coefficients to be estimated.

X i, X2, X3,...................X n -Independent variables

Regression analysis is done by taking profitability as dependent variable and staff per schedule, load factor, 
vehicle utilization, effective kilometer and number of schedules operated as independent variables. It is done 
using monthly data for the years 2011-2016. The regression equation can be used to forecast the future 
profitability of KSRTC.

3. DATA ANALYSIS AND RESULT
5.1. G eneral

Data collected from the depot is analyzed using different methods. First the relationship between different 
financial and physical parameters is analyzed using correlation. Then depending on the correlation of parameters 
with the profitability regression analysis is done and a multiple linear regression model for forecasting the future 
profit using those parameters is made.
5.2. Descriptive Statistics
Descriptive statistics are brief description coefficients that summarize a given data set, which can be either a
representation o f the entire population or a sample of it. It is used to describe the basic features o f the variables
in the study.

Table1. Descriptive statistics

Profitability
Load

Factor

Avg
Vehicle

Utilization
Effective

KM
Total Fuel 

Used
Schedules
Operator

Staff Per 
Schedule Accident

Avg
KMPL

N Valid 60 60 60 60 60 60 60 60 60

Missing 0 0 0 0 0 0 0 0 0
Mean 1.012242 82.1898 92.9788 1472475.33 7658958.12 4521.62 9.2498 .1755 3.6895
Median 1.007050 84.5450 92.9200 1472531.50 11350364.00 4523.00 9.2650 .1650 4.1400
Mode .9602a 86.02a 91.50a 1304953a 562015a 4510a 9.15a a0.0 4.16
Std.
Deviation

.0572438 5.12266 1.91347 78973.591 5634471.371 154.542 .33713 .11616 .60101

Minimum .8831 72.92 87.96 1304953 562015 4129 8.41 .00 2.84
Maximum 1.1270 88.97 97.36 1592829 13343616 4892 9.78 .65 4.24
Sum 60.7345 4931.39 5578.73 88348520 459537487 271297 554.99 10.53 221.37

a. Multiple modes exist. The smallest value is shown.
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5.3. Norm ality check

An assessment of the normality of data is a prerequisite for many statistical tests as normal data is an underlying 
assumption in parametric testing. There are two main methods of assessing normality -  graphically and 
numerically. A histogram is a graphical representation of numerical data and was first introduced by Karl 
Pearson.

Fig.2. Load fac to r

Fig.3. Effective K M

Fig.4. Avg. Vehicle Utilization
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Fig.5. Schedules O perated

Fig.6. Total Fuel Used

Mean =8.25 
Std. Dev. =0.337 

N =80

Fig .7.Staff p e r Schedule

From these histograms we can see that all variables are normally distributed. Hence parametric test can be 
employed for analysis o f variables.

5.4. C orrelation

The data collected shows that physical and financial performance measures are varying every year and every 
month and profit also varying along with that. To analyze the effect of these variables on profitability of depot,
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correlation between these variables is found using SPSS. The variables used to find correlation are average 
kilometer per liter, total fuel used, staff per schedule, accident total, schedules, effective kilometer, average 
Vehicle utilization, load factor, EPKM, CPKM, and profitability.

The correlation matrix shows the Carl Pearson correlation between two variables. The correlation matrix shows 
that load factor, average vehicle utilization, effective kilometer, total fuel used and number of schedules are 
positively correlated to profitability, whereas staff per schedule is negatively correlated to profitability. So 
increase in  load factor, average vehicle utilization, effective kilometer and total fuel used will increase the 
profitability and increase in staff per schedule will decrease the profitability.

5.5. Scatter plots

A scatter plot or scatter gram illustrates the scores or data that we wish to correlate, where the axes are the two 
variables. If  the scores on one variable increase and so do the scores on the second variable, this is known as a 
positive correlation. If scores on one variable increase while the scores on the other variable decrease this is 
known as a negative correlation. When the points are randomly scattered there is generally no correlation 
between the two variables.

Scatterplot be tw e e n  Profitability and A v e ra g e  V e h ic le  Utilization

A v g  V e h ic le  U til iz a tio n

Fig.8. Scatterplot between Profitability  and Avg. Vehicle Utilization

The scatter plot clearly illustrates that there is a positive correlation between ‘Average vehicle utilization’ and 
‘Profitability’.

Scatterplot between Profitability and Effective Kilometer

E ffec tive  KM

Fig.9. Scatterplot between Profitability  and Effective KM

The scatter plot clearly shows that there is a positive correlation between ‘Effective Kilometer’ and 
‘Profitability’.
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Seattarplot b<tw««n Profitability and Load Factor

Fig.10. Scatterplot between P rofitability  and Load Factor

Scatterplot shows that there is a positive correlation between ‘Load Factor’ and the ‘Profitability’.

Scatterplot between Profitability and Schedules Operator

Fig.11. Scatterplot between Profitability  and Schedules O perated

The scatter plot clearly illustrates that there is a positive correlation between ‘number o f Schedules Operator’ 
and ‘Profitability’.

Scatterplot between Profitability and Staff Per Schedules

Fig.12. Scatterplot between Profitability  and Staff p e r Schedule

The scatter plot clearly illustrates that there is a negative correlation between ‘number o f Schedules Operator’ 
and ‘Profitability’.

5.6. Regression Analysis

Correlation analysis shows that there are several parameters that affect the profitability o f bus services. The 
variation in these parameters controls the profitability. Regression analysis is done to make a prediction model 
for profitability. Profitability is taken as dependent variable and staff per schedule, load factor, average vehicle 
utilization, effective kilometer, and number o f schedules is taken as dependent variables. The analysis is done 
using monthly data for the years 2011 to 2016. Regression is done for different combination o f variables and the
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regression equation is selected for the highest R square value (From Table 2). The regression results are given in 
tables below.

T a b l e 2 .  Regression Model Summary

Model
R

R
Square

Adjusted 
R Square

Std. Error of 
the Estimate

1 .844a .712 .669 .0368687
a. Predictors: (Constant), Schedules Operator, Load Factor, Staff Per Schedule, Avg. Vehicle Utilization, 
Effective KM

T a b l e 3 .  Regression Coefficients

Model Unstandardized
Coefficients

Standardized
Coefficients

t Sig.B
Std.

Error Beta
Constant 1.298 .609 2.131 .042
Staff Per 
Schedule

-.199 .034 -.344 -5.85 .040

Load
Factor

.013 .002 .800 6.5 .050

Avg
Vehicle

Utilization

.002 .006 .066 .338 .538

Effective
KM

4.3E-
7

.000 .460 4.31 .038

Schedules
Operated

6E-9 .000 .383 2.115 .042

From the coefficients obtained from regression (Table 3) the multiple linear regression equation is,

P r o f i t a b i l i t y  =  1 .2 9 8  - .1 9 9  x  S t a f f  p e r  S c h e d u l e  +  0 .0 1 3  x  L o a d  F a c t o r  +  0 .0 0 0 0 0 0 4 3  x  E f f e c t i v e  K i l o m e t e r  

+  0 .0 0 0 0 0 0 0 0 6  x S c h e d u l e s  O p e r a t e d

The result shows that if  staff per schedule is increased by one unit profitability of depot decreases by 0.199 
units. An increase of load factor by one unit increases the profitability by 0.013 units. Unit increase in effective 
kilometer increases the profitability by 0.00000043 units and unit increase in schedules operator increases the 
profitability by 0.000000006 units. The result shows that vehicle utilization does not have an influence on 
profitability. All variable except vehicle utilization are significant.

V a l i d a t i o n  o f  r e g r e s s i o n  m o d e l

Various coefficients are estimated by regression model using SPSS software. After obtaining the model, it is 
validated using 30% data which was not used in the model development. Model validation was done by 
estimating the error in predicting using Mean Absolute Percentage Error (MAPE).

MAPE = - s l ^ ^ l x l O O
n I Di I

Where,

n = Number of observations

Oi =Observed value

Ei = Model predicted value (Estimated value)

According to Lewi’s scale of interpretation of estimated accuracy any forecast with a MAPE value less than 
10% can be considered highly accurate, 11%-20% as good, 21%-50% as reasonable and 51% or more as 
inaccurate.
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The obtained average MAPE value is 13.969, which lies between 11% and 20%. Hence the developed model 
can be regarded as Good.

6. CONCLUSIONS AND RECCOMENDATIONS

6.1. Conclusions

• Correlation analysis shows that load factor, average vehicle utilization, effective kilometer, total fuel 
used and number of schedules are positively correlated to profitability, whereas staff per schedule is 
negatively correlated to profitability.

• Using the variables correlated to profitability, multiple linear regression equation is formulated. 
Regression analysis shows that load factor, staffs per schedule, effective kilometer, and number of 
schedules have significant effect on profitability.

• The regression equation thus formulated can be used for predicting the profitability of the depot in 
future

• Load factor is having the highest significance on profitability
6.2. Recom m endations

This study considers the different parameters that affect the profitability of public transport. To maximize the 
profit and to enhance efficiency the significant variables are to be altered accordingly. Load factor is increasing 
with year and is in the range o f 70 to 90%.Staff per schedule has to be reduced to optimize the profit. Increase in 
effective km results in  increase in profitability.
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Abstract. Heterogeneous traffic pattern prevails in India. The traffic stream behaves differently in a 
heterogeneous traffic condition as compared to that of a homogeneous condition prevailing in developed 
countries. Most of the existing analytical approaches based on the field data have the limitation of an 
underlying assumption of homogeneity, which is a long way from the high variations of driver vehicle 
characteristics in mixed traffic condition. Hence it is necessary to convert heterogeneous traffic to 
homogeneous traffic by applying appropriate factors (PCU) for different types of vehicles while designing or 
evaluating any signalized intersection. The purpose of this project is to estimate appropriate PCU values for 
different classes of vehicles at signalized intersections with mixed traffic in Delhi. PCU values are estimated 
using two methods based on space occupancy - time occupancy ratio method. Estimated values are then 
compared with standard IRC values. Using these PCU values, base saturation flow is estimated for analysis 
of traffic flow at the intersection. The reliability of PCU values can be validated against the field saturation 
flow. The effect of influencing parameters such as approach width, vehicle composition, turning movements 
is also studied. The estimated PCU and saturation flow values find extensive application in design, capacity 
and operation of a signalized intersection.

Keywords: Passenger Car Unit, Saturation Flow, Signalized Intersection, Mixed traffic, Projected Area,
Clearance time

Introduction

The road traffic in  India is highly heterogeneous comprising vehicles like Cars, Buses, Trucks, Auto-Rickshaws, 
Bikes/Scooters, Cycles, and Rickshaws etc. which have wide ranging static and dynamic characteristics. Due to 
the highly varying physical dimensions and speeds, it becomes difficult to make these vehicles to follow traffic 
lanes and the vehicles occupy any convenient lateral position on the road depending on the availability o f road 
space at a given instant o f time. Hence, expressing traffic volume as number of vehicles passing a given section 
of road or traffic lane per unit time will be inappropriate when several types of vehicles with widely varying 
static and dynamic characteristics are comprised in the traffic. The problem of measuring volume of such 
heterogeneous traffic has been addressed by converting the different types of vehicles into equivalent passenger 
cars and expressing the volume in  terms of Passenger Car Unit (PCU) per hour. PCU values for the different 
types of vehicles on Indian roads have been suggested by IRC (SP 41-1994). These PCU values are in the form 
of single set o f constant values. However, the PCU value of a vehicle category may not be constant, because it 
may vary, based on not only the vehicle factors but also with several other factors associated with roadway and 
traffic conditions. This paper focuses on the determination of the dynamic PCU values for different vehicle 
categories at signalized intersections under mixed traffic conditions by adopting a concept of space and time 
occupancy. It considers the horizontal projected area of the vehicle, without any restriction on the length of 
detection zone and width o f road.

Objectives

• To estimate appropriate PCU values for different classes of vehicles at signalized intersections with
mixed traffic in Delhi.

• To compare the PCU values obtained by current studies with IRC values.
• To estimate saturation flow at the intersections using the estimated PCU values.
• To study the impact of various influencing parameters such as road width, traffic composition, turning

movements etc. on the saturation flow.
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Literature Review

Indian Roads Congress Special Publication (IRC SP-411994) had recommended PCU values for two 
wheelers as 0.5, three wheelers as 1 and bus/lorry as 3 at signalized intersection for conversion of different types 
of vehicles into equivalent PCU. Dynamic PCU model concept developed by Chandra and Sikdar (1993) 
considered the intersection clearing speed of each category of vehicles. Mavani et. al. (2016) determined 
Dynamic PCU values at signalized intersections on urban corridor of Ahmedabad city. In the study, relative 
project area and actual traveltime of the vehicle category were considered to decide the dynamic PCU of vehicle 
category. It was observed that dynamic PCU value of 2W and 3W are quite lower than suggested static PCU 
values.

Parvathyet. al. (2013) developed new set of PCU values for mixed flow at signalized intersections. PCU of 
different vehicle classes were estimated using headway ratio method and regression method. Also, an attempt 
was made to find the effect of length of passenger cars on PCU. It was found that the estimated PCU values are 
different from those being used in India, and they are inversely related to the length of passenger car. A study by 
Alex et. al. (2015) focused on the determination of the dynamic PCU values for different vehicle categories at 
signalized intersections under mixed traffic conditions by adopting a modified concept o f area occupancy. For 
this, the authors have developed a microscopic traffic simulation model, TRAFFICSIM, which was reported 
elsewhere. The paper explains the variation o f dynamic PCU with traffic composition, width, stream speed and 
flow ratio. Using the obtained dynamic PCU values, a saturation flow model was also developed.

From the literature study, different methods have been identified to estimate the PCU values. Most o f the 
existing analytical approaches for PCU estimation based on the field data have the limitation of an underlying 
assumption of homogeneity, which is a long way from the high variations of driver vehicle characteristics in 
mixed traffic condition. This paper focuses on the determination of the dynamic PCU values for different 
vehicle categories at signalized intersections under mixed traffic conditions by adopting a concept o f space and 
time occupancy.

Methodology

In the present study attempt has been made to estimate values of PCU and saturation flow in the field by 
actually measuring the flow at the stop line during saturated green phase and to study the impact of various 
influencing parameters such as road widths, traffic composition etc. based on actual field studies/experiments of 
the typical Indian traffic conditions.

L ite ra tu re  S tu d y

I —
Id en tifica tio n  o f  S ignalized  In te rsec tio n s  for 

S tu d y

C ollec tion  o f D ata  o n  
O p era tio n a l P a ra m e te rs

C o llec tion  o f Traffic Flow D ata by 
V id eography  Survey

Classified Traffic D ata  E xtraction  in 
L aborato ry

E xtraction  o f  traffic d a ta  
fo r s a tu r a te d  g reen  

in te rva ls
V ehicle c le a ra n c e  t im e  m e a su re m e n t

E s tim ation  o f PCU 

I. By M e th o d  1 Ii. By M e th o d  2

C o m p ariso n  o f PCU Values

E s tim ation  o f S a tu ra tio n  flow

C o m p ariso n  o f s a tu ra tio n  flow

In te rp re ta tio n  o f Results

C ollection  o f D a ta  o n  
R o a d w a y / In te rsec tio n  
G eo m e tric  P a ra m e te rs

r------------------------------------ \
C ollec tion  o f V ehicle's 

A rea de ta ils

1.1 Selection of Study A rea

The project work is undertaken at CRRI, Delhi. Hence signalized intersections are selected in the urban corridor 
of Delhi. Intersections selected for this study are right angle intersections and have level gradient on all
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approaches and least interference to entry or exit traffic due to pedestrians, bus stops, parked vehicles, etc. All 
the approaches of the intersections reach saturated stage for whole or majority of the green interval during 
almost each phase during peak hour as traffic flow is very heavy. That is, intersections represent ideal base 
conditions.
1.2 Field survey

Field surveys were done in order to collect the following parameters:
• Roadway/Approach conditions and operational parameters
• Traffic conditions
• Vehicular dimension

1.3 M ethods fo r Estim ation of PCU Values

Proposed M ethod 1.PCU factors for different classes of vehicles are estimated for saturated flow condition 
separately for through (TH) and Right turn (RT)movements of different approaches (with exclusive through and 
right turn movements) using the concept of space and time occupancy and using these values saturation flow 
was estimated in PCU per hour for each approach. The basic concept used to estimate the PCU is that it is 
directly proportional to the space occupancy ratio and time occupancy ratio with respect to the standard design 
vehicle, a car.

PCUi = — (1)
PCUi = Passenger Car Unit o f vehicle type i, Ai= Area of ith vehicle, Ac= Area of passenger car, tc= Average 

clearing time o f car in sec, ti = Average clearing time o f vehicle type i in sec
Proposed M ethod 2.Another approach is also considered for estimating PCU values. In the previous method, it 
is observed that length of vehicle is double counted that is, length is considered both in area ratio and clearance 
time ratio. Clearance time is taken as time of vehicle (area) occupying the intersection common space/area from 
entry of front bumper at entry line to exit o f rear bumper at exit line. Thus, length of vehicle is taken in the time 
occupancy factor. Also, area of vehicle is given by the product of length and width which accounts to the space 
occupancy factor. Hence to eliminate double counting of length factor, the equation is modified as given below,

" (2 )
PCUi = Passenger Car Unit o f vehicle type i, Wi= Width of ith vehicle, Wc = Width of passenger car

1.4 Estim ation of Field Saturation  Flow

Saturation flow in PCU was calculated based on PCU values obtained by Method 1 and Method 2. Classified
average saturation flow for exclusive through (TH) and exclusive right turning (RT) movements of different
approaches of the selected intersections were converted into Passenger car unit (PCU) by multiplying the 
respective PCU factors estimated in this study with the number of vehicles of the category in order to derive 
average saturation flow in PCU per hour green.

_ _ TofaE fwtamff during saturated p-sriod [PCUy ^  ^
TotaE saturated, grs&n[time lr  sec

Data Collection And Analysis

1.5 Study A rea

In the present study, exclusive through and right turning movements are considered. Hence, four approaches of 
two T- intersections with fixed signal time were selected for the study. Approach width ranges from 11.3m 
to15.2m. Selected intersections are 1) Bhairon Marg -  Mathura Road intersection and 2) Bhairon Marg - Ring 
road intersection.
1.6 D ata Collection

Roadway condition and operational data are collected from the field and location map. Traffic turning 
movement data of the subject approaches of the intersections are collected by videographic survey. To make the 
analysis meaningful, the vehicles were divided into eight different categories as shown in Table. Since car 
traffic is predominant in the study area, it is further classified into standard car and big car. Average dimensions 
and projected rectangular areas of each type o f vehicle category are also given in Table 1.
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Table 1. Vehicle categories and their average dimensions

Sl.
No: Category of vehicle Average Dimension, m Projected area

Length Width on ground, m2
1 Standard Car (SC) 3.82 1.45 5.55
2 Big car (BC) 4.58 1.77 8.11
3 Two-wheeler (2W) 1.87 0.64 1.2
4 Three-wheeler (3W) 3.2 1.4 4.48
5 Light Commercial Vehicles (LCV) 6.1 2.1 12.81
6 Heavy Commercial Vehicles (HCV) 10.1 2.43 24.54
7 Bicycles 1.9 0.45 0.86
8 Cycle Rickshaws 2.66 1.16 3.09

1.7 Estim ated PCU  Values

In Method 1, space occupancy ratio is obtained in terms of projected area for each class of vehicle. PCU values 
suggested by IRC-SP 41 are also given for comparison. It is observed that, PCU values for smaller vehicles are 
underestimated and that for bigger vehicles are overestimated in comparison with IRC PCU values. In Method
2, space occupancy ratio is obtained in terms of width of each class of vehicle. PCU values suggested by IRC- 
SP 41 are also given. It is observed that the PCU values obtained by Method 2 are comparable with IRC values. 
The vales obtained are almost same as that of IRC values. The results obtained are shown in Table 2.

Table 2PCU values of different vehicles at different approaches for exclusive through(TH) and right turn(RT) movements 
estimated by Method 1 and Method 2

Method 1 Method 2
Vehicle class Intersection 1 Intersection 2 Intersection 1 Intersection 2 IRC

values
TH RT TH RT TH RT TH RT

Standard Car 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Big car 1.51 1.54 1.54 1.56 1.26 1.29 1.29 1.28 1.00
2 - wheeler 0.20 0.20 0.20 0.20 0.40 0.38 0.40 0.41 0.50
3 - wheeler 0.84 0.92 0.84 0.80 1.01 1.10 1.01 1.08 1.00
LCV 2.45 2.64 2.58 2.59 1.54 1.66 1.52 1.59 1.50
HCV 5.69 6.10 5.96 6.09 2.16 2.32 2.20 2.24 3.00
Bicycle 0.31 0.24 0.29 0.25 0.28 0.24 0.29 0.25 0.50
Cycle rickshaw 1.32 - 1.48 - 1.17 - 1.48 -

1.8 Estim ation of Saturation  flow

Field estim ated Saturation  flow. Saturation flow in PCU was calculated based on PCU values obtained by 
Method 1 and Method 2.
Using IRC SP-41 form ula.A  generalized formula is given in IRC SP-41 for direct calculation of saturation 
flow on the basis of road width. The saturation flow expressed in terms of Passenger Car Units (PCUs) per hr 
and with no parked vehicles present is given by

s = 525 x w PCU/hr (4)
where, w = width of approach road in m.

This expression is valid for widths from 5.5 m to 18 m. Using this formula, unit base saturation flow for different 
approaches was also estimated for comparison purpose only
Using IRC PCU values.PCU values for the different types of vehicles at signalized intersection on Indian roads 
are suggested by IRC SP 41. These PCU values are in the form of single set o f constant values. Unit saturation 
flow is estimated using these PCU values. Same methodology for field estimation of saturation flow is followed 
here.
Using Indo-H C M  form ula. As per Indo -  HCM study (2012-2017), unit base saturation flow rate for a typical 
base signalized intersection is obtained from following equation.

f 630; w < 7.0
i 'iV; = | ■ v  ;  ■ ■ ;  j : (5)

isoo : w > i c
where, USF0 = Unit base saturation flow rate in PCU/hr/m, w = effective width approach in meters
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Using PCU values by Justo  and  Tuladhar.PC U  values for different classes of vehicles in signalized 
intersections for mixed traffic condition suggested by Justo & Tuladhar is given in Table. Saturation flow is 
estimated using these values also.
Using US H C M  .The US-HCM 2000, developed by Transportation Research Board (TRB), includes a model to 
calculate saturation flow rate considering the effect o f various factors like width, gradient, parking activity, heavy 
vehicles, area type, turning movements, and pedestrian blockage (TRB 2000). The base saturation flow so, is 
considered to be 1,900 passenger cars (pc) per hour of green time per lane for a signalized intersection. In US 
HCM standard lane width is taken as 3.66m. Hence base unit saturation flow for the study intersections can be 
estimated as follows:

s0 = 1900/3.66 =519 PCU/hr/m (6)

Table 3Unit saturation flow of different approaches of intersections as calculated by different methods (PCU) as compared 
to standard value

Base Saturation Flow (PCU/hr/m)
Intersec Appro 
tion ach

Width
(m) Method

1
Method
2

As per 
Justo & 
Tuladhar

IRC
PCU
values

IRC
Formula

Indo-
HCM

US
HCM

1 TH 11.29 660 587 424 584 525 500 519RT 12.23 542 530 473 490
2 TH 15.57 625 585 507 603 525 500 519RT 13.81 528 527 483 482

Results And Discussions

1.9 Com parison of PCU  Values O btained by Two M ethods w ith IRC PCU values

In order to compare PCU values obtained by different methods, bar diagram was plotted as shown in Figure 1. 
In the case of vehicles that are larger than standard car, PCU values obtained by Method 1 gives higher value 
than that estimated by Method 2. For those vehicles that are smaller than standard car, PCU values obtained by 
Method 1 gives lower value than that estimated by Method 2. It is observed that, big car LCVs and HCVs shows 
higher variation in PCU values. In the method 2, estimation of PCU is done such that double counting o f vehicle 
length is eliminated. Since length of LCVs and HCVs compared to standard car is much higher, their PCU value 
shows higher variation.

Figure 1PCU values obtained by two methods

1.10 Com parison O f Unit Saturation  Flow Estim ated By Different M ethods

Saturation flow is estimated using different PCU values and standard formulas. It is worth to further mention 
here that the saturation flow per meter width obtained from field estimation of PCU values is quite high as 
compared to other methods based on IRC SP-41, Indo-HCM and US HCM for all the approaches of the selected 
intersections as shown in E rro r!  Reference source not found.. This may be attributed to (a) appreciable higher 
percentage of car and (b) higher percentage of two-wheeler filling the gaps between the larger vehicles during 
saturated flow. Saturation flow obtained by Method 2 is closer to the IRC values. Hence it can be concluded that 
Method 2 gives more realistic PCU values compared to Method 1.
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Figure 2 Variation of Saturation flow with approach width for through and right turn movements obtained by different
methods

1.11 V ariation  in Unit Saturation  flow w ith vehicle composition

It is observed that percentage composition of each category of vehicle influences the saturation flow. Increase in 
the percent of standard car and big car causes a reduction in saturation flow. As the percent o f standard car 
increases from 20% to 60%, saturation flow gets decreased by 18%. Also 14% increase in big car causes 16% 
decrease in saturation flow. Effect of two wheelers is well reflected from the analysis. 13% increase in tw o
wheeler composition causes an increase of 18% in saturation flow. Due to lack of lane discipline and the fact 
that motorcycles arrange themselves in  front and between vehicles in  a non-uniform way. Thus, the available 
space is fully utilized which increases the saturation flow rate. It is also noted that the increase in percentage of 
LCVs and HCVs leads to an increased flow rate. It can be due to bigger size of vehicle which increases the area 
occupancy.

For both through movement and right turn movement, trend of variation remains same for each class of 
vehicle. Only standard car and big car shows an inverse relation with the percentage composition. All other 
classes of vehicle show a direct relation with their percentage composition. It cannot be concluded that the 
variation is due to the composition only; many other factors can have influence on the saturation flow such as 
approach width, headway etc.

Conclusions

1.12 Conclusions

The following are the important conclusions drawn based on this study
1. Method 1 and Method 2 give consistent PCU values for each vehicle class across different

approaches. Method 2 gives more realistic PCU values compared to Method 1. The reliability of PCU 
values are validated against the field saturation flow.

2. In the case of vehicles that are larger than standard car, PCU values obtained by Method 1 
gives higher value than that estimated by Method 2. For those vehicles that are smaller than standard 
car, PCU values obtained by Method 1 gives lower value than that estimated by Method 2.

3. The study shows that, saturation flow holds a strong relation with the percentage composition
of different vehicle classes. Saturation flow increases with increase in  two wheelers, three wheelers,
LCVs and HCVs while it decreases with increase in standard car and big car.

4. The saturation flow analyzed for different approaches shows that it does not depend only on 
approach width; therefore, the empirical formula 525w suggested for Indian conditions in Special 
Publication (SP)-41 (IRC 1994) of the Indian Roads Congress is inappropriate for obtaining saturation 
flow.

1.13 Lim itations of The Study

1. Effect o f combined through and right turn movement could not be studied.
2. The driver behaviour, which depends on physical, mental, psychological and environmental 

factors, could not be incorporated in the research due to difficulties in measurement and quantification 
of the influencing factors.
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1 .1 4  F u t u r e  S c o p e

In this study, the effects of approach width and vehicle composition on PCU values of different vehicle 
categories and saturation flow have been analysed. There is further scope for the study of the effect of headway 
on saturation flow. Also, the effect of combined through and right turn movement can be studied.
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Abstract. India is a developing country containing heterogeneous traffic, which is characterized by wide variations in traffic 
characteristics. The new technologies offer the greatest challenge and hope for improving the quality of traffic system. The 
ability to apply traffic flow fundamentals is an essential ingredient in working toward improving the transportation system. 
The present study is concerned with macroscopic traffic flow characteristics observed on 4-lane divided carriageway 
[Thrissur-Kunnamkulam (SH-69)]. The intention of this paper was to analyse traffic flow, density, and speed for developing 
a model that provide the exact character of traffic flow. Traffic flow fundamental diagrams are used to characterize the 
relationship between these parameters. Study of traffic flow involves selection of location, videographic survey, analysis of 
video recordings, statistical analysis and calculation of basic parameters of traffic flow. Data extracted are compiled for each 
direction. Scatter diagrams were plotted by using the collected data. The relationship between parameters was developed 
based on regression analysis using statistical software SPSS 21. The speed-density function obtained was compared to 
macroscopic models such as Greenshield’s model and Greenberg’s model. By using speed-density model, flow-density and 
speed-flow relationships are predicted for the given highway. Further validation of the predicted model is done using 
graphical residual analysis. This succeeded to develop new models enabling theoretical determination traffic parameters for 
a given urban roadway.

Keywords: Heterogeneous traffic, Macroscopic parameters, Scatter diagrams.

1 Introduction

Traffic flow represents the traffic load on the transportation system and the interaction between these loadings 
and the facility capacity determines the operational performance of the system. Hence it is extremely important 
to know the flow rates, their temporal, spatial and modal variations, and the composition of the traffic stream. 
Speed and travel time are the fundamental measurements of traffic performance o f the existing highway system, 
and speed is a key variable in the redesign or design of new facilities. Density is an important characteristic that 
can be used in assessing traffic performance from the point of view of users and system operators.

The traffic stream models determine the fundamental relationships among macroscopic parameters for 
uninterrupted flow conditions. The traffic stream characteristics include flow, speed, and density. The 
relationships are for free-flow and congested-flow conditions away from flow interruptions such as at 
intersections.

2 Literature Review

J Roux [1] tested the significance of foreign models to South African conditions, by using data obtained from 
South African freeways. He evaluated speed-flow relationships for individual lanes. Different curves are used to 
explain congested and flow uncongested flow. P. Balaji [2] established speed-flow model for urban road for 
different vehicle composition. He concluded that multi-class speed-flow models are more adequate than single
class speed-flow models. D. Ashish [3] developed speed density relations for various vehicle composition on 
urban arterial roads under mix traffic conditions in states using a set of equations and constructed speed
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prediction models. R.S. Dhapudkar [4] developed a macroscopic model at signalized intersection in  order to 
develop new models for Indian roads which consist o f traffic with various operating characteristics. XU Cheng
[5] generated ten speed-density models. The models are evaluated by parameter calibrations and fitting errors by 
using non-linear least square method. Saurav B. [6] predicted density from speed-density models by measuring 
the vehicular density from moving observer method. Parameters o f traffic stream were calculated and fitted in 
graphs using single regime models and corresponding parameters were determined using SPSS software. 
Hashim and Wahidah [7] developed model on the basis functional relationships between traffic parameters for 
three major highways in  Malaysia. The density-speed model developed was compared to the classical single 
regime models.

3 Data Collection and Extraction

3.1 D eterm ination of Study Section

The initial step was the selection of the road stretch, from which the data were collected. The road selected was 
Thrissur-Kunnamkulam road (see Fig. 1). The next step was the selection of the study section on the selected 
road in which the entry point and exit point are marked. A pilot study was organized on the selected road which 
covers both free-flow and congested-flow conditions in  order to determine the place were predictable to get the 
data more precisely. The distance enclosed by the entry and exit point is noted as 1.4 km. The data were 
collected by videographic survey conducted on typical weekdays over peak and off-peak hour.
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Fig.9. Study Section (Thrissur-Kunnamkulam Road)

3.2 D ata Processing

Video recordings were processed by tracing vehicle movement crossing the specified study section. The flow 
data is calculated at entry and exit points in  such a way that the vehicles which are passing through the section in 
every five-minute interval. The speed data is done by calculating the time by which vehicle which enters and 
exit the rectangular section. Initial density is determined using photographic technique along the entire section. 
By using initial density, the density is calculated at every five-minute interval using Eqn. 1 as follows:

Where, 
k t is the density at time t
Nentry is the number of vehicles entered the stretch during the time from t-1 to t 
Nexit is the number of vehicles going out the stretch during the time from t-1 to t

The collected data from the video recordings were gathered in  Excel sheets, and then processed in 
order to obtain the macroscopic traffic stream parameters such as flow, speed, and density.

Department of Civil Engineering, MBCET 352



ICID 2018 21-23 June, 2018

4 Data Analysis

4.1 D eterm ination of Speed-Density Relationship

The speed-density curve is plotted using Greenshield’s, Greenberg’s and Exponential models, where density is 
independent variable and speed is dependent variable (see Fig. 2 and Fig. 4 towards Thrissur and Fig. 3 and Fig.
5 towards Kunnamkulam). Greenshield’s and Greenberg’s models could predict the traffic condition when 
velocity equals zero (v=0). The Greenshield’s model is linear while the Greenberg’s model non-linear. Both of 
them have the highest point o f traffic congestion when velocity is zero. These highest points cannot represent 
the maximum congestion levels because the classical functions are either linear or exponential.

— Gieenshields Model

Greenbergs Model

y = -0.3094x+49.142 
R: = 0.798

!  =  -8.191n(x)+ 66.486 
R- = 0.772

0 10 20 30 40 50 60 70 80
Density (veh kin In)

Fig.2. Speed-Density Relationship using Greenshield’s and Greenberg’s Models
(Towards Thrissur)

Fig.3. Speed-Density Relationship using Greenshield’s and Greenberg’s Models 
(Towards Kunnamkulam)
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Fig.4. Speed-Density Relationship in Exponential Scale (Towards Thrissur)

Density

Fig.5. Speed-Density Relationship in Exponential Scale (Towards Kunnamkulam) 

4.2 Speed-Density M odel

The final form of speed-density relationship model is presented as follows:

Towards Thrissur:

u  =  5 0 .2 6 2 s -D-DDEli (2)
Towards Kunnamkulam:

u = 49,414 g DiDhL (3)
Where,

u is the speed (km/h) and k is the density (veh/km)
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4.3 Flow-Density Model

The flow density relationship can be derived as follows:

Towards Thrissur:

Towards Kunnamkulam:

(4)

(5)

(6)

Then obtained flow-density model are plotted, where density is independent variable and flow is the dependent 
variable. The best fit logarithmic curve is drawn over the observed data for two lanes (see Fig. 6 and Fig. 7).

F ig .6 . Flow-Density Relationship (Towards Thrissur)

F ig .7 . Flow-Density Relationship (Towards Kunnamkulam)
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4 .4  S p e e d - F l o w  M o d e l

Flow is chosen as the dependent variable and speed as the independent variable because a variation in vehicle's 
speed is responsible for the variations in flow. The flow-speed function can be mathematically illustrated by the 
exponential function.

Towards Thrissur:

From Eqn. 2

Therefore

^ b j * h saasa ^
Substituting value of k in Eqn.5

q = (5 0 ,2 62e_D,DDE(_:,E7DlD=Li) ( —2,4370 IcgiT) (8)

Towards Kunnamkulam:

From Eqn. 3

Therefore

^ D ,D1D  ̂ 4 9 L 4 1 *  ^
Substituting value of k in Eqn.6

q = (49  4 1 4  p _ D,DLD_ 3:7 1d5 “)(-2 .0 2 3 7  logy ] (10)

Then obtained speed-flow model curve are plotted. The best fit linear curve is drawn over the observed data for 
two lanes (see Fig. 8 and Fig. 9).

Fig.8. Speed-Flow Relationship (Towards Thrissur)
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Fig.9. Speed v/s Flow Relationship (Towards Kunnamkulam)

5 Model Validation

G raphical R esidual Analysis: The basic tool for statistical modeling is graphical residual analysis. The 
acceptability of various phases of the model is provided by different plots of the residuals from a fitted model. 
Numerical methods like R2 statistic for model validation are also useful, but usually to a small extent than 
graphical methods. Graphical Residual Analysis for the given lanes (see Fig. 10 and Fig. 11).

Fig.10. Graphical Residual Analysis (Towards Thrissur)

Fig.11. Graphical Residual Analysis (Towards Kunnamkulam)
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6 Results and Discussions

In the field, it is hard to find the linear relationship between speed and density as proposed by Greenshield. 
Greenberg’s model is inadequate to predict the speed at lower densities. Because when density attains zero, 
speed readily increases to infinity. Traffic parameters obtained from Greenshield’s and Greenberg’s models are 
shown in Table 1.

Results o f regression analysis of traffic speed against density are shown Figure 4 and Figure 5. 
Doubtless, the exponential models are statistically adequate in determining speed-density relationships for the 
given road in the uncongested regime. The higher R 2 coefficient for different lanes shows the best goodness of 
fit. The main drawback of the model is speed becomes zero only when density approaches infinity. Hence this 
cannot be used for predicting speeds at high densities. The model shows a better fit than Greenshield’s and 
Greenberg’s models for the uncongested condition. But it does not present a good fit to the congested condition. 
The density at maximum flow rate obtained is 125 veh/km and 100 veh/km towards Thrissur and 
Kunnamkulam. The freeflow  speed obtained is 50.26 km/h and 49.41 km/h towards Thrissur and 
Kunnamkulam.

The characteristics of the relationship between traffic flow and density in logarithm scale begin at the 
origin is shown in Figure 6 and Figure 7. At the initial section of the graph, traffic congestion accumulates at the 
highest level as exhibited by minimum flow and density. As the density rapidly increases, flow also begins to 
steadily increase. The speed-flow curves of different lanes for the given road are shown in Fig.8 and Fig.9. As 
the speed rapidly increases, the flow begins to steadily decrease. Therefore, the characteristics o f the speed-flow 
relationship are determined by linear regression technique.

The regression analysis was used to statistically evaluate the mathematical models. The obtained values 
of R2 are 0.982 and 0.919 for the Exponential model in  both lanes which implies the validity of the predicted 
model. Predicted Greenshield’s model slightly overestimated and Greenberg’s model slightly underestimates 
density for the lane towards Thrissur and the predicted Greenshield’s and Greenberg’s model slightly 
overestimated density for the lane towards Kunnamkulam.

Table 1. Traffic parameters obtained from Greenshield’s and Greenberg’s models

Traffic
P aram eters

Tow ards T hrissur Tow ards K unnam kulam
G reenshield’s

M odel
G reenberg’s

M odel
G reenshield’s

M odel
G reenberg’s

model
A 49.14 66.48 47.24 71.91

B -0.309 -8.19 -0.333 -10.4

uf (kmph) 49.14 - 47.24 -

uf/kj 0.309 - 0.333 -

kj (vph) 159 3352 142 1007

C - 8.19 - 10.4

Clnkj - 66.48 - 71.91

uo 24.57 - 23.62 -

ko 79.5 1233 71 370

Qmax 1953 10099 1677 3853

R2 0.798 0.772 0.722 0.714

7 Conclusions

By conducting this research on the urban road, the basic traffic flow parameters have obtained. The obtained 
parameters were used to develop diagrams for relations between flow, speed, and density in the un-congested 
regime. This helped to develop model equations, which can be used for theoretical determination of 
characteristics of the road in an urban road network in uncongested traffic conditions.____________________
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Further research should be done to incorporate heterogeneity and non-lane disciplined characteristics of 
Indian traffic and including more road types within different environments and cross-sections in order to attain 
exact relationship between basic traffic flow parameters. Automatic counters and measuring tools should be 
adopted in order to abate field work and measuring error possible extent.
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ABSTRACT: T r a f f i c  c o n g e s t i o n  i s  o n e  o f  t h e  m a j o r  p r o b l e m  f a c e d  b y  m o s t  o f  t h e  

d e v e l o p i n g  t o w n s  a n d  c i t i e s .  V a r i o u s  f a c t o r s  i n f l u e n c e  t h e  s p e e d  o f  v e h i c l e s  o n  t h e  r o a d .  

M a p p i n g  o u t  t h e s e  f a c t o r s  c a n  h e l p  i n  t h e  a s s e s s m e n t  a n d  m a n a g e m e n t  o f  t r a f f i c  c o n g e s t i o n  

I n  t h i s  p a p e r ,  Q G I S  s o f t w a r e  h a s  b e e n  u s e d  t o  d e t e r m i n e  r o a d s i d e  f r i c t i o n  p o i n t s  t h a t  i m p a c t  

t h e  v e h i c l e  s p e e d  o n  A t t i n g a l  t o w n  i n  T r i v a n d r u m  d i s t r i c t .  A l l o t t i n g  a  n e w  p a r k i n g  s p a c e  i s  

f o u n d  o u t  t o  b e  t h e  s o l u t i o n  f o r  t h e  s t u d i e s  c o n d u c t e d .

K e y w o r d s :  C o n g e s t i o n  M a n a g e m e n t , Q G I S  f r i c t i o n  p o i n t s  , p a r k i n g  s u r v e y  , G P S  t r a c k i n g

1.INTRODUCTION

Geographic Information System (GIS), over the years, has emerged as one of the efficient technological tools in 
the field of transportation engineering. It has shown great applications in a number of fields including 
transportation. The various advantages of GIS make it an attractive option to be used to face the emerging traffic 
problems. The advantage of GIS can be attributed to its capability to cope with the large volume of data with 
geographic spatial characteristics. GIS has a large database storage capacity, which can integrate data from 
disparate sources. While working with traffic speed, integrating spatial and non-spatial data from different 
sources becomes a prime concern. Moreover, along with great data integration capabilities, it is also a great 
visualization tool as it produces relevant maps assisting in decision making process.

There are various influencing factors that affect the speed of vehicles on the road, such as width of road, 
structure of the road, construction work on roads (e.g. work undertaken for Metro Rail construction); various 
land uses that attract motorized / pedestrian traffic bound to hospitals, institutional, commercial area etc. 
Mapping out these factors using GIS capabilities can help in the assessment and management of traffic 
congestion.

Attingal is a municipality in the Trivandrum district in kerala state, India .It is the headquarters of 
chirayankeezhu taluk and the important government institution of the taluk such as the taluk office and 
treasuries are situated in Attingal town.It is in the suburb of the extended metro polytan region of Trivandrum.

Located 30 km north of Trivandrum it is the Largest and the most important town in Trivamdrum district after 
the capital. The Attingal junction is the major bottle neck on the national Highway between Kochin and 
Trivandrum the people are affected by the lack o f parking space and demand expansion.

2. OBJECTIV ES OF THE STUDY

The present study was done w ith the  following objective:

• To identify the roadside friction locations on varying widths of urban, arterials and sub-arterials in Attingal 
Trivandrum region.

• To predict influence of the friction points on the vehicular speed on urban roads.

Department of Civil Engineering, MBCET 360



ICID 2018 21-23 June, 2018

3. LITERA TU RE REV IEW

The literatures review was done to find the various key parameters of congestion at traffic, existing 
methodologies that were adopted for congestion modelling and the existing GIS application in the area of 
management.

Kalaga Rao and Mohan Rao (2009) studied the application of GPS for traffic data such as travel time and traffic 
speed and they validated the GPS data by conventional methods and statistically validated the results of these 
parameters and found that the GPS data can be used for traffic studies without compromising the accuracy of the 
data.

Anitha selva sofia et. al., (2013) talks about traffic congestion, which is a condition on road networks that occurs 
by slower, and increased vehicular queuing. To study the effect o f the Transportation System Management 
(TSM) measures, one needs to have a clear view of the flow patterns, location as well as existing road network. 
GIS can be effectively used to analyse the problems associated with transportation.

Amudapuram Mohan Rao, S. Velmurugan, and Arpita Chakraborty (2014) studed about Various factors 
influence the speed of vehicles on the road. Mapping out these factors can help in the assessment and 
management of traffic congestion. In this article, GIS has been used to identify various roadside friction points 
that impact vehicle speed on some o f the urban arterials in Delhi.

STUDY AREA

Attingal has one o f  the highest road densities in Trivandrum.The major road include Kaniyakumari-Panvel 
Highway (NH66) along with SH46 and SH47 connecting the town to Klimanur and Venjarammodu, passes 
throught the town. SH 46 joins the town at Alamcode and SH 47 at Munumukku, which had a high traffic 
density. Owing to improper development of rail based modes in Delhi, the city is heavily dependent on road 
based modes of transportation (87 per cent of the total trips performed in the city are made using road based 
transport systems).In the present study, one locations was selected at Attingal area, the locations are shown in 
Figure 1.

Figure 1: Study Area Map

Friction points

Friction factors are defined as all those actions related to the activities taking place by the side of the road and 
sometimes within the travelled way (like bus stops, unauthorized parking), which interfere with the traffic flow 
on the travelled way. They include but not limited to pedestrians, bicycles, non-motorized vehicles, parked and 
stopping vehicles, bus stops, petrol pumps on the side roads etc. These factors are normally very frequent in 
densely populated areas in the developing economies. In this study, initially friction point locations were 
identified on the selected road corridors and subsequently the influence of these factors on traffic performance 
measures were assessed. These friction points were identified by using GPS tracker and located by using 
graphical method. These points where plotted on map created using the QGIS software shown Figure 2.
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Figure 2: Map of friction points

4. M ETH O D O LO G Y

1.Identification o f parameters which affect traffic congestion.
2. Selection of study corridor.
3. Collection of data
4.Map creation and analysis

5. DATA C O LLECTIO N

1. Using Manual counters: It is the most traditional method. In this case trained observers gather traffic data that 
cannot be efficiently obtained through automated counts e.g.: vehicle occupancy rate, pedestrians and vehicle 
classifications. The most common equipment used are tally sheet, mechanical count boards and electronic count 
board systems. This was parking count was collected.

Table1: Parking Survey Data Monday (peak day one)

VEHICLE 9:30 AM 10:30 AM 5:00 PM 6:00 PM
CAR 117 143 211 242

TW O W HEELER 235 285 293 236

THREE
W HEELER 22 32 35 23

HEAVY 11 7 18 3

Table 2: Parking Survey Data Friday (peak day two)

VEHICLE 8:30
AM 9:30 AM 10:30

AM
4:00
PM

5:30
PM

CAR 204 248 212 186 253
TWO

W HEELER 351 397 324 347 406

THREE
W HEELER 53 49 35 55 32

HEAVY 14 9 12 3 8

Table 3: Parking Duration

VEHICLE LONG TERM PARKING

CAR 65-85

TWO W HEELER 180-220
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2.Attribute Data: Non-spatial data has no specific location in space. It can however, have a geographic 
component and can be linked to a geographic location. The data on traffic speed was collected using the 
Performance Box wherein the probe vehicle fitted with GPS was deployed.

Figure 3: Path Map 

Table 4: Typical Probe Vehicle GPS Data Path 1

LATITUDE LONGITUDE LENGTH SPEED
8.69967 76.810963 78 19
8.69948 76.811784 167 20
8.69915 76.812585 266 22
8.69886 76.813339 352 20
8.69899 76.813518 391 14
8.69986 76.813586 484 21
8.70086 76.813627 600 24
8.70176 76.813804 703 21
8.70259 76.814216 806 28

Table 5: Typical Probe Vehicle GPS Data Path 2

LATITUDE LONGITUDE LENGTH SPEED
8.69499 76.812544 81 23
8.69569 76.812644 172 24
8.69667 76.812878 353 27
8.69755 76.813105 384 26
8.69807 76.813632 410 10
8.69744 76.81367 501 18
8.69684 76.813693 539 9
8.69601 76.813741 590 2.84
8.69589 76.81374 646 2.38
8.69536 76.81373 711 17
8.69491 76.813721 736 3.1
8.69485 76.813714 768 0
8.6945 76.813366 821 5
8.69406 76.812682 899 15
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Table 6: Typical Probe Vehicle GPS Data Path 3

LATITUDE LONGITUDE LENGTH SPEED
8.69734 76.814629 87 26
8.69686 76.815293 177 28
8.69637 76.816531 326 38
8.69604 76.817392 425 0
8.69586 76.817858 483 23
8.69535 76.818647 583 5.98
8.6953 76.818224 636 22
8.6953 76.817418 730 14
8.6953 76.816959 780 26
8.69513 76.815979 790 25
8.69489 76.814808 1020 32
8.69479 76.814099 1100 16
8.69479 76.813589 1160 20
8.69482 76.812806 1240 14
8.69486 76.812592 1260 10

Table 7: Typical Probe Vehicle GPS Data Path 4

LATITUDE LONGITUDE LENGTH SPEED
8.69314 76.820008 27 15
8.69311 76.82057 87 15
8.69343 76.820107 153 15
8.69391 76.819688 220 15
8.69433 76.81942 279 8.39
8.6945 76.8193 300 11

8.69496 76.819015 360 4.93
8.69502 76.818927 372 1.84
8.69511 76.818955 382 1.33
8.69513 76.818055 424 13
8.69512 76.81968 465 10
8.69513 76.820037 505 10
8.6951 76.820623 572 11

8.69513 76.820983 612 10
8.69506 76.82138 656 9

M ap creation and analysis

The maps needed for the needed study was created using QGIS software. The base map was collected from the 
website of the land use board of Kerala. The boundary map of Attingal municipality, The major and other road 
of Attingal municipality map, Major location of Attingal municipality map and The map of specific study area 
was created.
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Figure 4: Boundary Map

Figure 5: M ajor Location Map

Figure 6: Major roads and Other roads Map

Traffic speed da ta  analysis

The traffic speed data analysis was done using data bases and the speed -  length graphs plotted using the traffic 
speed data collected. This traffic speed data was collected as 4 parts. This was again transferred as points called 
friction points on the specific study area map.
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Speed - Length graph
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Figure 8: Speed -  Length graph Path 2
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Figure 9: Speed -  Length graph Path 3
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Figure 10: Speed -  Length graph Path 4
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Identification of influence of friction points

One run on the study path at a peak period of time was plotted on a graph using the GPS tracker data to 
understand the variation in speed. The speed profile plot was plotted by depicting the absolute distance on the x- 
axis and variable speed on the y- axis.

The friction points are the points of minimum speed on the travel path taken at one run. These points are again 
plotted to the specific study area map to identify the point of friction and to make the reasons for the speed 
reduction.

Figure 11: Friction Points Map

6. CONCLUSION

• The influence of the friction points on the traffic speed shows that the influence of the bus stops, school 
zone and junctions is up to 95% .

• This study observed that the impacts of the pedestrian crossing roads and parking o f  vehicles on the
roads would have a negative influence on speed varying from 20% to 65% whereas the bus stops
located without the proper provision o f bus bays would reduce the speed of the vehicle to the tune of 
25% to 40%.

• Parking was one o f the major cause for the traffic congestion in the study area, so we suggest an
effective parking system like multi-level parking system on a convincing space with in the traffic
congestion zone .
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Overtaking Behaviour of Vehicles on Undivided 
Roads Under Heterogeneous Traffic

Ameera V U* and Vincy Verghese**

Abstract— Traffic on Indian roads is highly mixed in nature 
with wide variations in the static and dynamic characteristics 
of vehicles. These vehicles do not follow strict lane discipline 
and occupy any available lateral position on the road space. 
Overtaking is one of many important behaviour considered in 
the analysis of road traffic accidents and performance on 
undivided roads where the vehicles use the opposing lane to 
overtake the slower vehicles with the presence of oncoming 
vehicles from opposite direction. Overtaking process involves 
lane-changing manoeuvres, acceleration and deceleration 
actions and estimation of relative speed of overtaking and 
overtaken vehicles, and also, estimation of speed and distance 
of the oncoming vehicle. The main objective of the present 
study is to study the overtaking characteristics of vehicles on 
undivided roads under heterogeneous traffic conditions. For 
this purpose, details of overtaking data were collected on a 
single-lane two-way undivided road using moving car 
observer method and registration plate method. The data 
extracted and analysed were the acceleration characteristics, 
speeds of the overtaking vehicles, overtaking time, overtaking 
distances, safe opposing gap required for overtaking, flow 
rates, overtaking frequencies and types of overtaking and 
overtaken vehicles. The results obtained from this study will 
be useful to understand the overtaking behaviour of vehicles 
in mixed and non-lane discipline traffic conditions. These 
parameters will be useful in the development of traffic 
simulations models for undivided roads and thereby for 
estimation of capacity.

Keywords— lane-changing manoeuvres;_  safe opposing 
gapf-moving car observer method; registration plate method

In t r o d u c t i o n

Traffic is highly mixed in nature with lack of lane 
discipline on Indian roads. Traffic compositions mostly 
comprises of motorized vehicles such as two-wheelers, 
three-wheelers, cars, trucks, buses and non-motorized 
vehicles like bicycles, etc. Overtaking in two lane 
highways is a frequent phenomenon and a major 
consideration in traffic operations and safety. 
Characteristics like the dimensions, speed, acceleration, 
deceleration, clearances and manoeuvrability o f these 
vehicles vary widely and hence, traffic speed is the most 
important factor affecting the safe movement o f vehicles. 
In mixed traffic, vehicles use the road space more 
effectively and their movement depends on lateral and 
longitudinal gaps. The willingness to overtake mainly 
stems from the speed difference between the subject 
vehicle and the rest o f traffic on the same or opposing 
travel lane and the tendency of each driver to maintain a 
desired speed during driving.

Ameera V U .,* PG Scholar, Department o f  Civil Engineering, 
Jyothi Engineering College (email: ameerausman94@ gmail.com)

Vincy verghese.,** Assistant Professor, Department o f  Civil 
Engineering, Jyothi Engineering College, Cheruthuruthy (email: 
vincyverghese@ jecc.ac.in) They are unavoidable especially in 
the case of mixed traffic conditions where a speed 
differential always exists between the fast and slow 
moving vehicles. Also, overtaking is one of the most 
complex and important manoeuvre on undivided roads 
where the vehicles use the opposing lane to overtake the 
slower vehicles with the presence of oncoming vehicles 
from opposite direction. The ability to pass is influenced 
by a variety of parameters including the volumes of 
through and opposing traffic, speed differential between 
the overtaking and overtaken vehicles, highway geometry 
particularly available sight distance, and human factors. 
Hence, the knowledge of overtaking and lane-changing 
behaviour of vehicles is essential in understanding of 
traffic behaviour on undivided roads. The aim of the study 
is to evaluate the overtaking behaviour o f vehicles on 
undivided roads with the following specific objectives:

• To determine the acceleration and overtaking 
characteristics of different types of vehicles 
during overtaking.

• To develop relationships between relative 
speed of overtaking and overtaken vehicles 
and the overtaking time for different classes 
o f vehicles.

• To develop relationships between 
overtaking frequency with traffic flows in 
the ongoing direction, opposite direction 
and traffic flows in both the directions.

L ITERATURE REVIEW

Studies Related to the Topic
In order to carry out the study, it is necessary to 

evaluate the overtaking characteristics of different 
vehicle types on undivided rural road. Various 
parameters like the total time taken during overtaking 
operation, Speed of overtaken and overtaking 
vehicle, acceleration characteristics, opposing gap 
required for overtaking etc are to be determined. 
Asaithambi, G. et al. [1] carried out similar study on 
a two-lane two-way national highway (NH 66) of 1.2 
km road section in Mangalore, India. The overtaking 
characteristics of all types of vehicles under mixed
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traffic conditions were observed and mathematically 
modelled. The data extracted and analysed were the 
acceleration characteristics, speeds of the overtaking 
vehicles, overtaking times, overtaking distances, safe 
opposing gap required for overtaking, flow rates, 
overtaking frequencies, types of overtaking strategy, 
and types of overtaking and overtaken vehicles. 
Chandra, S. et al [2] have studied the acceleration and 
overtaking characteristics of different types of 
vehicles using floating car method. The influence of 
shoulder condition (paved and unpaved) on the 
acceleration behaviour during overtaking was 
presented. In the case of highways with paved 
shoulders, two-wheelers rarely overtook the test 
vehicle as they mostly used shoulder lane for their 
movement. The relation between the overtaking 
speed and the acceleration rates was evaluated. The 
relation between the relative speed of the overtaking 
and overtaken vehicles against the overtaking time 
for flying overtaking was also studied and found that 
the overtaking time depends upon the speed 
differential between the overtaking and overtaken 
vehicles. Mocsari, T. [3] analysed the overtaking 
behaviour of vehicles on two-lane rural roads in 
Hungary using the data collected by an instrumented 
vehicle. Out of 230 overtaking cases, 55% were 
accelerative overtaking, 20% were continuous 
(flying) overtaking and the rest were multiple vehicle 
overtaking. In case of continuous overtaking, there 
was a higher difference in average speed of vehicles 
compared to accelerative overtaking. In accelerating 
overtaking and in continuous overtaking the average 
difference between the average speed of the vehicle 
that is overtaking and the vehicle to be overtaken is
15.4 km/h and 26.4 km/h respectively. Mawjoud, A. 
et al. [4] has obtained a relation between passing 
manoeuvres and flow rate for each and both 
directions and found that the number of passing 
manoeuvre increases as the flow rate for both 
directions increase up to 1500 veh/h flow rate. 
Llorca, C. et al. [5] carried out a comprehensive 
comparison between two databases of passing 
manoeuvres. The first one obtained from a field study 
and the second one used a driving simulator. The 
results showed similarities between passing time and 
passing distance of completed manoeuvres.

M e t h o d o l o g y  Fo r  D a t a  Co l l e c t i o n

The data for this study was collected on a two-lane 
two-way state highway (SH22) on three stretches of 
1km each on Thrissur- Shornur road in Kerala. 
Satellite image of the study area is shown in fig.1.The 
traffic data were collected for 1 hour during off-peak 
hours on weekdays using moving car method and 
registration plate method.

Fig. 2. Events during overtaking process

Moving Car Method
Moving car method was chosen for the collection of 

data on overtaking manoeuvre. The schematic picture of 
an overtaking manoeuvre which was observed on the 
study section is shown in the fig.2. In this method, test 
car (T) was driven with a uniform speed of 40 km/h to 
make other vehicles to overtake the test car. The 
acceleration and overtaking characteristics of different 
types of vehicles were evaluated. The data was collected 
for six categories of vehicles such as Cars, Heavy 
Vehicles (HV), Buses, Two Wheelers (TW), Auto and 
Light Motor Vehicles (LMV). The entire process of the 
overtaking operation was divided into five events and the 
time taken for each event was recorded with a help of a 
stop watch.

• Event 1: when the overtaking vehicle (O) 
moves to the opposing lane for initiating the manoeuvre.

• Event 2: when the front tyre of the overtaking 
vehicle is in line with the rear tyre of the test vehicle.

• Event 3: when the front tyre of the overtaking 
vehicle is in line with the front tyre of the test vehicle.

• Event 4: when the rear tyre of the overtaking 
vehicle is in line with the front tyre of the test vehicle.

• Event 5: when the overtaking vehicle either comes 
back to its original lane or continues to travel in the 
opposing lane after overtaking the test vehicle.

Registration Plate Method
This method was employed to get the traffic flows, 

composition and number of overtaking and overtaken 
vehicles on the study stretch in both lanes. Video cameras 
were placed at each end of the section to record the passage 
of vehicles. The following data were extracted from the 
video recorded, simultaneously for every 5 min: vehicle 
registration number and type of vehicle. The overtaking 
vehicles were not observed directly, but obtained through 
the difference in entry and exit orders at both the ends of 
the study section. If the order of a vehicle at the exit differs 
from the order at the entry, then that vehicle had performed 
an overtaking manoeuvre. The number of overtaking for 
every 5 minute was noted down by checking the order of 
vehicles at entry and exit. The flow rate of vehicles in on
going direction and opposing direction was also obtained 
from the collected data.

Da t a  Ex t r a c t i o n  An d  An a l y s i s

The data obtained through moving observer method 
and registration plate method was analysed to study the
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acceleration and overtaking characteristics of different 
types o f vehicles, Estimation of safe opposing gap 
required for overtaking vehicle, Type of overtaking 
performed by different category of vehicles, Total 
distance and total time required for overtaking and 
effect of flow rate on overtaking frequencies.

Estimation of Acceleration Rate and Speed
Certain assumptions were made in order to calculate 

the overtaking distances. A is the overtaking vehicle 
assumed to be originally travelling at design speed at the 
time of initiation o f overtaking process, va (m/s or km/h); 
B  is the test vehicle (slow moving vehicle) travelling with 
uniform speed, vb (m/s or km/h); C is the vehicle coming 
from opposite direction assumed to be travelling at design 
speed, vc (m/s or km/h) as shown in fig. 2.

Fig. 3. Overtaking manoeuvre

It is assumed that when the vehicle is at position A1, it is 
forced to reduce its speed to the speed of the slow moving 
vehicle, B. From the position A2, the vehicle A starts 
accelerating and shifts to the adjoining lane, overtaking the 
vehicle B, and shifts back to its original lane ahead of B in 
position A3 in time T. During the overtaking manoeuvre 
d2 is the distance travelled by the vehicle A from A2 to A3 
during the actual overtaking operation in time T and d3 is 
the distance travelled by the vehicle C from C1 to C2 
during the overtaking operation of A, i.e., in time T. The 
minimum distance between position A2 and B1 may be 
taken as the minimum spacing s of the two vehicles while 
moving with the speed, vb. The minimum spacing between 
the vehicles depends on their speed and is given by 
empirical formula:
s  = 0.7v + 6 (1)

b
The minimum distance between B2 and A3 may be 

assumed equal to s as mentioned above. If the time taken 
by the vehicle A for the overtaking operation from position 
A2 to A3 is T, the distance covered b by the slow moving 
vehicle B travelling at a speed of vb is calculated by the 
following equation:

(2)b = v T 
b

Thus, for the distance d2
d = b + 2s 

2
However, the time T 

overtaken vehicle B 
overtaking vehicle A.

(3)

depends on the speed 
and the acceleration 

This time T can also

of
of
be

formula used to calculate the distance travelled by a 
uniformly accelerating body with initial speed, vb 
and acceleration a.

2
(4)= b + 2s = v T + 

b

aT

2

d = v T + 2s 
2 b

(5)

(6)

The total time taken for overtaking is obtained from the 
data collected using moving car method. If the spacing s 
is known, then the acceleration is calculated as:

4s
a = ----  (7)

2T
From the distance travelled d2 and time taken T by the vehicle 
to complete the overtaking, the speed of overtaking vehicle va 
can be calculated as:

d
v = - 2  
a T (8)

Effect o f  Speed on Acceleration

The rate of acceleration achieved by all categories of 
vehicles during overtaking was estimated. A Positive linear 
relationship is observed between the speed and acceleration 
showing higher overtaking speed associated with higher rate

calculated by equating the distance d2 to the general

Opposing Gap Required for Safe Overtaking

The safe buffer distance plays an important role when drivers 
choose gaps in the opposing adjacent lane in order to overtake 
a slow moving vehicle. To complete the overtaking 
manoeuvre, a vehicle needs certain obstacle-free distance in 
the opposing lane, in reality a vehicle initiates an overtaking 
manoeuvre only if  the distance gap between the vehicle and 
the oncoming vehicle is much greater than this distance. . 
Most o f the overtaking manoeuvres involve estimation of 
distance gaps in the opposite stream. It is seen that the mean

d
2
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safe opposing distance for overtaking is 190.3 m with 
minimum safe opposing distance of 103 m and maximum of 
448 m.

Proportion o f  Flying and accelertive Type o f  Overtaking
Two types o f overtaking were observed from the analysis 

which are flying and accelerative. Flying overtaking is 
performed by 45.45% of drivers and accelerative by 54.55% 
of drivers as shown in fig.5. It was seen that cars (69%) are 
performing higher number of flying overtaking compared to 
other category of vehicles. This may be due to higher 
operating characteristics of cars. Buses , light motor vehicles 
and Heavy vehicles are performing higher number of 
accelerative overtaking compared to other vehicle types. This 
may be attributed due to their lower operating characteristics 
and larger size of vehicles. In the case of two-wheelers, both 
types of overtaking are almost equal which is believed to be 
due to their higher manoeuvrability and smaller size.

Total Distance Covered During Overtaking
The total distance covered by the overtaking vehicle 

depends on the speeds of overtaking and overtaken vehicles. It 
was found that the mean values of overtaking distances for 
accelerative overtaking (129 m) is higher compared to flying 
overtaking (69.5m). This is believed to be due to the fact that a 
vehicle performing accelerative overtaking has to follow the 
vehicle ahead for some time and reduce its speed in order to 
find gaps in the opposing lane which increases the overtaking 
distance. Total distance for each category of vehicle is shown 
in Table 1. The mean overtaking distance for buses (171.2 m) 
and heavy vehicles (194.2 m) are longer compared to other 
categories of vehicles. This is believed to be due to their lower 
operating characteristics and larger size. The overtaking 
distance for two-wheelers (89.5 m) is shorter which may be 
due to their smaller size and higher manoeuvrability.

TABLE 1.
TOTAL OVERTAKING DISTANCE FOR DIFFERENT TYPES OF 

VEHICLES

Total Time Required During Overtaking
The time taken for the flying overtaking (3.3 s) is lesser 

when compared to the accelerative type of overtaking (8.1 s). 
As discussed earlier, for performing accelerative overtaking 
the vehicle has to follow the vehicle ahead for some time in 
order to perform the overtaking and hence, it is higher. The 
total overtaking time for all categories of vehicles is shown in 
the table 2.

TABLE 2 .

TOTAL OVERTAKING TIME FOR DIFFERENT TYPES OF VEHICLES

The total time taken for overtaking by cars (4.5 s) and two- 
wheelers (5.6 s) are lesser compared to other vehicle types. 
The reason may be due to the fact that these vehicles have 
higher manoeuvrability and higher operating characteristics. 
For heavy vehicles, the total overtaking time is higher (15 s) 
which may be due to lower operating characteristics and larger 
size of vehicles.

Effect o f  Speed Difference on Overtaking
Speed of the overtaken vehicle is a controlling element in 

the determination of overtaking time and distance. Hence, it is 
worthwhile to determine the effect of speeds of both 
overtaking and overtaken (test) vehicles. The speed difference 
of all categories of vehicle with respect to test vehicle (i.e., 
car) was determined and plotted against the time taken by the 
overtaking vehicle as shown in fig.5. The possible explanation 
for this is when two vehicles are moving with more or less 
similar speed it becomes difficult for the overtaking driver to 
perform the overtaking immediately as the driver has to 
maintain a minimum gap with the leader in order to avoid 
collision. In the case of higher speed difference (i.e., one 
vehicle moving with a lesser speed compared to other 
vehicle), the fast moving vehicle can easily overtake the slow 
moving vehicle within a short period of time.

0 -I-------1-------1-------1-------1-------1-------1-------1
0 2 4 6 S 10 12 14

S p e e d  d ifferen c e  (m /s)

Fig. 5. Effect o f  Speed Difference on Overtaking Time

Effect o f  Flow Rate on Overtaking Frequencies
The number of vehicles performing overtaking operation, 

the flow of vehicles in the opposite direction and flow of

Vehicle
Type

Total overtaking distance (m)
Mean Min M ax Std. Dev.

TW 89.5 57.3 149.8 29.9

Auto 120.3 104.1 129.8 9.8

Car 79.6 54.2 126.8 22.8

LMV 111.1 62.3 144.8 30.2

HMV 194.2 165.7 226.6 25.0

Bus 171.2 152.2 190.3 15.6

TABLE 3.
R 2 VALUE FOR DIFFERENT CATEGORIES OF VEHICLES

Type o f 
Vehicle

TW Car Auto Bus LMV HMV

R 2
value

0.973 0.980 0.999 0.998 0.992 0.997

Vehicle
Type

Total overtaking time (s)
Mean Min M ax Std. Dev.

TW 5.6 2.7 11 2.7

Auto 8.3 6.9 9.2 0.9

Car 4.7 2.4 8.9 2.1

LMV 7.5 3.1 10.6 2.7

HMV 15 12.4 17.9 2.3

Bus 12.9 11.2 14.7 1.4
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vehicles in the same direction were obtained from extracting 
the video record. The number of overtaking decreases with 
increase in flow rate in the opposing direction as shown in 
fig.6. This may be due to the lesser number of gaps in the

Similarly, number of overtaking manoeuvres increases in  the 
undivided road as the inflow rate increases as shown in 
Fig.7.Possible explanation for this is as the number of vehicles 
moving in the on-going direction of traffic increases, the 
tendency to overtake will increase. This might be attributed 
due to the fact that the drivers desire to travel at higher speed 
and often they overtake the leader vehicle to achieve higher 
speed.

♦
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Fig. 7. Number o f  Overtaking Vehicle vs Inflow

Co n c l u s i o n s

Although the proportion of each type of overtaking is 
almost the same, there is an increase in  the proportion of 
accelerative overtaking. This may be due to the geometric 
conditions of the road surface. Presence of horizontal curves 
and vertical curves and by roads hinders the sight distance. As 
a result drivers were forced to reduce their speed while 
overtaking. It was found that the mean values of overtaking 
distances for accelerative overtaking is higher compared to 
flying overtaking. This is believed to be due to the fact that a 
vehicle performing accelerative overtaking has to follow the 
vehicle ahead for some time and reduce its speed in  order to 
find gaps in  the opposing lane which increases the overtaking 
distance. M ean overtaking time was more for heavy vehicles 
due to their lower manoeuvrability and larger size. The results 
obtained from this study will be useful to understand the 
overtaking behaviour o f vehicles in  mixed and non-lane 
discipline traffic conditions. These parameters will be useful

in the development of traffic simulations models for undivided 
roads and thereby for estimation of capacity. The findings 
from the study can also be used to estimate potential collision 
times which will be helpful to improve the road safety. The 
study also finds implications on estimation of overtaking sight 
distance and designing of overtaking zones.
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Abstract. In recent years, the rapidly increasing vehicular population, deteriorating road conditions, driving environment 
and human factors has led to a lot of traffic accidents andcasualties. If, there exist a mechanism to detect obstructions in the 
road, and then relay theprocessed information back to the driver, he may be alerted about the impendingdanger. The lack of 
visual stimuli due to blind spots, both vehicular and external is oftena leading contributor of road accidents. This 
paperoutlines procedures for calculatingand analysing the factors affecting blind spots for light motor vehicles by 
quantifyingblind spot of the test vehicle with respect to suitable parameters. An opinion survey wasconducted to understand 
driver needs and various opinions were collected andanalysed. An ultrasonic sensor system was developed with the collected 
blind spot datawhich maps physical environment around the car, with special care given to blind spotsand relay it back to the 
driver in real time.

Keywords:Blind spots, Ultrasonic sensor, Arduino

1. Introduction

Road accidents, which are normally not forecasted and avoidable, are general risks in day to day life. Statistics 
reveal that inadequate visual data is one o f the major reasons for the increasing number of road accidents. 
Drivers are being involved in accidents, with other vehicles which are not exactly due to his/her faults, but due 
to the presence of certain hidden areas around the vehicle in which the driver has no visibility. These hidden 
areas around the vehicle are known as blind spots. Blind spot is an obscuration of the visual field, they are 
associated with vision as well as in vehicles. With respect to a vehicle, a blind spot is that area around the 
vehicle that cannot be directly observed by the driver while at the controls, under normal driving conditions 
either directly or through any of the mirrors. The issue whether an object is visible to a driver depends on many 
variables, the basic one being line-of-sight, or in other words, is the object geometrically visible to the driver 
with no obstructions getting in the way[1]. Various vehicular and human characteristics also affect blind spots. 
These factors include passenger height, age, A and B pillar geometries etc. Fig. 1.1 shows the location of two 
cars on the road, the driver’s view from side and rear mirror highlighting the issue of blind spot.

Fig. 1.1: Example of vehicular blind spot. [2]

It is necessary to monitor blind spot areas and the obstacles in the area need to be detected and reported to the 
driver in real time. Drivers nowadays are getting more and more concerned about safety and safety features in 
their cars and are also willing to pay the cost o f acquiring safer vehicles and such safety equipment [3].Blind
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spots can be monitored using technologies of twodifferent categories which are Active and Passive Blind Spot 
Monitoring. Active blind spot monitoring uses cameras and radars for monitoring whereas passive blind spot 
monitoring uses convex mirrors or lenses for obtaining a wider view of the surrounding. Conducting a proper 
study on vehicular blind spot and developing a proper blind spot detection system can bring down the accidents 
caused due to driver negligence in this regard.

1.1 Objective

i. To prepare baseline for vehicular blind spots in LMV’s o f leading categories and use it for
further studies

ii. To conduct a user opinion survey to collect data on various human factors affecting blind
spots

iii. To analyze the collected data and bring out the causes and to suggest remedies to prevent
accidents due to blind spots

iv. To develop a cost-effective sensor to detect blind spots and relay the information back to the
driver

1.2 L itera tu re  Review

Kula Sekhar A. et.al. [4] developed a method for detecting blind spot by using ultrasonic sensor and controlling 
the direction of car by automatic steering by providing partial braking to the individual wheels and reported that 
the accidents caused due to driver negligence while overtaking and lane changing can be brought down by a 
great extent. Tigadi A et.al. [5] proposes a driver assistance system to improve a driver's safety while changing 
lanes on the highway in  intelligent vehicle applications which uses radar based technology and camera based 
technology.Hassan M. et.al. [6] developed a blind spot system known as ZRT Vehicle Blind Spot System (ZRT- 
VBSS) using Arduino and ultrasonic sensors to overcome the problems due to blind spot which is capable to 
detect a moving vehicle in blind spot area under static and dynamic conditions. The results from the 
investigation show that ZRT-VBSS is capable to perform at various operating condition that make it reliable to 
provide solution for driver to overcome the blind spot phenomenon.

2. Methodology
A test vehicle which is significant, relevant and one which caters to a large number of people is to be selected. 
The study population consisted of a spectrum of drivers with characteristics such as age, gender, driving 
experience and physical structure. The strategy for data collection was adopted based on this. A sample 
selection tree has been developed based on the above-mentioned population characteristics. Subject wise 
categorisation of sample has been done, in which age, gender, physical characteristics and driving experience 
was considered. The actual and theoretical blind spots o f test vehicle was identified and the actual spectrum is to 
be mapped above theoretical spectrum for comparison.

3. Data collection
3.1 Selection of test subject and vehicle

Maruti Suzuki Alto was selected as the test vehicle based on the monthly sales data as of November 2017, as it 
emerged as the Best Selling Car. Then the number of subjects to be tested for blind spots around the vehicle was 
fixed as 50, after considering various factors such as time taken to complete the test for a person and whether it 
can effectively accommodate the heterogeneity of the actual population of drivers (age and gender).Data was 
collected from Regional Transport Office(R.T.O) Thiruvananthapuram, Kerala regarding the number o f Active 
Light Motor Vehicle Licensees in the region, age and gender-wise split up of the population was also obtained. 
The sample population was stratified in such a way that the percentage of people of various categories were kept 
as same as that obtained from the R.T.O data to obtain the most accurate result as shown in Fig 3.1.
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Fig 3.1: Strategy of data collection
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3.2 Identification of practical blind spots
To identify the practical blind spots, initially a2 m boundary around the car was cleared and arrows were erected at 
thesame distance around the car. A Total station was setup at a position where the car and the driver is visible.The 
test subject, that is drivers of different age categories was seated on thedriver’s seat and was instructed to adjust the 
seat and the mirrors as perrequirement to simulate actual driving conditions. He/she was told to observe the 
reflective prism that one of the team member was moving with along the 2m boundary and was instructed to 
acknowledge when the prism was not visible to him. Driver’s response was recordedand area around the car which 
was not visible to the subject was marked on theground and reading was taken with the Total Station. The Subject’s 
eye position wasalso measured with the prism kept at the subjects’ eye level.

The points plotted in site using the total station was opened in AutoCAD software. The respective angles subtended 
by the blind spot regions at the eye of the driver was noted, added and expressed as a percentage. Fig 3.2 shows 
schematic representation of the theoretical blind spot of the vehicle.

Fig 3.2 Schematic representation of the practical blind spot around a vehicle.

3.3 Identification of theoretical blind spots

The theoretical blind spots are those caused by the geometric design of the test vehicle around the vehicle which is 
independent of various human characteristics. A powerful laser pointer kept at 120cm from ground level was used to 
replace the test subject to provide data that are independent of human factors and the data collection was finished as 
per the previous method.

Fig 3.3 Schematic representation of the theoretical blind spot around a vehicle
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3.4 Conducting questionnaire survey

A questionnaire survey was prepared using questions regarding awareness of blind spot. Responses to the survey 
questions were recorded and suggestion towards blind spot reductionaccording to them was also noted.

1. Data analysis
The primary results of the collected data is described below:

4.1 V ariation  in age-wise classification
The percentage blind spots for each of the selected age category are observed as:

• for age group A (18-25), the observed percentage blind spot was 30.41%
• for age group B (26-35), it was 31.64%
• for age group C (36-45), it was 32.6%
• for age group D (>45), it was 33.74%

It is clear from the obtained data that age and blind spot percentage has a directly proportionalrelationship.
4.2 V ariation  in height-wise classification
The percentage blind spots for each of the selected height category are observed as:

• for height, up to 160cm, the observed percentage blind spot was 32.06%
• for height between 161-170 cm, it was 33.84%
• for height >170cm, it was 30.57%

It was observed that there is an increase in the percentage blind spot up to 170cm andthen this trend began to 
decrease as height further increased.
4.3 V ariation  w ith gender

The percentage blind spots for males and females o f the selected age category are observed as:

• for age group 18-25 years, blind spots were 28.75% for males and 33.75% for females
• for age group 26-35 years, blind spots were 31.35% for malesand 32.29% for females
• for age group 36-45 years, blind spots were 33.11% for males and 33.31% for females
• for age group >45 years, blind spots were 34.01% for males and 32.03% for females

It can be concluded that females had higher degree of blind spots for ages up to45 years and the trend reversed 
contrary to what was expected for ages greater than 45 when compared to male counterparts.

2. Discussion of test results based on collected data and questionnaire survey
5.1 Discussion based on hum an characteristics.

The outcomes of the study of blind-spots with respect to person’s physical characterare discussed below.

a) Age

As expected, blind spots were found maximum in age category D i.e. greaterthan 45, and in youngster’s blind spots 
were comparatively lower than oldercounterparts. This can be accounted by a fact that as the age of a
personincreases, the ability of the ciliary muscles which controls our pupil size tofunction effectively decrease
which causes reduction in sight. Peripheral vision also deteriorates as a person ages leading toincreased blind spots 
around the car.

b) Gender
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It is seen that female drivers have higher percentage of blind spots than theirmale counterparts. Such a variation 
based on gender might be dueto increased peripheral vision in men which is contrary to popularbelief thatwomen 
has higher peripheral vision.However, in female drivers aged above 45, a slight variation in this trend wasobserved 
as percentage blind spots for male drivers were more than female drivers. The result obtained mightnot be an actual 
representation o f the true data as number of test subjects were 3 and a conclusive statement canonly be made after 
conducting further test.

c) Corrected vision

Drivers using spectacles, even though have corrected vision was found to havea higher percentage blind spot as 
most of the suchdrivers complained of the blocking of view by the spectacle frame, which can bethe reason.
d) Height

The variation of percentage blind spot with height of the personwas similar to that of a bell curve i.e. the percentage 
blind spot was low forheight up to 160cm and for height greater than 170cm in general. However, fordrivers having 
height in between 160-170cm the data clearly shows an increasedblind spot percentage.

e) Vehicle

The geometric design of car determines to a large extend the degree of blindspot in the vehicle. It is generally 
accepted that the degree of blind spot and sizeof the vehicle under consideration follows a directly proportional 
relationship.

5.2 Com parison of Average Blind spot w ith Theoretical Blind spot

The average value of degree of blind spot around the vehicle after taking intoconsideration the values obtained from 
50 test subjects was 116° which was verymuch similar to the obtained degree of theoretical blind spot which was 
118°.This similarity between the obtained values and theoretical values indicates ageometric similarity in design of 
the vehicle that suits to the need of the drivers.

3. Model Development
Effective blind spot monitoring can only be achieved by providing a complete 360°coverage using sensors and 
cameras around the vehicle. I t’s very helpful to thedrivers, if  he is able to view the obstacles around his car while at 
the controls in aneffective and economic manner. The system can reduce the number of accidents and causalities by 
a huge amount andprovide a proper assistance to the driver in his or her blind spots. A model based on the concept 
studied has been prototyped in the form of a deviceincorporating ultrasonic sensors, Arduino mega microprocessors, 
power supplyboards, vibration motor, etc. which can provide a complete 360° coverage around the vehicle.

6.1 W orking

Two ultrasonic sensors were used at right and left side of the car. These sensors wererotated at 180° using a servo 
motor to achieve a complete 360° coverage around thecar. In actual case, more number of sensors can be 
accommodated around the vehicle,which can eliminate the use of servo motors. Ultrasonic sensors emit 
ultrasonicradiations, these radiations propagate through the medium strike the obstacle andreflect back to the 
sensors. Receiver captures the signal and transfers it to Arduinomicroprocessor. Two microprocessors (Arduino 
Mega) were used to process the data received from thesensors. Fig 6.1 shows the arrangement of the various 
components.
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F i g  6 .1 :  A r r a n g e m e n t  o f  v a r io u s  c o m p o n e n ts

T h e  r e c e iv e d  d a t a  c o n s i s t  o f  th e  p o s i t i o n  o f  th e  o b s ta c le  a n d  th e  d i s t a n c e b e tw e e n  th e  c a r  a n d  th e  o b s ta c le .  T h e  d a t a  is  
p r o c e s s e d  b y  th e  m i c r o p r o c e s s o r  a n d  t h e p r o c e s s e d  d a t a  w a s  p lo t t e d  o n  a  s c r e e n  u s i n g  M A T L A B  s o f tw a r e .  T w o  
a d d i t i o n a lp o w e r  s u p p ly  b o a r d s  w e r e  u s e d  to  p o w e r  t h e  c i r c u i t .  T h e s e  p o w e r  c i r c u i t  b o a r d s  w e r e c o n n e c t e d  to  A C  
m a in s .  B l in d  s p o t  d a t a  o f  th e  d r iv e r  o b t a in e d  f r o m  th e  s u r v e y  w a s t r a n s f e r r e d  to  th e  A r d u in o  m ic r o p r o c e s s o r .  A  
v i b r a t io n  m o to r  w a s  s e t  u p  to  th e  c h ip  to g iv e  a  s l ig h t  v i b r a t io n  to  th e  s t e e r in g  w h e e l  w h e n  th e r e  i s  a n  o b s ta c le  o r  a  
v e h ic l e a p p r o a c h in g  th r o u g h  th e  b l i n d  s p o t  r e g io n .  T h e  a d v a n ta g e  o f  t h e  s y s t e m  i s  t h a t  i t  p r o v id e s a  3 6 0 °  c o v e r a g e  
a r o u n d  th e  c a r  i n  r e a l  t im e .

(a )  (b )

F i g  6 .2  ( a ) :  P h o to g r a p h  o f  th e  p r o to ty p e  d e v e lo p e d

(b ) :  S a m p le  o u tp u t  f r o m  M A T L A B

4. Conclusion

T h e  f o l lo w in g  s p e c i f i c  c o n c lu s io n s  c a n  b e  d r a w n  b a s e d  o n  th i s  s tu d y :

•  T h e r e  e x i s t  c o n ic a l  p i l l a r  s h a p e d  p o r t io n s  w h ic h  h in d e r s  v i s i o n  o f  d r iv e r s n a m e d  a s  A , B  a n d  C  P i l la r s .

•  T h e s e  p i l l a r s  c r e a te  o b s t r u c t io n  to  th e  v i s ib i l i t y  o f  d r iv e r s w h ic h  d e p e n d s  o n  th e  d e s ig n  o f  v e h ic l e  a n d  
c h a r a c te r i s t i c s  o f  t h e  d r iv e r .

•  P r o p e r  s id e  m i r r o r  a d ju s tm e n t  a n d  a d d i t io n a l  f i t t in g s  o n  s id e  m i r r o r  c a n e l im in a te  t h e  p r o b le m s  o c c u r r in g  
d u e  to  b l i n d  s p o t  to  a  c e r t a i n  e x te n d .

•  S c ie n t i f ic  s tu d ie s  o n  b l i n d  s p o t s  m a y  l e a d  to  c h a n g e s  i n  v e h ic u l a r m a n u f a c tu r in g ,  e f f e c t iv e  p l a c in g  o f  th e  
p i l l a r s  a n d  r e d u c in g  th e  a r e a  o f p i l l a r s  c a n  l e a d  to  r e d u c t io n  i n  a c c id e n t s  r e l a t e d  to  b l i n d  sp o ts .

•  A w a r e n e s s  a m o n g  d r iv e r s  o n  b l i n d  s p o ts  v a r i e s  w i t h  r e s p e c t  to  t h e i r  a g e ,  g e n d e r a n d  d r iv in g  e x p e r ie n c e .
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•  P r o to ty p e  m o d e l  w h i c h  s e n s e s  t h e  d r i v e r ’s b l i n d  s p o t s  a n d  a le r t s  h i m  h a s  b e e n d e v e lo p e d  w h i c h  h e lp s  th e  
d r iv e r  to  u n d e r s t a n d  h i s / h e r  d r iv in g  b e h a v i o r  w i th r e s p e c t  to  b l i n d  s p o t  a n d  a c t  a c c o r d in g ly .

•  P e d a g o g ic a l  t o o l s  s u c h  a s  v id e o s  a n d  o th e r  d r iv e r  t r a in in g  m e th o d s  m a y  h e lp  to  b r i n g  i n  im p o r ta n c e  o f  th i s
c o n c e p t  a n d  m a k e  n e c e s s a r y  c h a n g e s  i n  th e d r iv in g  b e h a v io r .

5. Limitations of the study

T h e  f o l lo w in g  c o u ld  b e  p o in t e d  o u t  a s  th e  l im i ta t io n s  o f  th e  s tu d y .

1. T h e  s a m p le  p o p u l a t i o n  w a s  l im i te d  to  5 0
2 . O n ly  o n e  c a r  w a s  a n a ly z e d
3 . T h e o r e t i c a l  b l i n d  s p o t  w a s  t a k e n  a s  t h e  a v e r a g e  o f  o n ly  3 t r ia ls .
4 . T h e  n u m b e r  o f  v a r ia b le s  a c c o u n te d  w e r e  l im i te d
5 . O n ly  s ta t i c  c o n d i t i o n s  w e r e  o b s e r v e d  a n d  d y n a m ic  c o n d i t i o n s  w h i le  d r iv in g  w e r e  ig n o r e d
6 . D r iv e r  p e r c e p t io n  w a s  n o t  c o n s id e r e d
7 . T e s t  w a s  o n ly  c a r r ie d  o u t  d u r in g  d a y  t im e
8 . O n ly  a  s in g le  w e a t h e r  c o n d i t i o n  w a s  t e s te d
9 . P h y s i c a l  p r o p e r t i e s  o f  th e  o b s t r u c t io n s  w e r e  n o t  c o n s id e r e d

D i f f e r e n t  a s s u m p t io n s  h a d  to  b e  m a d e  o v e r  th e  c o u r s e  o f  th e  p a p e r  s u c h  a s :

1. E y e  le v e l  o f  th e  d r iv e r  w a s  a s s u m e d  a s  1 .2 0 m  f o r  t h e o r e t i c a l  b l i n d  s p o t  d e t e r m in a t io n
2 . T h e  v e h ic le  w a s  a s s u m e d  to  b e  o n  a  f l a t  a r e a
3 . A  c i r c u l a r  a r e a  w i t h  r a d iu s  2 m  a r o u n d  th e  c a r  w a s  c o n s id e r e d  a s  s ig n i f i c a n t  f o r  th e  p r o j e c t

6. Scope for further study

T h e  p r im a r y  o b je c t iv e  o f  th i s  p r o j e c t  w o r k  w a s  to  d e te r m in e  a n d  a n a ly z e  th e  g e o m e t r i c a l  b l i n d  s p o ts  a r o u n d  l ig h t  
m o to r  v e h ic le s .  M a n y  a r e a s  o f  f u tu r e  r e s e a r c h  h a v e a r i s e n  f r o m  th e  e x p e r im e n ta l  w o r k  a n d  th e  m o s t  s ig n i f i c a n t  o f  
t h e m  a r e  o u t l i n e d  b e lo w .

•  T h e  p r o j e c t  Q u a n t i f i c a t i o n  a n d  A n a ly s i s  o f  B l in d  s p o t s  f o r  L ig h t  M o t o r  V e h ic l e s c a n  f u r t h e r  b e  e x p a n d e d
in to  v a r io u s  c a te g o r ie s  o f  v e h ic l e s  s u c h  a s  b u s e s , t r u c k s ,  a n d  to  d i f f e r e n t  c a r s  i n  t h e  fu tu re .

•  T h e  d a t a  o b t a in e d  f r o m  th e  p r o j e c t  c a n  b e  u s e d  to  c r e a te  a  B l in d  S p o t  D e te c t io n a n d  A w a r e n e s s  S e n s o r
w h i c h  c a n  b e  im p le m e n te d  o n  a  l a r g e  s c a le  i n c o m m e r c ia l  v e h ic le s .

•  T h e  p r o j e c t  c a n  b e  e x p a n d e d  f o r  d y n a m ic  c o n d i t i o n s  a ls o ,  c o n s id e r in g  th e v a r io u s  c o n d i t io n s  p r e v a i l i n g
u n d e r  d r iv in g .
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A b s tra c t .D u r in g  th e  p a s t tw o  d ecad e s , th e  issu e  o f  re h a b ilita tio n  o f  th e  ex is tin g  p a v e m e n ts  u s in g  v a rio u s  te c h n iq u e s  is 
g a in in g  m o m en tu m . T h e  u se  o f  fib re  re in fo rc e d  co n c re te  fo r  re h a b ilita tio n  p u rp o se s  is  b eco m in g  p o p u la r. F ib re  
re in fo rc e d  c o n c re te  is  an  eco n o m ica l m e th o d  to  o v e rco m e  f lex u ra l fa ilu re , m icro  c rack s  e tc . H u m a n  h a ir  is  a  n o n -  
d eg rad ab le  fib re  w h ic h  c a n  b e  u se d  as a  re in fo rc e m e n t m a te r ia l in  c o n c re te  o v e rlay s . H u m a n  h a ir  fib re  ad d e d  co n cre te  
c a n  b e  u se d  a s  a  c o n c re te  fo r  ce ll f illin g  an d  w h ite to p p in g  c o n c re te  p a v e m e n t re h a b ilita tio n  m e th o d s  to  o v e rco m e  th e  
fu n c tio n a l d e fic ien c ie s  o f  ex is tin g  b itu m in o u s  p a v e m e n ts . I n  w h ite to p p in g  a  c o n c re te  o v e rlay  is p ro v id e d  o v e r  th e  
e x is tin g  d e te r io ra te d  b itu m in o u s  p a v e m e n t. In  C e ll F ille d  co n c re te  o v erlay  a  m e sh  o f  ce ll is  p ro v id e d  an d  is f ille d  w ith  
c o n c re te . I n  th is  stu d y  th e  m e c h a n ic a l p ro p e rtie s  o f  w h ite to p p e d  a n d  c e ll f ille d  co n c re te  o v e rla y s  in c o rp o ra te d  w ith  
h u m a n  h a ir  is  b e in g  in v estig a ted . A  f ie ld  tra il  o f  C e ll F ille d  an d  W h ite to p p e d  c o n c re te  w ith  an d  w ith o u t h a ir  fib re  w as 
tr ie d . C o n c lu s io n s  w ere  d raw n  b a se d  o n  th e se  lab o ra to ry  an d  f ie ld  s tu d ies .

K e y w o rd s : W h i te to p p in g ,  C e l l  F i l l in g ,  H u m a n  h a ir ,  P a v e m e n t  r e h a b i l i ta t io n ,  M e c h a n ic a l  p r o p e r t i e s

1. Introduction
R o a d  t r a f f i c  is  in c r e a s in g  s te a d i ly  o v e r  th e  y e a r s .  T h is  i s  a n  i n te r n a t io n a l  p h e n o m e n o n .  A n  in te r n a t io n a l  

f o r e c a s t  p r e d i c t s  t h a t  s u c h  in c r e a s e  w i l l  c o n t in u e  i n  n e a r  f u tu r e .  E v e n  i n  c a s e  o f  d e v e lo p e d  c o u n t r i e s ,  th e r e  is  a  
u n a v a i la b i l i ty  o f  f u n d s  e s s e n t i a l  f o r  n e w  in f r a s t r u c tu r e  v e n tu r e s ,  b o t h  f o r  c o n s t r u c t in g  t h e m  a n d  m o r e  m e a n in g f u l ly  
t o w a r d s  t h e i r  c o n s e r v a t io n  a n d  r e p a i r s .  T h e  p o s i t i o n  i n  th e  c o n te x t  o f  a  d e v e lo p in g  c o u n t r y  l ik e  I n d i a  is  v is ib ly  f a r  
i n f e r io r .  A s  a  r e s u l t ,  m o r e  a n d  m o r e  r o a d s  a r e  d e t e r io r a t i n g  a n d  th e  s t a n d in g  p a v e m e n t  s t r u c tu r e  a s  a  w h o le  is  o f t e n  
f o u n d  to  b e  in s u f f i c ie n t  to  s u r v iv e  u p  w i t h  t h e  p r e s e n t  t r a f f ic .  A p p r o p r ia te  f i r m in g  a n d  c o n s e r v a t i o n  o f  r o a d s  is  
im m e d ia te ly  e s s e n t i a l  to  c e r t i f y  w e l l - a d ju s t e d  r e g io n a l  d e v e lo p m e n t  a n d  m i t ig a t io n  o f  d e f ic ie n c y  a s  th e y  c o n n e c t  th e  
v i l l a g e s  a n d  o t h e r  s m a ll  t o w n  c e n t r e s  h a r b o u r in g  b a c k w a r d n e s s .  A  m a jo r i ty  o f  th e s e  r o a d s  d o  n o t  h a v e  t r a f f i c  w e l l -  
i n te n t io n e d  p a v e m e n t .  [1 ] T h e  c o s t  o f  f i r m in g  a n d  r e s to r a t i o n  b y  p r e d i c t a b l e  m e th o d  o f  th i s  l a r g e  n e tw o r k  w i l l  n e e d  
e n o r m o u s  r e s o u r c e s  b o t h  p h y s i c a l  a n d  f i n a n c i a l  w h i c h  a r e  p r e t t y  o c c a s io n a l .

M o s t  o f  th e  p r e v a i l i n g  f l e x ib le  p a v e m e n t s  i n  t h e  n e tw o r k  ty p ic a l ly  h a v e  t h i n  b i tu m in o u s  l a y e r s .  T h e s e  
b i tu m in o u s  p a v e m e n ts ,  i n  o v e r a l l ,  h a v e  a  p r o b le m  t h a t  t h e y  g e t  d e t e r io r a t e d  w i th  t im e .  M o s t  o f  o u r  r o a d s  e x h ib i t ,  in  
g e n e r a l  d e f ic ie n c ie s  l ik e  a l l i g a to r  c r a c k in g ,  u p h e a v a l ,  r u t t in g ,  f a t ig u e  c r a c k in g ,  a n d  th e r m o  c r a c k in g .

U n d e r  th e  r e h a b i l i t a t io n  p la n s ,  t y p ic a l ly  th e  o v e r la y s  a r e  b e i n g  p l a c e d  o v e r  s u c h  c r a c k e d  o r  r u t te d  
b i tu m in o u s  s t r a tu m  w i t h o u t  m a k in g  a n y  s ig n i f i c a n t  e n e r g ie s  to  s e a l  th e s e  c r a c k s  p r o p e r ly  [2 ]. O c c a s io n a l ly  th e  
c r a c k s  a r e  so  e x te n s iv e  a ls o  w id e s p r e a d  t h a t  i t  is  n o t  e v e n  c o n c e iv a b le  to  f u l ly  s e a l  th e m ,  w i t h  th e  e f f e c t  t h a t  s u c h  
r e c e n t ly  o v e r la id  s u r f a c e s  y e t  a g a in  e x h ib i t  r u t t in g /c r a c k s  i n  a  v e r y  s q u a t  t im e .  R e f l e c t i o n  c r a c k s  a r e  o n e  e x a m p le  
r e g u la r ly  c o m e  a c r o s s  w i th  s u c h  o v e r la y  r e p a i r s .  S u c h  c o n s e r v a t io n s  d o  n o t  im p ro v e  t h e i r  p r e d ic ta b le  l i f e  a n d  b r in g  
a v o id a b le  d i s p a r a g e m e n t  f r o m  th e  p u b l ic .  S u c h  p r a c t i c e s  o f  s t r e n g th e n in g  b y  o v e r l a y in g  th u s  e s s e n t i a l  to  b e  
d is c a rd e d .
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A n y  a l t e r n a t iv e  t e c h n iq u e  o f  s t r e n g th e n in g  o r  f ix in g  o f  r o a d s  s h o u ld ,  th e r e f o r e ,  b e  b a s e d  o n  th e i r  
p e r m a n e n c y  r e a s o n a b ly  p u r e ly  b y  in i t i a l  c o s t .  T h e  c o s t  a s s e s s m e n t  f o r  s u c h  a l t e r n a t iv e  s t r e n g th e n in g / r e p a i r  m e th o d s  
s h o u ld  b e  b a s e d  o n  th e  c o n c e p t  o f  l i f e - c y c le  c o s t .  S u b s t i tu te  a p p r o a c h e s  o f  s t r e n g th e n in g / r e p a i r s  s h o u ld  ta k e  
m a in te n a n c e  o f  th e  d e f ic ie n c ie s  o f  c u r r e n t  b i t u m in o u s  l a y e r s .  R u t t i n g  a n d  c r a c k in g  a r e  p r o d ig io u s ly  w i tn e s s e d  to  b e  
c o m m o n  n a tu r e  ty p e  o f  d i s t r e s s  o n  f u r th e r m o s t  o f  b i t u m in o u s  p a v e m e n ts .  T h is  c o u ld  b e  r e m e d ie d  b y  m i l l in g  th e  
e x i s t i n g  f a c e s .  M i l l i n g  e x p r e s s iv e ly  d e - s t r e s s e s  th e  c r a c k e d / r u t te d  s e c t io n .  W h i te  t o p p in g  a n d  C e ll  f i l l e d  c o n c r e te  
o v e r la y  w e r e  i n v e s t i g a t e d  a s  r e h a b i l i t a t io n  m e th o d s  o f  m o d e r a te ly  d i s t r e s s e d  b i tu m in o u s  c o n c r e te  p a v e m e n ts  a n d  
in te r s e c t io n s .  N o w  a  d a y  th e s e  h a v e  m u c h  im p o r t  r o le  f o r  p a v e m e n t  p r e s e r v a t io n .  I n  th i s  c e m e n t  c o n c r e te  o v e r la y s  
o v e r  c u r r e n t  b i t u m in o u s  p a v e m e n t s  h a v e  b e e n  u s e d  a s  a  r e h a b i l i t a t io n  o p t io n  f o r  m o r e  t h a n  8 0  y e a r s  [3 ]. A  c r o s s 
s e c t io n  o f  a  p a v e m e n t  d i s p l a y in g  c o n c r e te  o v e r la y  o v e r  b i t u m in o u s  l a y e r  is  r e v e a l e d  i n  f ig . 1.

Concrete overlay
Bituminous layer 

Sub-base

Subgrade

F ig .1  Cross-section of a pavement shows the concrete overlay over bituminous layer [3]

2. Whitetopping concrete overlay
W h ite  to p p in g  ( W T )  i s  a  t e c h n iq u e  o f  s t r e n g th e n in g  o r  r e h a b i l i ta t in g  w e a k e n e d  a s p h a l t  p a v e m e n t s  b y  P l a in  

C e m e n t  C o n c r e te  ( P C C )  o v e r la y  w i t h  o r  w i th o u t  f ib e r s  ( f i g  2 ) .  U l t r a - T h i n  W h i te  to p p in g  ( U T W T )  a n d  T h in  W h i te  
t o p p in g  ( T W T )  a r e  b e i n g  p r o g r e s s iv e ly  a c c o m p l i s h e d  i n  U S A  a n d  W e s t  E u r o p e .T h ic k n e s s  u p  to  1 0 0  m m , i t  is  
l a b e l l e d  a s  U T W T  a n d  f o r  t h ic k n e s s  m o r e  t h a n  1 0 0  m m  b u t  u p  to  2 0 0  m m ;  i t  is  c a l l e d  T h in  W h i te  T o p p in g  ( T W T )  
( f ig  3 ) . B e y o n d  2 0 0  m m  th i c k n e s s ,  i t  i s  c a l l e d  C o n v e n t io n a l  W h i te  t o p p in g  id e n t ic a l  to  o u r  r e g u la r  P C C  p a v e m e n ts .  
T h e  p r e v a i l i n g  d e s ig n  s ta n d a r d s  a r e  s o m e w h a t  d i s s im i la r  t h a n  th o s e  o f  n o r m a l  c o n c r e te  p a v e m e n ts .  I n  c a s e  o f  
U T W T , th e  b o n d  b e t w e e n  th e  e x i s t i n g  a s p h a l t  p a v e m e n t  a n d  P l a i n  C e m e n t  C o n c re te  ( P C C )  o v e r la y  i s  c o n s id e r e d  
c o m p u ls o r y .  H o w e v e r ,  i n  c a s e  o f  T W T  th e  b o n d i n g  is  n e c e s s a r y  b u t  n o t  c o m p u ls o r y .  A n o th e r  a l t e r a t i o n  i s  t h a t  f o r  

th e s e  o v e r la y s  j o i n t s  a r e  s p a c e d  n e a r .  U s u a l  s p a c in g  o f  j o i n t s  i s  a t  0 .6  m  to  1 .2  m  b e s id e s  i n  s o m e  c a s e s  i t  i s  u p  to  1 .5  
m . T h e s e  j o i n t s  a r e  g e n e r a l ly  n o t  d o w e l le d .  N o  t i e  r o d s  a r e  a ls o  p r o v id e d  i n  th e  lo n g i tu d in a l  j o in t s .  T h e  th i c k n e s s  o f  
U T W T  is  b e t w e e n  7 5  to  1 0 0  m m . [4]

F ig .2  Schematic diagram of a pavement structure with whitetopping [5]

F ig .3  Finished TWT pavement

3. Cell Filling Concrete Overlay
A s  a  s u b s t i tu te ,  f o r  im p r o v e d  s t r u c tu r a l  p e r f o r m a n c e  a n d  lo w  p r e s e r v a t io n ,  a n  in n o v a t iv e  p a v e m e n t  

t e c h n o lo g y  t e r m e d  P la s t i c  C e l l  F i l l e d  C o n c re te  B l o c k  P a v e m e n t  ( P C C B P )  w a s  d e v e lo p e d  i n  S o u th  A f r ic a .  P la s t i c  
c e l l  f o r m w o r k  h a s  b e e n  e f f e c t iv e ly  u s e d  f o r  c a n a l  l in in g ,  r e in f o r c e d  e a r t h  t r e a tm e n t ,  e tc .  T h e  c e l l s  a r e  t e n s io n e d  a n d  
s p r e a d  a c r o s s  th e  f o u n d a t io n  s t r a tu m  a n d  c o n c r e te  i s  f i l l e d  a n d  c o m p a c te d  in to  th e  c e l ls .  ( f ig .4 ) .  U p o n  c o m p a c t io n ,  
th e  c e l l  w a l l s  g e t  d e f o r m e d ,  r e s u l t in g  i n  i n t e r lo c k in g  o f  n e ig h b o u r in g  in d iv id u a l  c o n c r e te  b lo c k s .  C e l l  F i l l e d  
C o n c re te  ( C F C )  o v e r la y  i s  o n e  o f  c a s t - i n - s i t u  b lo c k  p a v e m e n t  D e f o r m e d  w a l l s  o f  p la s t i c  s h e e t  b e h a v e  l ik e  a  h in g e
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a n d  th e  b lo c k s  c a n  u n d e r g o  l im i te d  r o ta t io n .  T h u s ,  f l e x ib i l i ty  i s  in t r o d u c e d  in to  t h e  c e m e n t  b o u n d  ( r ig id )  s u r f a c in g .  
C e l l  f i l l e d  c o n c r e te  o v e r la y  i s  a l s o  a  b e t t e r  c h o ic e  f o r  th e  r e h a b i l i t a t io n  o f  v i l l a g e  r o a d s  [6 ].

F ig .4  Cell filled pavement under construction and compaction of concrete [6]

4. Human Hair Fibre
H u m a n  H a i r  F ib r e  ( H H F )  ( f ig .5 )  i s  c o n s id e r e d  a s  a  w a s te  m a te r ia l  i n  m o s t  p a r t s  o f  t h e  w o r ld  a n d  is  a  

c o l l e c t iv e  f u n d a m e n ta l  f o u n d  i n  m u n ic ip a l  w a s te  s t r e a m s  w h i c h  c a u s e  m a s s iv e  e n v i r o n m e n ta l  d i f f i c u l t i e s . .  I t  is  a ls o  
a c c e s s ib le  i n  p le n ty  a n d  a t  a  v e r y  l i t t le  c o s t .  H u m a n  h a i r  f ib r e  r e in f o r c e d  c o n c r e te  c a n  a v o id  th e  s p a l l i n g  o f  c o n c r e te .  
T h e  b e lo n g in g s  l ik e  h ig h  t e n s i l e  s t r e n g th ,  u n iq u e  c h e m ic a l  c o m p o s i t io n ,  t h e r m a l  i n s u l a t i o n  e tc .  m a k e s  i t  s e e m ly  to  
b e  u s e d  a s  a  r e in f o r c in g  m a te r ia l .  [7]

F ig .5  Human hair fibre

5 Research significance
T h e  w o r k  c a r r ie d  o u t  to  s tu d y  th e  p e r f o r m a n c e  o f  C e l l  f i l l e d  a n d  W h i t e to p p e d  o v e r la y s ,  r e p r e s e n t  a  n e w  

r e h a b i l i t a t io n  c h o ic e  to  a d d r e s s  p a v e m e n ts  w i t h  s u r f a c e  d i s t r e s s  p r o b le m s  a n d  a ls o  th e  u s e  o f  h u m a n  h a i r  f ib r e  i n  
c o n c r e te  o v e r la y  to  u t i l i z e  th e  w a s t e  m a te r ia l  a s  a  r e s o u r c e .

6 Experimental investigations
T h e  f i r s t  s ta g e  is  to  f i n d  th e  m e c h a n ic a l  p r o p e r t i e s  o f  C e l l  f i l l e d  a n d  T h in  w h i t e to p p e d  c o n c r e te  w i th  a n d

w i th o u t  h u m a n  h a i r  f ib r e .  S e c o n d  s ta g e  in c lu d e  c a s t i n g  f i e l d  t r a i l s  o f  C e l l  f i l l e d  a n d  T h in  w h i t e to p p e d  c o n c r e te
o v e r la y  w i t h  a n d  w i th o u t  h u m a n  h a i r  f ib re .

6.1 Test on Mechanical Properties
T h e  m e c h a n ic a l  p r o p e r t i e s  o f  C F C  a n d  T W T  c o n c r e te  w i t h  a n d  w i th o u t  h u m a n  h a i r  f ib r e  w e r e  c o n d u c te d  i n  

l a b o r a to ry .  T e s t  in c lu d e  c u b e  c o m p r e s s iv e  s t r e n g th ,  c y l in d e r  s p l i t t in g  t e n s i l e  s t r e n g th  a n d  f l e x u r a l  s t r e n g th  t e s t . I n  
C u b e  c o m p r e s s iv e  s t r e n g th  t e s t ,c u b e  s t r e n g th  w e r e  e v a lu a t e d  a c c o r d in g  to  IS  5 1 6 - 1 9 5 9  [9 ] T h e  t e s t  w e r e  c o n d u c te d  
o n  a  2 0 0 0  k N  c o m p r e s s io n  t e s t i n g  m a c h in e .  I n  th e  c a s e  o f  f l e x u r a l  s t r e n g th  o n e  m e a s u r e  o f  th e  t e n s i l e  o f  c o n c r e te ,  i t  
i s  m e a s u re  o f  a n  u n r e in f o r c e d  b e a m  to  r e s i s t  f a i lu r e  i n  b e n d in g .  T h e  f l e x u r a l  s t r e n g th  i s  e x p r e s s e d  a s  m o d u lu s  o f  
r u p tu r e  i n  M p a  a n d  is  d e t e r m in e d  b y  s ta n d a r d  th i r d  p o i n t  lo a d in g  a n d  c e n te r  p o in t  lo a d in g  a c c o r d in g  t o  IS  5 1 6  -  
1 9 5 9 [9 ] .  F o r  f i n d  s p l i t  t e n s i l e  s t r e n g th ,  c y l in d e r  s t r e n g th  w e r e  e v a lu a t e d  a c c o r d in g  to  A S T M  C 4 9 6  /  C 4 9 6 M  -  11
[1 0 ] , th e  t e s t  w e r e  c o n d u c te d  i n  a  2 0 0 0  k N  c o m p r e s s io n  t e s t i n g  m a c h in e .

6.2 Field casting of overlay
F i e l d  t r a i l  w e r e  d o n e  to  e v a lu a t e  th e  p e r f o r m a n c e  o f  C F C  a n d  T W T  c o n c r e te  o v e r la y s  w i t h  a n d  w i th o u t  h a i r

f ib re .

6.2.1 Rehabilitation by CFC and TWT concrete overlays
F o r  th e  p r e s e n t  w o r k  6  p o th o le s  w i t h  a  d e p t h  g r e a t e r  t h a n  1 0 m m  w e r e  s e le c te d  a n d  th e y  a r e  r e l a id  w i th  C F C  

a n d  T W T C  o v e r la y s  w i t h  a n d  w i th o u t  h a i r  f ib re .

6.2.2 Construction of Cell Filling Concrete overlay
T h e  C o n s t r u c t in g  r e g io n  i s  c le a n e d  a f t e r  th e  m i l l in g  o p e r a t io n .  T h e  f o r m  w o r k  i s  p l a c e d  o v e r  th e  s u r f a c e ,  to  

b e  r e h a b i l i ta t e d .  I t  is  r e c o m m e n d e d  t h a t  a  g o o d  p r o f i l e  c o r r e c t io n  w e r e  n e e d  f o r  C F C  o v e r la y s .  A f t e r  th e  p l a c in g  o f
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f o r m  w o r k s ,  t h e  c e l l s  a r e  f i l l e d  w i th  c o n c r e te  a n d  c o m p a c te d  w e l l .  T h e  c o n s t r u c t io n  o f  C F C  o v e r la y  w e r e  s h o w n  in  
f ig .7

F ig .7  Construction of CFC overlay

6.2.3 Construction of Thin whitetopping concrete overlay
T h e  d a m a g e d  p o th o le  i s  r e h a b i l i ta t e d  b y  p l a c in g  th e  T h in  c o n c r e te  o v e r la y s  a s  s h o w n  i n  f ig .8

7.1

F ig .8  Construction of WTC overlay

Results and Discussion

T h e  r e s u l t  o b t a in e d  f r o m  e a c h  e x p e r im e n ts  a n d  a  d e t a i l e d  d i s c u s s io n  o n  i t  i s  p r e s e n te d :  

Cube compressive strength test results

T h e  c o m p r e s s iv e  s t r e n g th  r e s u l t s  w e r e  s h o w n  i n  t a b l e  1

T a b le  1Compressive strength of CFC and WTC specimens without HHF

C o m p r e s s iv e  s t r e n g th  2 8 th d a y  ( N /m m 2)

S L .N O
C F C  A v e r a g e W T C A v e r a g e

1 4 8 .5 4 9 .6

2 4 8 .2
4 8 .4 6

4 9 .5
4 9 .7

3 4 8 .7 5 0

T a b le  2 Compressive strength of CFC and WTC specimens with HHF

S L .N O P e r c e n ta g e  o f  
H H F  b y  w e ig h t  

o f  c e m e n t

C o m p r e s s iv e  s t r e n g th  2 8 th d a y  ( N /m m 2)

C F C  
w i t h  H H F

W T C  
w i t h  H H F

1 0 4 8 .4 6 4 9 .7
2 0 .5 4 8 .4 8 5 0 .1 3
3 1 4 9 .5 1 5 3 .2

4 1 .5 5 2 .7 5 6 .8
5 2 4 9 .3 5 0 .2

6 2 .5 4 8 .6 4 9 .6
7 3 4 7 .8 4 8 .3

7
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F ig .9 Compressive strength VS. % addition of HHF on CFC and WTC specimens with HHF

F r o m  ta b l e  1 a n d  2  i t  is  c l e a r  t h a t  W T C  s p e c im e n s  a c h ie v e d  h ig h e r  c o m p r e s s iv e  s t r e n g th  t h a n  C F C  
s p e c im e n s .  T h e  m a x im u m  c o m p r e s s iv e  s t r e n g th  v a lu e  o b ta in e d  f o r  C F C  a n d  W T C  s p e c im e n  a t  a  f ib r e  c o n te n t  o f  1 .5  
% , th e  v a lu e  o b ta in e d  w e r e  5 2 .7  a n d  5 6 .8  N /m m 2  r e s p e c t iv e ly .  I t  i s  s e e n  t h a t  t h e  c o m p r e s s iv e  s t r e n g th  o f  C F C  a n d  
W T C  w i th  f ib r e  w e r e  h ig h e r  t h a n  t h a t  w i th o u t .  A ls o  th e  c h a r a c te r i s t i c  c o m p r e s s iv e  s t r e n g th  a c h ie v e s  a  v a lu e  m o re  
t h a n  5 0  N /m m 2  a t  1 .5  %  o f  f ib r e  ( f ig .9 ) .

7.2 Split strength test results
T a b le  3  Split tensile strength of CFC and WTC specimens without fibre

S L .N O

S p l i t  t e n s i l e  s t r e n g th  2 8 th d a y  ( N /m m 2)

C F C A v e r a g e W T C A v e r a g e

1 3 .7 3 4 .2 2

2 3 .7 5 3 .8 9 4 .5 2 4 .4 1

3 4 .2 4 .4 9

T a b le  3 s h o w s  th e  s p l i t  t e n s i l e  s t r e n g th  o f  C F C  a n d  W T C  w i th o u t  H H F . I t  i s  c l e a r  t h a t  a v e r a g e  s p l i t  t e n s i l e  
s t r e n g th  i s  h i g h e r  f o r  W T C  t h a n  C F C .

T a b le  4 Split tensile strength of CFC and WTC specimens with HHF

S L .N O
P e r c e n ta g e  o f  

H H F  b y  w e ig h t  
o f  c e m e n t

S p l i t  t e n s i l e  s t r e n g th  2 8 th d a y  ( N /m m 2)

C F C  
w i t h  H H F

W T C  
w i t h  H H F

1 0 3 .8 9 4 .4 1

2 0 .5 3 .9 4 .4 3

3 1 4 .0 4 .4 5

4 1 .5 4 .3 4 .6 8

5 2 3 .8 4 .2

6 2 .5 3 .7 3 3 .8 4

7 3 3 .3 3 .7 6

T a b le  4  S h o w s  i n  th e  r e s u l t s  o f  s p l i t  t e n s i l e  s t r e n g th  o f  C F C  a n d  W T C  w i t h  H H F . H e r e  a ls o  i t  c a n  b e  s e e n  t h a t  th e  
s p l i t  t e n s i l e  s t r e n g th  o f  W T C  is  h ig h e r  f o r  a  p e r c e n ta g e  f ib r e  c o n te n t  o f  1 .5  b y  w e i g h t  o f  c e m e n t .T h e  a b o v e  r e s u l t s  
a r e  s h o w n  i n  f ig .  10
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F ig .1 0  Split tensile strength of CFC and WTC specimens with HHF

7.3 Flexural strength test results

F le x u r a l  s t r e n g th  r e s u l t s  o f  C F C  a n d  W T C  s p e c im e n s  a r e  s h o w n  i n  t a b l e  5 b e lo w

T a b le  5 Flexural strength of CFC and WTC specimens without HHF

F le x u r a l  s t r e n g th  2 8 th d a y  ( N /m m 2)

S p e c im e n
C F C A v e r a g e W T C A v e r a g e

1 4 .5 1 4 .6 7

2 4 .5 2 4 .6 5
4 .5 1 4 .6 7

3 4 .5 0 4 .6 9

T a b le  5 s h o w s  th e  f l e x u r a l  s t r e n g th  r e s u l t s  o f  C F C  a n d  W T C  w i th o u t  H H F . F r o m  th i s  t a b l e  i t  i s  c l e a r  t h a t  

W T C  s p e c im e n  g iv e s  b e t t e r  r e s u l t s  t h a n  C F C  s p e c im e n .

T a b le  6 Flexural strength of CFC and WTC specimens with HHF

P e r c e n ta g e  o f  H H F F le x u r a l  s t r e n g th  2 8 th d a y  ( N /m m 2)
S L .N O b y  w e ig h t  o f C F C W T C

c e m e n t w i t h  H H F w i t h  H H F

1 0 4 .5 1 4 .6 7
2 0 .5 4 .5 4 4 .7 3

3 1 4 .6 3 5 .1 1

4 1 .5 4 .8 3 5 .2 3
5 2 5 .2 2 5 .4 5

6 2 .5 4 .5 1 4 .9
7 3 4 .2 1 4 .4

% of fibre added

F ig . 11 Flexural strength V s % addition of HHF on CF C and WTC specimens with HHF

T a b le  6  s h o w s  th e  r e s u l t s  o f  f l e x u r a l  s t r e n g th  o f  C F C  a n d  W T C  w i th  H H F . F r o m  th e  t a b le  i t  i s  c le a r  
t h a t  2 %  o f  H H F  s h o w s  a  h ig h e r  f l e x u r a l  s t r e n g th  f o r  b o t h  C F C  a n d  W T C . H e r e  a ls o  W T C  w i th  2 %  H H F  s h o w s  
h ig h e r  v a lu e  t h a n  C F C . T h e  r e s u l t s  a r e  s h o w n  i n  f ig . 11.

A s  a  w h o le  i t  i s  u n d e r s to o d  th a t  W T C  w i th  H H F  is  p e r f o r m in g  b e t t e r  t h a n  C F C . H e n c e  W T C  w i t h  h a i r  f ib r e  c a n  
b e  r e c o m m e n d e d  f o r  p a v e m e n t  r e h a b i l i ta t io n  w o r k s .

7.4 Field observation results
F ig u r e s  12  to  15 s h o w s  th e  o b s e r v a t io n  m a d e  o n  f i e ld  o n  a  p a r t i c u l a r  d a y  o f  W T C  a n d  C F C  w i t h  a n d  

w i th o u t  H H F  o n  th e  D a te -  5 .0 3 .1 8  a n d  f ig u r e s  16  to  19  o n  th e  D a te - 0 7 .0 4 .1 8
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W

F ig .1 2  WTC overlay without hair fibre F ig .1 3  WTC overlay with hair fibre

F ig .1 4  CFC overlay without hair fibre F ig .1 5  CFC overlay with hair fibre

F ig .1 6  WTC overlay without hair fibre F ig .1 7  WTC overlay with hair fibre

§3

F ig .1 8  CFC overlay without hair fibre

F ig .1 9  CFC overlay with hair fibre

F r o m  th e s e  f ig u r e s  i t  i s  c l e a r  t h a t  f i e ld  p e r f o r m a n c e  o f  W T C  w i t h  H H F  w a s  b e t t e r  t h a n  C F C . T h e  

o b s e r v a t io n  d o n e  o n  0 5 .0 3 .1 8 ,  ( f ig .1 2  to  1 5 ) , s h o w s  n o  v i s ib l e  d i s t r e s s  f o r  W T C  w i t h  H H F . H o w e v e r  t h e  s p e c im e n  

t h a t  i s  W T C  w i th o u t  H H F , C F C  w i t h  a n d  w i th o u t  H H F  o b s e r v e d  o n  0 7 .0 4 .1 8  s h o w s  m i ld  d e f e c ts .  I n  th e  c a s e  o f  

W T C  w i th o u t  H H F  ( f ig .1 6 )  th e  t r a n s v e r s e  c r a c k s  w e r e  o b s e r v e d ,  w h ic h  m a y  b e  d u e  to  t e m p e r a tu r e  s t r e s s ,  l o a d in g  

e tc .  B u t  i n  th e  c a s e  o f  W T C  w i t h  H H F  th e r e  w e r e  n o  s u c h  d e f e c t s  o b s e r v e d .  ( f ig .1 7 ) .  S o  i t  c a n  s u m m a r i s e d  th a t  

p e r f o r m a n c e  o f  W T C  w i t h  H H F  is  b e t t e r  t h a n  C F C  s p e c im e n s .

8 Conclusions
F o l lo w in g  c o n c lu s io n s  w e r e  d r a w n :
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•  C e l l  f i l l e d  a n d  W h i t e to p p e d  o v e r la y s  r e p r e s e n t  a  n e w  r e h a b i l i t a t io n  c h o ic e  to  a d d r e s s  p a v e m e n ts  

w i t h  s u r f a c e  d i s t r e s s  p r o b le m s

•  A d d i t i o n  o f  1 .5  p e r c e n ta g e  d o s a g e  o f  h u m a n  H a i r  f ib r e  g a in e d  a n  o p t im u m  v a lu e  i n  th e  c o m p r e s s iv e  

s t r e n g th  f o r  C F C  a n d  W T  c o n c r e te

•  A d d i t i o n  o f  1 .5  p e r c e n ta g e  o f  h a i r  f ib r e  i n  c o n c r e te  a c h i e v e s  a n  c h a r a c te r i s t i c  s t r e n g th  g r e a t e r  t h a n  

5 0 N /m m 2

•  W h i t e to p p in g  c o n c r e te  o v e r la y s  s h o w s  a  s u p e r io r  m e c h a n ic a l  p e r f o r m a n c e  i n  th e  la b  t h a n  th a t  o f  

C e l l  F i l l e d  c o n c r e te  o v e r la y s

•  H u m a n  h a i r  f ib r e  c a n  r e d u c e  th e  r i s k  o f  s p a l l in g  o f  c o n c r e te

•  T h e  W h i te  T o p p in g  p a v e m e n t s  s h o w  g r e a t  p o t e n t i a l  to  b e  a  v i a b l e  r e h a b i l i t a t io n  m e th o d  d u e  to

e a s in e s s  o f  c o n s t r u c t io n  

References

1 M o d a r r e s .A . ,  R a h im z a d e h .M  a n d  Z a r r a b i .M :  F i e l d  i n v e s t i g a t io n  o f  p a v e m e n t  r e h a b i l i t a t io n  u t i l i z in g  c o ld  

i n - p la c e  R e s o u r c e s ,  Conservation and Recycling,ELSEVIERVolume 83  P a g e s  1 1 2 - 1 2 0 ,(2 0 1 4 )

2  K a r la f t i s ,  A .G . a n d  B a d r .A :  P r e d i c t in g  a s p h a l t  p a v e m e n t  c r a c k  i n i t i a t i o n  f o l lo w in g  r e h a b i l i ta t io n  

t r e a t m e n t s ,Transportation Research Part C, .ELSEVIER, V o lu m e  5 5  P a g e s  5 1 0 - 5 1 7 ,  ( 2 0 1 5 )

3 K a m b a le .A . ,  J a d h a v .A . ,  G a ik a r .U . ,  G a d a d e .S ,  a n d  C h a v a n .A .D  : E x p e r im e n ta l  S tu d y  o n  U l t r a - T h i n  W h i te  

T o p p in g  U s e  i n  V i l l a g e  R o a d ,  International Journal o f  Scientific Research in Science, Engineering and 
Technology (IJSRSET) I S S N  : 2 3 9 4 - 4 0 9 9 ,  V o lu m e  4 , I s s u e  6 , p a g e s .0 1 - 0 6 ,  ( 2 0 1 8 )

4  A n k u s h  .K  a n d  S a c h d e v a  S .N .:  A  r e v ie w  o f  u s i n g  t h i n  w h i t e to p p in g  o v e r la y s  f o r  r e h a b i l i t a t io n  o f  a s p h a l t  

p a v e m e n ts ,  Journal o f  Basic and Applied Engineering ResearchlSSN: 2 3 5 0 - 0 0 7 7 .V o lu m e  2 , p a g e s .1 8 2 -  

2 5 2 ,  ( 2 0 1 5 )

5 S in h a V .K . ,  T ia  a n d  K u m a r .S  : W h i t e to p p in g  A  c o s t - e f f e c t iv e  r e h a b i l i t a t io n  a l t e r n a t iv e  f o r  p r e s e r v in g  

b i tu m in o u s  p a v e m e n t  o n  l o n g  t e r m  b a s ic ,  Journal o f Indian Road Congress India V o lu m e  6 , N o

3 .p a g e s .2 2 3 - 2 4 0 ,  ( 2 0 0 7 )

6  S u b r a t ,R . ,R e d d y .K  a n d  P a n d e y  B .B  : A n  I n v e s t ig a t io n  o n  C e l l - f i l l e d  P a v e m e n ts ,  International Journal o f  
Pavement Engineering. V o lu m e  1 2 , p a g e s .2 1 - 5 5 ,  ( 2 0 1 0 )

7  K a u s h ik .S . ,  R e d d y  R .C  a n d  M a h e n d a r ,  R .V :  A n  E x p e r im e n ta l  S tu d y  o n  M e c h a n ic a l  P r o p e r t i e s  o f  H u m a n  

H a i r  F ib r e  R e in f o r c e d  C o n c re te ,  IOSR Journal o f  Mechanical and Civil Engineering V o lu m e  1 2 , I s s u e  4  

p a g e s  6 5 - 7 5 ,  ( 2 0 1 1 )

8  IS  5 1 6  -  1 9 5 9 , M e th o d  o f  T e s ts  f o r  S t r e n g th  o f  C o n c r e te ,  Bureau o f  Indian Standards, N e w  D e lh i ,  In d ia .

9  A S T M  C 4 9 6  /  C 4 9 6 M  -  1 1 , S ta n d a r d  T e s t  M e th o d  f o r  S p l i t t in g  T e n s i l e  S t r e n g th  o f  C y l in d r i c a l  C o n c re te  

S p e c im e n s ,  A m e r i c a n  S o c ie ty  f o r  T e s t in g  a n d  M a te r ia l s ,  P h i la d e lp h ia ,  P e n n s y lv a n ia ,  2 0 0 6 .

10  IR C : S p -7 6 :  T e n ta t iv e  G u id e l in e s  f o r  C o n v e n t io n a l ,T h in  a n d  U l t r a - T h i n  W h ie to p p in g Indian Road 
Congress,New D e lh i ,  ( 2 0 0 8 )

Department of Civil Engineering, MBCET 387

https://www.sciencedirect.com/science/journal/09213449
https://www.sciencedirect.com/science/journal/09213449/83/supp/C


ICID 2018 21-23 June, 2018
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Influence of Gauge Length on the Measurement of Resilient Modulus of 
Bituminous Mixtures

A r b in  R a j 1 a n d  J. M . K r i s h n a n 2

1 2 IIT Madras, Chennai, 600 036, India 
jmk@iitm.ac.in

A b s tr a c t .  This paper investigates the influence of gauge length on the measurement of resilient modulus of 
bituminous mixtures with modified and unmodified binders tested at 25 °C. From this investigation, it is clear that 
for the tests carried out using a quarter-gauge length, the cumulative vertical deformations at the end of 200 
preconditioning load cycles stays within 0.025 mm as stipulated in ASTM D7369 -  11. In the case of half-gauge 
length, the cumulative vertical deformation exceeds 0.025 mm after the application of 200 preconditioning load 
cycles. It was seen that the resilient modulus and Poisson’s ratio computed from the deformations measured using 
quarter-gauge length exhibited better repeatability when compared to half-gauge length.

K e y w o rd s :  Resilient modulus, Gauge length, Preconditioning, Poisson’s ratio.

Introduction

M a jo r i ty  o f  th e  I n d i a n  h ig h w a y  n e tw o r k  i s  c o n s t r u c te d  w i t h  b i t u m in o u s  m a te r ia ls .  A s  p e r  IR C : 3 7  -  2 0 1 2  d e s ig n  

p r o c e d u r e s  f o r  b i tu m in o u s  p a v e m e n ts ,  th e  i n p u t  m a te r ia l  p r o p e r ty  f o r  b i t u m in o u s  m ix tu r e s  i s  r e s i l i e n t  m o d u lu s .  

R e s i l i e n t  m o d u lu s  is  a  m a te r ia l  p r o p e r ty  w h i c h  is  u s e d  f o r  c h a r a c t e r i s in g  th e  s t i f f n e s s  o f  b i t u m in o u s  m ix tu r e s  f o r  u s e  

i n  m e c h a n i s t ic - e m p i r i c a l  p a v e m e n t  d e s ig n .  T h e  b a s i c  p r e m is e  o f  r e s i l i e n t  m o d u lu s  is  t h a t  w i th in  t h e  l i n e a r  r e g im e  

w h e n  th e  a p p l i e d  l o a d  is  c o n s id e r a b ly  s m a l l  w h e n  c o m p a r e d  to  th e  f a i l u r e  lo a d ,  th e  m a te r ia l  s h o w s  r e c o v e r a b l e  a n d  

i r r e c o v e r a b le  d e f o r m a t io n s  w h ic h  a r e  i n  th e  s te a d y  s ta te  (F ig .  1). T h e  c o r r e s p o n d in g  r e c o v e r a b le  s t r a in  i s  d e f in e d  a s  

a  r e s i l i e n t  s t r a in  w h i c h  i s  u s e d  i n  t h e  c a l c u l a t i o n  o f  r e s i l i e n t  m o d u lu s .  I n  a  s e n s e ,  r e s i l i e n t  m o d u lu s  c a n  b e  c o n s id e r e d  

a s  th e  e la s t ic  m o d u lu s  b a s e d  o n  th e  r e c o v e r a b le  s t r a in  u n d e r  r e p e a t e d  lo a d s  [3 ]. T h e  v a r io u s  f a c to r s  t h a t  a f f e c t  th e  

r e s i l i e n t  m o d u lu s  a r e  d i a m e te r  a n d  th i c k n e s s  o f  t h e  s p e c im e n ,  g a u g e  le n g th ,  t e m p e r a tu r e ,  m a g n i tu d e  a n d  d u r a t io n  o f  
l o a d in g ,  ty p e  o f  w a v e f o r m , a n d  th e  a x is  o f  lo a d in g  [4 ],

F ig . 1. Strains under repeated loading [3]

E a r l i e r  r e s i l i e n t  m o d u lu s  t e s t i n g  w a s  c a r r ie d  o u t  u s in g  A S T M  te s t  p r o to c o l  [2 ] i n  w h ic h  d e f o r m a t io n  i s  m e a s u r e d  

o n ly  i n  th e  h o r i z o n ta l  d i r e c t io n ,  a n d  th e  P o i s s o n ’s r a t io  i s  a s s u m e d  f o r  f in d in g  th e  m o d u lu s  v a lu e .  L a t e r  t h i s  A S T M  
s ta n d a r d  w a s  w i th d r a w n  i n  2 0 0 3  a n d  r e p l a c e d  w i th  th e  n e w  A S T M  p r o to c o l  ( A S T M  D 7 3 6 9 - 1 1 ,  2 0 1 1 )  i n  w h ic h  b o t h  

th e  h o r iz o n ta l  a n d  v e r t i c a l  d e f o r m a t io n s  a r e  m e a s u re d .  I n  a  h e t e r o g e n e o u s  m a te r ia l  s u c h  a s  a s p h a l t  m ix tu re ,  th e
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g a u g e  l e n g th  p l a y s  a  c r i t ic a l  r o le  i n  th e  m e a s u r e m e n t  o f  d e f o rm a t io n s .  A t  th i s  p o in t ,  n o  c la r i ty  e x i s ts  o n  th e  in f lu e n c e  

o f  g a u g e  l e n g th  o n  th e  c o m p u te d  r e s i l i e n t  m o d u lu s .  T h e  p r e s e n t  s tu d y  i s  m a in ly  f o c u s e d  o n  th e  in f lu e n c e  o f  g a u g e  

l e n g th  o n  th e  c o m p u ta t io n  o f  r e s i l i e n t  m o d u lu s  v a lu e s  f o r  u n m o d i f i e d  a n d  m o d i f i e d  b i tu m in o u s  m ix tu re s .  I n  th e  

f o l lo w in g ,  a  b r i e f  o u t l in e  o f  t h e  A S T M  D 7 3 6 9 - 1 1  is  p r o v id e d .

Determination of Resilient Modulus as per ASTM D7369 -  11

T h e  f i r s t  s te p  i n  th e  t e s t  p r o c e d u r e  f o r  e s t im a t in g  th e  r e s i l i e n t  m o d u lu s  v a lu e  o f  b i t u m in o u s  m ix tu r e s  i s  to  c o m p u te  

th e  in d i r e c t  t e n s i l e  s t r e n g th  v a lu e  o f  th e  s p e c im e n .  B a s e d  o n  th e  i n d i r e c t  t e n s i l e  s t r e n g th  v a lu e ,  th e  l o a d  to  b e  a p p l ie d  

to  th e  s p e c im e n  i s  s e le c te d  f o r  c o n d u c t in g  th e  r e s i l i e n t  m o d u lu s  te s t .  T h e  lo a d  le v e l  s e l e c t e d  f o r  th e  t e s t  i s  l im i te d  to

10  -  2 0  %  o f  in d i r e c t  t e n s i l e  s t r e n g th  v a lu e  o f  th e  s p e c im e n  f o r  a n y  g i v e n  te m p e r a tu r e .

T h is  t e s t  c a n  b e  c a r r ie d  o u t  o n  c y l in d r ic a l  b i t u m in o u s  m ix tu r e  s a m p le s  w i t h  tw o  d i f f e r e n t  d ia m e te r s  o f  1 0 1 .6  m m  

a n d  1 5 2 .4  m m  a n d  a  th i c k n e s s  o f  6 3 .5  m m . A s  p e r  th e  t e s t  p r o to c o l ,  o n e  c a n  u s e  th r e e  d i f f e r e n t  g a u g e  le n g th s  f o r  

c o m p u t in g  r e s i l i e n t  m o d u lu s  v a lu e  f o r  b i tu m in o u s  m ix tu r e s  (F ig .  2 ) .  T h e  th r e e  d i f f e r e n t  g a u g e  l e n g th s  i n  r e la t io n  to  

th e  d ia m e te r  o f  th e  t e s t  s p e c im e n s  a r e  %  o f  th e  d ia m e te r  (2 5 .4  m m  f o r  a  1 0 1 .6  m m  d ia m e te r  o f  th e  s p e c im e n  o r  3 8 .1  

m m  f o r  a  1 5 2 .4  m m  d ia m e te r  o f  th e  s p e c im e n ) ,  lA  o f  th e  d ia m e te r  ( 5 0 .8  m m  f o r  a  1 0 1 .6  m m  d ia m e te r  o f  th e  s p e c im e n  

o r  7 6 .2  m m  f o r  a  1 5 2 .4  m m  d ia m e te r  o f  th e  s p e c im e n )  a n d  o n e  d ia m e te r .  I t  s h o u ld  b e  n o te d  th a t  b o t h  th e  s id e s  o f  th e  

s a m p le s  a re  f i x e d  w i t h  L V D T ’s f o r  a n  id e n t ic a l  g a u g e  le n g th .

(a ) F u ll - G au g e  len g th  (b ) H a lf  - G au g e  len g th  (c ) Q u arte r  - G au g e  len g th

F ig . 2. S p ec im en s f ix e d  w ith  v a r io u s  g au g e  len g th s

A s  p e r  t e s t  p r o to c o l  [1 ] , a  s p l i t  c y l in d r ic a l  s a m p le  i s  s u b je c te d  to  v e r t i c a l  c o m p r e s s iv e  h a v e r s in e  lo a d in g  o f  1 H z  

f r e q u e n c y  a t  2 5  °C . T h e  s a m p le  s h a l l  b e  p r e c o n d i t i o n e d  a lo n g  th e  a x i s  o f  t e s t i n g  b y  a p p ly in g  a  m in im u m  1 0 0  lo a d  

c y c le s  i n  th e  f o r m  o f  h a v e r s in e  p u l s e  o f  0 .1  s  lo a d in g  a n d  0 .9  s r e s t  p e r io d .  T h e  n e x t  f iv e  c y c le s  a f t e r  p r e c o n d i t i o n in g  

p e r io d  a r e  u s e d  f o r  th e  c o m p u ta t io n  o f  P o i s s o n ’s r a t io  a n d  r e s i l i e n t  m o d u lu s .  B o t h  th e  p r e c o n d i t i o n in g  c y c le s  a n d  

t e s t  l o a d  c y c le s  c o n s t i tu te  o n e  s e q u e n c e  o f  lo a d in g .  A f t e r  o n e  s e q u e n c e  o f  lo a d in g ,  th e  s a m p le  is  r o t a t e d  9 0  d e g r e e s ,  

a n d  th e  s a m p le  i s  a g a in  s u b je c te d  to  th e  s a m e  s e q u e n c e  o f  lo a d in g .  T h u s ,  o n e  s a m p le  i s  s u b je c te d  to  t e s t  a t  tw o  

d i f f e r e n t  o r ie n ta t io n s ,  a n d  th e  d e f o r m a t io n s  a r e  m e a s u r e d  a lo n g  th e  h o r iz o n ta l  a n d  v e r t i c a l  d i r e c t i o n  u s in g  th e  

s e n s o r s  m o u n te d  o n  th e  s u r f a c e  o f  th e  s a m p le .  U s in g  a  c u r v e  f i t t i n g  t e c h n iq u e  s p e c i f i e d  i n  th e  t e s t  p r o to c o l ,  th e  to ta l  

a n d  in s ta n ta n e o u s  r e c o v e r a b le  h o r iz o n ta l  a n d  v e r t i c a l  d e f o r m a t io n s  a r e  d e te r m in e d .  T h e  p o s t - p r o c e s s in g  p r o c e d u r e  

in v o lv e s  c o m p u t in g  P o i s s o n ’s r a t io  ( E q u a t io n  1) a n d  th e  r e s i l i e n t  m o d u lu s  ( E q u a t io n  2 ) .

H e r e  n  i s  th e  P o i s s o n ’s r a t io ,  M R i s  th e  r e s i l i e n t  m o d u lu s  i n  M P a ,  <S„ a n d  S h a r e  th e  m e a s u r e d  r e c o v e r a b le  v e r t i c a l  

d e f o r m a t io n  a n d  h o r iz o n ta l  d e f o r m a t io n  i n  m m  r e s p e c t iv e ly ,  t  is  th e  th i c k n e s s  o f  s p e c im e n  i n  m m , P c y c iic  i s  th e  

c y c l i c  l o a d  a p p l i e d  to  th e  s p e c im e n  i n  N ,  a n d  I x. / 2, / 3, 14 a r e  th e  c o n s ta n t s  w h ic h  v a r y  a c c o r d in g  to  th e  g a u g e  l e n g th  

p o s i t i o n s  a s  s h o w n  i n  T a b le  1.
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T a b le  1. Constant values for MR and |x calculation [1]

Gauge length as a fraction of 
diameter of specimen k h h u

0.25 0.144357 -0.450802 0.155789 -0.488592
0.50 0.233936 -0.780056 0.307445 -1.069463

A s  p e r  th e  t e s t  p r o to c o l  [1 ] , o n e  n e e d s  to  t e s t  a  m in im u m  o f  3 s a m p le s  f r o m  e a c h  t y p e  f o r  c h e c k in g  th e  r e p e a ta b i l i ty  

o f  r e s i l i e n t  m o d u lu s  v a l u e s  w i th in  th e  la b o r a to r y ,  a n d  th e  a l lo w a b le  s ta n d a r d  d e v ia t i o n  is  s t ip u la te d  a s  7  % . 

T h e r e f o r e ,  a f t e r  t e s t i n g  o n e  ty p e  o f  s a m p le ,  o n e  t h u s  h a s  2 4  r e s i l i e n t  m o d u lu s  v a lu e s ,  (3  t r ia l s  x 2  o r i e n t a t io n  x 2  

p l a n e s  x 2  d e f o r m a t io n s )  a n d  th e  r e q u i r e d  s ta n d a r d  d e v ia t i o n  is  c o m p u te d  f r o m  s u c h  d a t a  se t.

Experimental Investigation

I n  th i s  s tu d y ,  b i t u m in o u s  c o n c r e te  g r a d e - 2  w i t h  m e d ia n  g r a d in g  a n d  a  b i n d e r  c o n te n t  o f  5 %  w a s  u s e d .  T h is  

i n v e s t i g a t io n  w a s  c a r r ie d  o u t  u s in g  o n e  u n m o d i f i e d  b i n d e r  ( V G 3 0 )  w h i c h  c o n f i r m s  to  IS  7 3  ( 2 0 1 3 )  a n d  a  m o d i f i e d  

b i n d e r  ( P M B 4 0  (E ) )  w h ic h  c o n f i r m s  to  IS  1 5 4 6 2  ( 2 0 0 4 ) .  S a m p le s  w i t h  1 5 0  m m  d ia m e te r  a n d  1 6 0  m m  h e ig h t  w e r e  

p r e p a r e d  u s in g  g y r a to r y  c o m p a c to r ,  w i t h  2 0 5  g y r a t io n s  f o r  th e  c o m p a c t i o n  p r o c e s s .  T h e  g y r a to r y  c o m p a c te d  

s a m p le s  w e r e  s l i c e d  in to  s m a ll  c y l in d r ic a l  s a m p le s  o f  1 5 0  m m  d ia m e te r  a n d  6 3 .5  m m  th ic k n e s s ,  a n d  th e  s l i c e d  

s a m p le s  w i t h  a n  a i r  v o i d  o f  4  ±  0 .5  %  w e r e  u s e d  f o r  th i s  i n v e s t ig a t io n .  A l l  th e  t e s t s  w e r e  c a r r ie d  o u t  a t  2 5  ±  0 .5  ° C  

w i t h  h a l f  - g a u g e  l e n g t h  a n d  q u a r te r - g a u g e  le n g th .

T h e  s a m p le  s e l e c t e d  f o r  c o n d u c t in g  r e s i l i e n t  m o d u lu s  t e s t  w a s  m a r k e d  o n  b o t h  s id e s  a lo n g  th e  h o r iz o n ta l  a n d  

v e r t i c a l  d ia m e t r ic  a x is .  D e p e n d in g  u p o n  th e  s e le c te d  g a u g e  le n g th ,  t h e  g a u g e  p o in t s  w e r e  g lu e d  o n  b o t h  s id e s  o f  th e  

s a m p le  s u r f a c e  a lo n g  th e  h o r iz o n ta l  a n d  v e r t i c a l  a x i s  u s i n g  a n  a l i g n m e n t  d e v ic e .  F in a l ly ,  t h e  L V D T ’s w e r e  m o u n te d  

o n  to p  o f  th e  g a u g e  p o in t s .  T h e  s te p w is e  p r o c e d u r e  f o r  L V D T  f ix in g  i s  s h o w n  i n  F ig .  3.

(a): Axis Marking (b): Alignment Device (c): Gauge Points

(d): Fixing Alignment (e): Fixing Gauge (fy LVDT's Mounted 
Device Points on Samples

F ig . 3. Stepwise procedure for LVDT fixing

B e f o r e  th e  c o n d u c t  o f  r e s i l i e n t  m o d u lu s  t e s t ,  th e  i n d i r e c t  t e n s i l e  t e s t  w a s  c a r r ie d  o u t  to  d e te r m in e  th e  i n d i r e c t  t e n s i l e  

f a i lu r e  lo a d .  A s  p e r  th e  t e s t  p r o to c o l ,  o n e  c a n  u s e  10 -  2 0  %  o f  th e  f a i lu r e  l o a d  f o r  c o n d u c t in g  r e s i l i e n t  m o d u lu s  te s t.  

T h e  in d i r e c t  t e n s i l e  t e s t  w a s  c a r r i e d  o u t  f o r  s a m p le s  p r e p a r e d  w i t h  e a c h  b i n d e r  a t  2 5  ° C  f o l lo w e d  b y  th e  p r o c e d u r e  

o u t l in e d  i n  A S T M  D 6 9 3 1  -  17  ( 2 0 1 7 ) .  T h e  m a x im u m  l o a d  a t  w h i c h  th e  s a m p le  f a i l s  i s  t a k e n  a s  t h e  in d i r e c t  t e n s i l e  

f a i lu r e  l o a d  o f  th e  s a m p le .  I n  th i s  in v e s t ig a t io n ,  10  %  o f  i n d i r e c t  t e n s i l e  f a i lu r e  l o a d  w a s  u s e d  f o r  t e s t i n g  u n m o d i f i e d  

a n d  m o d i f i e d  b in d e r s .  T h e  in d i r e c t  t e n s i l e  f a i lu r e  l o a d  a t  2 5  ° C  a n d  th e  l o a d  l e v e l  ( 1 0  % )  u s e d  f o r  th i s  s tu d y  i s  

t a b u la t e d  i n  T a b le  2 .
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T a b le  2. Indirect Tensile strength load of bituminous samples at 25 °C

B in d e r I D T  f a i lu r e  l o a d  (k N ) L o a d  le v e l  u s e d  f o r  t e s t i n g  (1 0  % )

V G 3 0 2 4 .3 2 2 .4 3 2

P M B 4 0  (E ) 2 1 .1 0 2 .1 1 0

B e f o r e  c o n d u c t in g  th e  r e s i l i e n t  m o d u lu s  t e s t ,  th e  s a m p le  i s  p l a c e d  in s id e  th e  t e m p e r a tu r e  c o n t r o l l e d  c a b i n  k e p t  a t  t e s t  

t e m p e r a tu r e  f o r  a  m in im u m  d u r a t io n  o f  6  h o u r s  f o r  c o n d i t io n in g .  T h e n  th e  s a m p le  i s  p l a c e d  o n  th e  t e s t  d e v ic e  f o r  
t e s t i n g  i n  s u c h  a  w a y  t h a t  i t  i s  s a n d w ic h e d  b e t w e e n  th e  to p  a n d  b o t t o m  lo a d in g  s t r ip s  a s  s h o w n  i n  F ig .4 .  T h e  b o t t o m  

lo a d in g  s t r ip  i s  a  f i x e d  o n e  w h i le  th e  t o p  o n e  i s  f r e e  to  m o v e .

F ig . 4. Alignment of the sample inside the loading strips

I n s t e a d  o f  1 0 0  p r e c o n d i t i o n in g  c y c le s  a s  s t i p u la te d  i n  A S T M  D 7 3 6 9  -  1 1 , 2 0 0  p r e c o n d i t i o n in g  l o a d  c y c le s  w e r e  

a p p l i e d  s u c h  t h a t  th e  s a m p le  e x h ib i t s  a  c o n s ta n t  s t r a i n  r a te  [8 ]. A f t e r  2 0 0  p r e c o n d i t i o n in g  c y c le s ,  th e  n e x t  f iv e  c y c le s  

w e r e  u s e d  f o r  th e  p o s t - p r o c e s s in g  a n a ly s is .  T h e  d e f o r m a t io n s  i n  b o t h  h o r iz o n ta l  a n d  v e r t i c a l  d i r e c t io n s  f o r  z e r o  a n d  

9 0 - d e g r e e  o r i e n t a t io n s  w e r e  m e a s u r e d  u s in g  th e  s e n s o r s  m o u n te d  o n  th e  s u r f a c e  o f  th e  s a m p le  a n d  r e c o r d e d  f o r  a l l  

th e  2 0 5  l o a d  c y c le s  a t  e v e r y  0 .0 0 1 - s e c o n d  in te r v a l  u s in g  U T S  0 0 3  s o f tw a r e  [5 ]. T h e  d e f o r m a t io n  w a s  a n a ly s e d  to  

c a lc u la te  th e  to t a l  h o r i z o n ta l  r e c o v e r a b le  d e f o r m a t io n  a n d  t o t a l  v e r t i c a l  r e c o v e r a b le  d e f o r m a t io n s  f o r  e a c h  c y c le  

f o l lo w in g  th e  c u r v e  f i t t i n g  p r o c e d u r e  m e n t io n e d  i n  th e  t e s t  p r o to c o l  [1 ]. U s in g  th e  t o t a l  h o r iz o n ta l  a n d  v e r t i c a l  

r e c o v e r a b le  d e f o r m a t io n s ,  b o t h  P o i s s o n ’s r a t io  a n d  th e  r e s i l i e n t  m o d u lu s  v a lu e s  w e r e  c o m p u te d

Results and Discussion

A s  p e r  t e s t  p r o to c o l  [1 ] , o n e  c a n  c o n d u c t  th e  t e s t  f o r  a l l  th e  th r e e  d i f f e r e n t  g a u g e  l e n g th s  b e f o r e  s e le c t in g  th e  r e s i l i e n t  

m o d u lu s  v a lu e .  I n  th i s  i n v e s t ig a t io n ,  h a l f - g a u g e  l e n g th  a n d  q u a r t e r - g a u g e  l e n g th  w a s  s e le c te d ,  a n d  th e  in f lu e n c e  o f  

g a u g e  l e n g th  i s  d i s c u s s e d  b e lo w .

I n f l u e n c e  o f  G a u g e  L e n g t h

F r o m  th e  F ig .  5 , i t  is  o b s e r v e d  t h a t  th e  c u m u la t iv e  v e r t i c a l  d e f o r m a t io n  f o r  th e  V G 3 0  s a m p le  a t  th e  e n d  o f  1 0 0  

p r e c o n d i t i o n in g  c y c le s  u s in g  h a l f - g a u g e  l e n g th  a n d  q u a r te r - g a u g e  l e n g t h  w a s  f o u n d  to  b e  le s s  t h a n  2 5  ^ m . W h e n  th e  

s a m p le  i s  s u b je c t e d  to  2 0 0  p r e c o n d i t i o n in g  c y c le s  w i t h  h a l f - g a u g e  le n g th ,  t h e  c u m u la t iv e  v e r t i c a l  d e f o r m a t io n  

e x c e e d e d  2 5  ^ m . H o w e v e r ,  f o r  q u a r te r - g a u g e  le n g th ,  t h e  c u m u la t iv e  v e r t i c a l  d e f o r m a t io n  f o r  V G 3 0  s a m p le  s ta y e d  

w i t h i n  2 5  ^ m  w i th o u t  m u c h  v a r i a b i l i t y  b e t w e e n  d i f f e r e n t  p l a n e s  (F ig . 6 ) .  S im i la r  o b s e r v a t io n s  w e r e  s e e n  i n  th e  c a s e  

o f  m o d i f i e d  b i n d e r  ( P M B 4 0  (E ) )  t e s te d  a t  s a m e  lo a d  le v e l s  a n d  s a m e  t e s t i n g  t e m p e r a tu r e  f o r  b o t h  th e  g a u g e  l e n g th s  

(F ig . 7  a n d  F ig .  8 ).
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F ig . 5. VG30 with 200 preconditioning cycles

100

Cycles

F ig . 6. VG30 with 200 preconditioning cycles (Quarter-gauge length)
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F ig . 7. PMB40 (E) with 200 preconditioning cycles

F ig . 8. PMB40 (E) with 200 preconditioning cycles (Quarter-gauge length)

T h e  p r e c o n d i t i o n in g  l o a d  c y c le s  a r e  p r o v id e d  to  e n s u re  t h a t  th e  s a m p le  r e a c h e s  a  s te a d y  s ta te .  I f  th e  s a m p le  

d e f o r m a t io n  e x h ib i t s  s te a d y  s ta te ,  th e  v a r i a b i l i t y  i n  t h e  c o m p u te d  r e s i l i e n t  m o d u lu s  v a lu e s  c a n  b e  r e d u c e d .  F r o m  

o b s e r v in g  th e  a b o v e  t e s t  r e s u l t s ,  i f  o n e  u s e s  a  q u a r t e r - g a u g e  le n g th ,  th e  n u m b e r  o f  p r e c o n d i t i o n in g  c y c le s  r e q u i r e d  is  

2 0 0 ,  a n d  s te a d y  s ta te  c a n  b e  r e a c h e d .  H o w e v e r ,  i n  th e  c a s e  o f  s a m p le s  t e s te d  u s in g  h a l f - g a u g e  le n g th ,  w i t h  2 0 0  

p r e c o n d i t i o n in g  c y c le s ,  i t  is  d i f f i c u l t  to  r e a c h  s te a d y  s ta te .

E f f e c t  o f  G a u g e  L e n g t h  o n  R e s i l i e n t  M o d u l u s

T a b le  2  a n d  3 s h o w s  th e  c o m p u te d  r e s i l i e n t  m o d u lu s  a n d  P o i s s o n ’s r a t io  c o r r e s p o n d in g  to  i n s ta n ta n e o u s  a n d  to ta l  

r e c o v e r a b le  d e f o r m a t io n s  f o r  u n m o d i f i e d  a n d  m o d i f i e d  b in d e r s  t e s te d  u s in g  h a l f  a n d  q u a r te r - g a u g e  l e n g t h  a t  2 5  °C .

T a b le  3. Test results for unmodified binder (VG30) at 25 °C

Plane

Quarter-Gauge Length Half-Gauge Length

Instantaneous Total Instantaneous Total

M Mr M Mr M Mr M Mr
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0 Degree
1 0.22 10637 0.21 7510 0.36 11565 0.35 7282
2 0.24 11110 0.26 8729 0.42 11892 0.30 7948

90 Degree 1 0.23 11410 0.24 8231 0.25 10054 0.35 6574
2 0.25 10726 0.27 8272 0.27 11010 0.26 7040

T a b le  4. Test results for modified binder (PMB40 (E)) at 25 °C

Plane

Quarter-Gauge Length Half-Gauge Length

Instantaneous Total Instantaneous Total

M M M M

0 Degree
1 0.29 8777 0.30 5958 0.33 9668 0.30 6363
2 0.30 8908 0.32 6379 0.31 9818 0.25 7081

90 Degree 1 0.30 9082 0.33 6981 0.40 9358 0.35 6512
2 0.26 8645 0.27 6137 0.24 8987 0.13 6179

F r o m  th e  a b o v e  d a ta ,  i t  i s  s e e n  th a t  th e  r e s i l i e n t  m o d u lu s  v a lu e s  c o m p u te d  u s in g  in s t a n t a n e o u s  r e c o v e r a b le  

d e f o r m a t io n s  a r e  h i g h  w h e n  c o m p a r e d  to  th e  r e s i l i e n t  m o d u lu s  c o m p u te d  u s in g  to t a l  r e c o v e r a b le  d e f o rm a t io n s .  I f  

o n e  c o m p a r e s  th e  r e s i l i e n t  m o d u lu s  v a lu e s  e s t im a te d  u s i n g  q u a r te r - g a u g e  le n g th ,  u n m o d i f i e d  b i n d e r  s h o w s  h ig h e r  

m o d u lu s  v a lu e  t h a n  th e  m o d i f i e d  b i n d e r  a t  2 5  °C . I n  th e  c a s e  o f  h a l f  g a u g e  le n g th ,  i t  is  d i f f i c u l t  to  p o i n t  o u t  th e  

v a r i a t i o n  i n  th e  r e s i l i e n t  m o d u lu s  v a lu e s  b e t w e e n  u n m o d i f i e d  a n d  m o d i f i e d  b in d e r s .  A n a ly z in g  th e  t e s t  r e s u l t s  f r o m  

th e  p e r s p e c t iv e  o f  g a u g e  le n g th ,  th e  v a r i a t i o n  i n  th e  e s t im a te d  r e s i l i e n t  m o d u lu s  v a lu e s  a r e  le s s  f o r  th e  q u a r t e r - g a u g e  

l e n g th  a n d  h a l f - g a u g e  le n g th .  H o w e v e r ,  th e  v a r i a b i l i t y  i n  th e  e s t im a te d  v a lu e s  f o r  P o i s s o n ’s  r a t io  a n d  r e s i l i e n t  

m o d u lu s  b e t w e e n  d i f f e r e n t  p l a n e s  a n d  o r i e n t a t io n  w e r e  o b s e r v e d  a s  l e s s  ( s t a n d a r d  d e v ia t i o n  i s  le s s  t h a n  7  % )  f o r  

q u a r te r - g a u g e  le n g th .

Summary

I n  th i s  p a p e r ,  th e  i n f lu e n c e  o f  tw o  d i f f e r e n t  g a u g e  l e n g th s  o n  th e  m e a s u r e m e n t  o f  r e s i l i e n t  m o d u lu s  f o r  b i t u m in o u s  

m ix tu r e s  w i t h  m o d i f i e d  a n d  u n m o d i f i e d  b i n d e r s  w a s  s tu d ie d .  T h is  s tu d y  w a s  c a r r ie d  o u t  a s  p e r  th e  A S T M  D 7 3 6 9  -

11 t e s t  p r o to c o l .  T h e  f o l lo w in g  c o n c lu s io n s  d e r iv e d  f r o m  th i s  i n v e s t i g a t io n  a r e  a s  f o l lo w s ;

•  I t  i s  p o s s ib le  to  a c h ie v e  s te a d y  s ta te  f o r  a  s a m p le  t e s te d  w i t h  %  th d i a m e te r  o f  th e  s p e c im e n  a s  g a u g e  l e n g th  

( q u a r te r )  w h e n  s u b je c t e d  to  2 0 0  p r e c o n d i t i o n in g  c y c le s .  I n  th e  c a s e  o f  g a u g e  l e n g th ,  th e  s a m p le  m a y  r e a c h  a  

s te a d y  s ta te  w h e n  s u b je c t e d  to  m o r e  n u m b e r  o f  p r e c o n d i t i o n in g  c y c le s .

•  S in c e  th e  s a m p le  r e a c h e s  a  s te a d y  s ta te  w h e n  s u b je c te d  to  2 0 0  p r e c o n d i t i o n in g  c y c le s ,  th e  v a r i a b i l i t y  w a s  
f o u n d  to  b e  le s s  i n  t h e  c o m p u te d  r e s i l i e n t  m o d u lu s  a n d  P o i s s o n ’s r a t io  f o r  q u a r te r - g a u g e  l e n g t h  te s t in g .  T h is  
im p l ie s  t h a t  th e  t e s t  r e s u l t s  o b t a in e d  f r o m  q u a r t e r - g a u g e  l e n g t h  s h o w  m o r e  p r e c i s i o n  w h e n  c o m p a r e d  to  
h a l f - g a u g e  le n g th .

•  F o r  q u a r te r - g a u g e  le n g th ,  th e  c o m p u te d  in s ta n ta n e o u s  a n d  t o t a l  r e s i l i e n t  m o d u lu s  v a lu e  f o r  u n m o d i f i e d  

b i n d e r  w a s  h ig h e r  t h a n  th e  m o d i f i e d  b in d e r .  S in c e  th e  v a r ia b i l i ty  i n  th e  t e s t  r e s u l t s  i s  m o r e ,  c o m p a r i s o n  o f  

th e  r e s i l i e n t  m o d u lu s  v a lu e s  f o r  d i f f e r e n t  b in d e r s  w i t h  h a l f - g a u g e  l e n g t h  w a s  n o t  w e l l  e s ta b l i s h e d
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A b s tr a c t .  This paper investigates the variation of dynamic modulus and phase lag with confinement pressure and 
rest period. In this investigation, bituminous mixtures fabricated with unmodified VG30 binder were used and 
tested as per AASHTO: TP-79 (2010) protocol incorporating confinement pressure and rest period between 
successive frequencies. The analysis of the data showed that there is a considerable change in the modulus of the 
material with the application of confinement pressure. The phase lag at higher temperature exhibited decreasing 
values at lower frequencies similar to what is seen in test procedure without any rest period.

K e y w o rd s :  Dynamic modulus, phase lag, confinement pressure, rest period.

Introduction

M a jo r i ty  o f  th e  I n d i a n  h ig h w a y s  a r e  b i tu m in o u s .  A  r o b u s t  d e s ig n  p r o c e d u r e  i s  to  b e  f o l lo w e d  to  a c h ie v e  th e  f u l l  

a d v a n ta g e  o f  th e  p a v e m e n t  d u r in g  i t s  d e s ig n  l ife .  C u r r e n t ly ,  th e  M e c h a n i s t i c - E m p i r i c a l  P a v e m e n t  D e s i g n  G u id e  (M -  

E P D G )  [7 ] r e c o m m e n d s  d y n a m ic  m o d u lu s  a s  a  p a r a m e te r  f o r  th e  m e c h a n ic a l  c h a r a c t e r i s a t i o n  o f  th e  b i t u m in o u s  

m ix tu re s .

D e te r m in a t io n  o f  d y n a m ic  m o d u lu s  is  c a r r ie d  o u t  u s in g  a n  A s p h a l t  M ix tu r e  P e r f o r m a n c e  T e s t e r  ( A M P T ) .  T h e  

A A S H T O :  T P - 7 9  ( 2 0 1 0 )  [1 ] t e s t  m e th o d  f o r  t h e  d e t e r m in a t io n  o f  d y n a m ic  m o d u lu s  a s  a  f u n c t i o n  o f  f r e q u e n c y  is  

c a r r ie d  o u t  i n  A M P T . T e n  d i f f e r e n t  f r e q u e n c ie s  (2 5 ,  2 0 ,  10 , 5 , 2 , 1, 0 .5 ,  0 .2 ,  0 .1  a n d  0 .0 1  H z )  a r e  s u g g e s te d ,  a n d  th e  

t e s t  i s  c o n d u c te d  f r o m  th e  h ig h e s t  to  th e  lo w e s t  f r e q u e n c y  w i t h o u t  a n y  r e s t  p e r i o d  b e t w e e n  s u b s e q u e n t  f r e q u e n c ie s .  

T h e  U T S  0 0 6  [8] s o f tw a r e  c a lc u la te s  th e  r e q u i r e d  lo a d  to  b e  a p p l ie d  i n  s u c h  a  w a y  t h a t  th e  t a r g e t e d  s t r a i n  l ie s  

b e t w e e n  7 5  a n d  1 2 5  m ic r o - s t r a in .  I t  i s  a s s u m e d  t h a t  i n  th i s  s t r a in  r a n g e  th e  r e s p o n s e  o f  t h e  m a te r ia l  i s  l in e a r .  

C o n s id e r a b le  i s s u e s  e x i s t  i n  th e  c o m p u ta t io n  o f  d y n a m ic  m o d u lu s  a n d  p h a s e  l a g  w h e n  u s in g  th i s  t e s t  p r o to c o l .

S in c e  o n ly  d y n a m ic  m o d u lu s  a n d  th e  a s s o c i a t e d  m a s te r  c u r v e  a r e  u s e d  i n  p a v e m e n t  d e s ig n ,  n o t  m u c h  a t t e n t io n  i s  

f o c u s e d  o n  th e  v a r i a t i o n  o f  p h a s e  l a g  a s  a  f u n c t i o n  o f  f r e q u e n c y .  D e e p a  e t  a l. ( 2 0 1 7 )  [3] h a s  s h o w n  f r o m  a  c a r e f u l  

a n a ly s i s  o f  th e  d y n a m ic  m o d u lu s  d a t a  t h a t  a  p h a s e  l a g  c a n  d e c r e a s e  a s  th e  f r e q u e n c y  d e c r e a s e s  e s p e c ia l ly  f o r  

t e m p e r a tu r e s  a b o v e  3 5 ° C . W h i le  th i s  is  c o n s id e r e d  a s  a n  ‘a n o m a l o u s ’ b e h a v i o r  i n  m a n y  l i t e r a tu r e s  [2  a n d  5 ] ,  D e e p a  

e t  a l . ( 2 0 1 7 )  h a v e  s h o w n  t h a t  i t  i s  in d e e d  th e  c h a r a c te r i s t i c  t r a i t  o f  a  v i s c o e l a s t i c  m a te r ia l  w h e n  s u b je c t e d  to  l o a d in g  

w i th o u t  r e s t  p e r io d s .  I t  i s  e x p e c t e d  t h a t  s u c h  v a r i a t i o n  o f  p h a s e  l a g  w i l l  in f lu e n c e  th e  d y n a m ic  m o d u lu s  c o m p u te d .  

A ls o ,  i t  is  n o t  c l e a r  h o w  th e  a p p l i c a t i o n  o f  c o n f in e m e n t  p r e s s u r e  d u r in g  t e s t i n g  c a n  c h a n g e  th e  d y n a m ic  m o d u lu s  a n d  

p h a s e  la g .

T h is  p a p e r  a im s  a t  d e t e r m in in g  w h e th e r  th e  i n c l u s i o n  o f  r e s t  p e r io d s  w i l l  l e a d  to  a  d e c r e a s e  o f  p h a s e  a n g le  f o r  a  

d e c r e a s e  i n  f r e q u e n c y .  A ls o ,  i n  th e s e  t e s t  p r o to c o l ,  th e  in f lu e n c e  o f  c o n f in e m e n t  p r e s s u r e  d u r in g  t e s t i n g  w a s  

in v e s t ig a te d .
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Experimental Investigation

T e s t  M a t r i x

A  to t a l  o f  4  s e t  o f  t e s t i n g  c o n d i t i o n s  w e r e  u s e d ,  a n d  th e  a s s o c i a t e d  r e s u l t s  w e r e  c o l l e c te d .  T h e s e  c o r r e s p o n d  to  a )  

w i th o u t  r e s t  p e r i o d  a n d  c o n f in e m e n t  c o n d i t i o n  ( N C N R P )  ( c o n t r o l  s a m p le ) ,  b )  w i t h  a  r e s t  p e r io d  a n d  w i th o u t  

c o n f in e m e n t  c o n d i t i o n  ( N C R P ) ,  c )  w i th o u t  r e s t  p e r io d  a n d  w i t h  c o n f in e m e n t  c o n d i t i o n  ( C N R P )  a n d  d )  w i th  a  r e s t  

p e r io d  a n d  c o n f in e m e n t  c o n d i t i o n  ( C R P ) .  T h e  t e s t  m a t r ix  f o l lo w e d  f o r  c a r r y in g  o u t  th e  e x p e r im e n ta l  i n v e s t i g a t io n  is  

g iv e n  i n  T a b le  1. A  t o t a l  o f  2 4  s a m p le s  w e r e  te s te d .  S o m e  o f  th e  t r ia l s  w e r e  r e p e a t e d  f o r  c h e c k in g  th e  r e p e a ta b i l i ty  

a n d  w a s  f o u n d  to  b e  w e l l  w i t h i n  l im i ts .

T a b le  1. Test Matrix -  dynamic modulus

S a m p le
P r e s s u r e  a p p l ie d  

(k P a )
R e s t  P e r io d  

(m in u te )
T e m p e r a tu r e

( ° C )

T o ta l  n u m b e r  
o f  s a m p le s

V G  3 0 0  , 2 0 0 0 ,2
5 , 1 5 , 2 5 ,  3 5 , 

4 5 ,  55
2 x 2 x 6  =  2 4

1 .1 . M a t e r i a l  P r o p e r t i e s

A s  a  p a r t  o f  th i s  s tu d y ,  a n  u n m o d i f i e d  V G 3 0  b i n d e r  w a s  u s e d  to  f a b r i c a te  s a m p le s .  T h e  b i n d e r  w a s  t e s te d  a s  p e r  IS : 

7 3 - 1 3 ( 2 0 1 3 )  [4 ]. T h e  b i n d e r  t e s t  r e s u l t s  a r e  t a b u la t e d  i n  T a b le  2 . T h e  b i tu m in o u s  m ix tu r e  c h o s e n  w a s  B i tu m in o u s  

c o n c r e te  ( B C  -  G r a d e  2 )  w i t h  a  n o m in a l  m a x im u m  a g g r e g a te  s iz e  o f  1 3 .2  m m . T h e  c u r r e n t  s tu d y  e m p lo y e d  m i d 

g r a d a t io n  w i t h  a  b i n d e r  c o n te n t  o f  5 .2 % . T h e  g r a d a t io n  a s  p e r  M O R T H  ( 2 0 1 3 )  [6 ] i s  s h o w n  i n  F ig u r e  1.

T a b le  2. Material properties of unmodified binder (IS: 73-13 2013)

C h a r a c te r i s t i c s R e s u l t

P e n e t r a t i o n  a t  2 5 ° C ,1 0 0 g ,  5 s , 0 .1 m m 4 0

A b s o lu te  v i s c o s i ty  a t  6 0 ° C ,  P o is e s 3 4 3 8

K in e m a t i c  v i s c o s i ty  a t  1 3 5 ° C , c S t 5 4 4

S o f te n in g  P o in t ,  ( R & B ) ,  ( ° C ) 51

V is c o s i ty  r a t io  a t  6 0 ° C 2

D u c t i l i t y  a t  2 5 ° C  a f t e r  r o l l i n g  t h i n  f i lm  
o v e n  te s t ,  c m

1 0 0 +

0-U~,----- -------------------- ----
0.1  1 10 

IS  sieve (mm)

F ig . 1. Aggregate Gradation
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1 .2 . S a m p l e  P r e p a r a t i o n

T h e  b a t c h in g  o f  a g g r e g a te  w a s  d o n e  a s  p e r  th e  m id - g r a d a t io n .  T h e  m ix in g  a n d  c o m p a c t io n  t e m p e r a tu r e  f o r  th e  

b i n d e r  w a s  d e t e r m in e d  u s in g  th e  v i s c o s i ty - t e m p e r a tu r e  r e la t io n s h ip .  B a s e d  o n  th is ,  t h e  b i n d e r  w a s  h e a t e d  to  a  

t e m p e r a tu r e  o f  1 6 5 ° C . T h e  m ix in g  o f  a g g r e g a te  a n d  b i n d e r  w a s  c a r r ie d  o u t  i n  a n  a u to m a t ic  m ix e r  m a c h in e .  A f t e r  

m ix in g ,  t h e  m ix tu r e  w a s  s h o r t - t e r m  a g e d  f o r  4  h o u r s  a t  1 3 5 ° C  a n d  0 .5  h o u r s  a t  1 5 5 ° C

f o r  c o m p a c t io n .  A t  t h e  e n d  o f  4 .5  h o u r s ,  c y l in d r ic a l  s a m p le s  w e r e  c a s t  u s in g  a  S u p e r p a v e  g y r a to r y  c o m p a c to r .  A  

v e r t i c a l  p r e s s u r e  o f  6 0 0  k P a  a n d  2 0 5  g y r a t io n s  w e r e  a p p l i e d  to  th e  s a m p le  a t  a n  a n g le  o f  1 .2 5 °  to  p r o d u c e  s p e c im e n s  

o f  1 6 5  m m  h e ig h t  a n d  1 5 0  m m  d ia m e te r .  T h e  s a m p le s  w e r e  t h e n  c o r e d  a n d  s l i c e d  to  1 5 0  m m  h e ig h t  a n d  1 0 0  m m  

d ia m e te r  s p e c im e n  f o r  t e s t in g .  T h e  s a m p le s  u s e d  f o r  c a r r y in g  o u t  th e  t e s t  h a d  a i r  v o id s  i n  t h e  r a n g e  o f  4  ±  0 .5  % .

T h e  t e s t  s p e c im e n s  w e r e  t h e n  f i x e d  w i t h  h e x a g o n a l  s tu d s  to  w h i c h  th e  L V D T ’s w e r e  c l a m p e d  b e f o r e  th e  te s t .  T h e  

s tu d s  w e r e  g lu e d  to  th e  s p e c im e n s  u s in g  a  s tu d  f i x in g  j i g  m a in ta in in g  a  g a u g e  l e n g th  o f  7 0  ±  1 m m . T h r e e  a x ia l  

L V D T ’s w e r e  m o u n te d  o n  th e  s p e c im e n  a t  a n  a n g le  o f  1 2 0 ° . F ig u r e  2  s h o w s  th e  p r o c e d u r e  f o l lo w e d  f o r  th e  s tu d  

f ix in g .

F ig . 2 . Stud fixing

2. Test Results and Analysis 

2 .1 .  T e s t  p r o t o c o l

F ig u r e  3 d e p ic t s  th e  l o a d  a p p l i c a t i o n  w i t h  a  r e s t  p e r io d  a n d  c o n f in e m e n t  p r e s s u re .  T h e  U T S 0 0 6  s o f tw a r e  r e c o r d s  th e  

a x ia l  d e f o r m a t io n  u s i n g  th e  t h r e e  d i s p l a c e m e n t  t r a n s d u c e r s  a s  a  f u n c t i o n  o f  t im e  f o r  a l l  t h e  t w e n ty  c y c le s .  T h is  d a ta  

is  u s e d  to  c a lc u la te  th e  d y n a m ic  m o d u lu s  a n d  p h a s e  la g .
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F ig .3 . Schematic representation of the modified protocol 

2 .2 .  V a r i a t i o n  o f  d y n a m i c  m o d u l u s  w i t h  c o n f i n e m e n t

T h e  v a r i a t i o n  o f  d y n a m ic  m o d u lu s  w i th  f r e q u e n c y  f o r  th r e e  d i f f e r e n t  t e m p e r a tu r e s  i s  s h o w n  i n  f ig u r e  4 ( a ) - ( c ) .  I t  c a n  

b e  o b s e r v e d  f r o m  th e  p lo t s  t h a t  th e  d y n a m ic  m o d u lu s  in c r e a s e s  c o n s id e r a b ly  w i t h  th e  a p p l i c a t i o n  o f  c o n f in e m e n t  

p r e s s u r e ,  e s p e c ia l ly  a t  h ig h e r  te m p e r a tu r e s .

Frequency (Hz)

a) 5°C

Frequency (Hz)

b)35°C

2 4 0 0

100  10 1 0.1 0.01
Frequency (Hz)

c) 55°C
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F ig .4 . Dynamic modulus vs frequency for different temperatures

A t  lo w  t e m p e r a tu r e s  a n d  h ig h  f r e q u e n c y  ( f o r  in s ta n c e  5 ° C  a n d  2 5  H z ) ,  th e  d y n a m ic  m o d u lu s  a t  c o n f in e d  c o n d i t io n s  

i s  a lm o s t  6 %  le s s  t h a n  th e  u n c o n f in e d  c o n d i t io n s .  A t  in te r m e d ia te  c o n d i t io n s  ( f o r  in s ta n c e  3 5 ° C  a n d  1 H z ) ,  th e  

d y n a m ic  m o d u lu s  a t  c o n f in e d  c o n d i t io n s  i s  n e a r ly  1 7 %  m o r e  t h a n  o f  th e  u n c o n f in e d  c o n d i t io n s .  A t  th e  v e r y  h ig h  

t e m p e r a tu r e  a n d  lo w  f r e q u e n c y  ( f o r  in s ta n c e  5 5 ° C  a n d  0 .0 1  H z ) ,  th e  d y n a m ic  m o d u lu s  a t  c o n f in e d  c o n d i t io n s  i s  9 0 %  

m o r e  t h a n  t h a t  a t  u n c o n f in e d  c o n d i t io n s .

2 .3 .  T r e n d s  i n  p h a s e  l a g  d a t a

T h e  v a r i a t i o n  o f  p h a s e  l a g  w i t h  th e  f r e q u e n c y  a t  d i f f e r e n t  t e m p e r a tu r e s  f o r  a l l  th e  f o u r  c o n d i t i o n s  i s  s h o w n  i n  f ig u r e

5 a n d  6 . I t  c a n  b e  s e e n  f r o m  th e  p lo t s  t h a t  th e  p h a s e  l a g  i n c r e a s e s  w i t h  d e c r e a s in g  f r e q u e n c y  a t  a  l o w e r  t e m p e r a tu r e  

f o r  a l l  th e  c o n d i t io n s .  A  r e v e r s e  t r e n d  i n  p h a s e  l a g  w a s  o b s e r v e d  a t  a  h ig h e r  t e m p e r a tu r e  t h a t  i s  th e  p h a s e  l a g  w a s  

s e e n  d e c r e a s in g  w i t h  a  d e c r e a s e  i n  f r e q u e n c y  e v e n  w h e n  te s te d  u s in g  th e  m o d i f i e d  p r o to c o l ,  b y  p r o v id in g  

c o n f in e m e n t  a n d  r e s t  p e r io d .

301 
2 5 

in

£ 20'

% 1 0 -  
C3sz a.

5 

0-1........................................  .......................................... ........

100 10 1 0.1 0.01 
Frequency (Hz)

F ig .5 . Phase lag vs frequency for 5°C

50

t ......................1......................1..............................................pn

100 10 1 0.1 0.01 
Frequency (Hz)

F ig .6 . Phase lag vs frequency for 55°C

Conclusion

T h is  p a p e r  l o o k e d  in to  m o d i f y in g  th e  e x i s t i n g  A A S H T O :  T P - 7 9  ( 2 0 1 0 )  p r o to c o l  to  d e te r m in e  th e  d y n a m ic  m o d u lu s  

a n d  p h a s e  la g . F r o m  th e  a n a ly s i s  o f  t h e  d a ta ,  i t  w a s  s e e n  t h a t  th e r e  i s  a n  a p p r e c ia b le  in c r e a s e  i n  th e  d y n a m ic  m o d u lu s
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w i t h  th e  a p p l i c a t i o n  o f  t h e  2 0 0 k P a  c o n f in e m e n t  p r e s s u r e  a t  h ig h e r  te m p e r a tu r e s .  T h is  m a y  b e  a t t r ib u t e d  to  th e  f a c t  

t h a t  th e  m a s t i c  i n  th e  b i t u m in o u s  m ix tu r e s  e x h ib i t s  c o n s id e r a b le  p r e s s u r e  s e n s i t iv e  n a tu r e  a t  h ig h  t e m p e r a tu r e  (4 5 , 

a n d  5 5 ° C )  a n d  a l l  f r e q u e n c ie s .  O n e  o f  th e  p o s s ib le  r e a s o n s  f o r  th e  d e c r e a s e  i n  p h a s e  l a g  w i t h  d e c r e a s in g  f r e q u e n c y  a t  

h ig h  t e m p e r a tu r e s  e v e n  w i t h  th e  a p p l i c a t i o n  o f  c o n f in e m e n t  a n d  r e s t  p e r io d  m a y  b e  d u e  to  th e  in c r e a s e  i n  s t r a in  a f t e r  

th e  i n i t i a l  d e c r e a s e  i n  s t r a in  w h e n  th e  s a m p le  is  s u b je c t e d  to  a  h y d r o s ta t i c  s ta te  o f  s t r e s s .
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How to consistently collect rheological data for bitumen in a Dynamic Shear 
Rheometer?
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A b s tr a c t .  The measurement of rheological properties of binders is dependent on various factors such as time, 
temperature as well as on aging. The common causes of erroneous measurements that occur during the 
rheological tests are related to the sample conditioning and sample loading. Bituminous binders are subjected to 
steric hardening while stored at room temperatures and thus can cause increased stiffness during measurement.
Gap setting and sample loading also play a key role in obtaining consistent data using a Dynamic Shear 
Rheometer (DSR). In this article, the issues one should understand to collect rheological data for bitumen in a 
DSR consistently are addressed.
K e y w o r d s :  Dynamic Shear Rheometer (DSR), Rheology, Steric Hardening.

1. Introduction
R h e o lo g ic a l  p r o p e r t i e s  o f  b in d e r s  a r e  o f  u t m o s t  im p o r ta n c e  f o r  c h a r a c t e r i z in g  th e  f u n d a m e n ta l  a n d  p e r f o r m a n c e -  

b a s e d  p r o p e r t i e s .  T h e  r h e o lo g ic a l  c h a r a c t e r i z a t i o n  i s  i n f lu e n c e d  b y  v a r io u s  f a c to r s  s u c h  a s  a g in g ,  t im e  a n d  

t e m p e r a tu r e .  T h e s e  f a c to r s  h a v e  to  b e  t a k e n  in to  a c c o u n t  to  o b t a i n  a  c o n s i s te n t  d a t a  f r o m  r h e o lo g ic a l  te s ts .  

P r e c o n d i t io n in g  m e a s u r e s  h a v e  to  b e  t a k e n  to  a v o id  e r r o n e o u s  m e a s u r e m e n ts  d u e  to  th e  in f lu e n c e  o f  t h e s e  f a c to r s .  

S te r ic  h a r d e n in g  o f  b i n d e r s  i s  a  c o m m o n  c a u s e  o f  i n c r e a s e d  s t i f f n e s s  i n  b in d e r s  w h ic h  e s t im a te s  u p  to  5 0 %  in c r e a s e  

i n  m o d u lu s  ( A S T M  D 7 1 7 5 ,  2 0 1 5 ) .  I t  is  a  r e v e r s ib le  a g in g  w h i c h  o c c u r s  w h e n  b i tu m in o u s  b in d e r s  a r e  s to r e d  a t  

a m b ie n t  t e m p e r a tu r e s  ( L i t t le  e t  a l . ,  2 0 1 8 ) .  T h is  r e v e r s ib le  a g in g  c a n  b e  r e m o v e d  b y  c o n d i t i o n in g  th e  s a m p le  a t  

t e m p e r a tu r e s  n e a r  to  th e  s o f te n in g  p o in t  b e f o r e  a n y  r h e o lo g ic a l  te s t .

S a m p le  lo a d in g ,  g a p  s e t t i n g  a n d  th e  q u a n t i ty  o f  th e  s a m p le  u s e d  w h i le  t e s t i n g  i n  D S R  i s  a l s o  c r u c ia l  p a r a m e te r s  

w h i c h  d e c id e  o n  th e  r e l i a b i l i ty  o f  th e  d a t a  o b ta in e d .  G a p  s e t t i n g  o f  th e  m e a s u r in g  s y s te m s  i n  D S R  i s  d e p e n d e n t  o n  

th e  s a m p le  lo a d in g  t e m p e r a tu r e s .  A s  b i tu m in o u s  b in d e r s  a r e  l o a d e d  n e a r  to  s o f te n in g  p o in t  t e m p e r a tu r e s ,  th e  g a p s  

a r e  s u b je c te d  to  c h a n g e  d u e  to  t h e r m a l  e x p a n s io n  o f  th e  m e a s u r in g  g e o m e t r ie s .  T h is  v a r i a t i o n  i n  g a p s  c a n  a l t e r  th e  

s a m p le  t h ic k n e s s  w h ic h  c a n  l e a d  to  th e  v a r i a t i o n  i n  t h e  m o d u lu s  v a lu e s .  T h e  D S R  m e a s u r e s  t h e  t o r q u e  a n d  th e  

d e f l e c t i o n  a n g le  m a d e  b y  th e  t o p  p la te  w i t h  r e s p e c t  to  th e  b o t t o m  p la t e  a t  t h e  p e r ip h e r y .  A s  p e r  A S T M  D 7 1 7 5  

( 2 0 1 5 ) ,  a f t e r  t r im m in g  o f  th e  s a m p le ,  a  b u lg e  s h o u ld  b e  p r o d u c e d  a t  th e  s a m p le ’s o u t e r  s u r f a c e .  H e n c e  i t  s h o u ld  b e  

e n s u r e d  t h a t  s u f f i c i e n t  a m o u n t  o f  th e  s a m p le  i s  p l a c e d  o n  th e  p l a t e  so  t h a t  i t  i s  c o m p le te ly  c o v e r e d  f o r  th e  a c c u r a te  

d a ta  m e a s u re m e n ts .

T h e  o b je c t iv e  o f  th i s  p a p e r  is  to  e m p h a s iz e  th e  v a r io u s  i s s u e s  e n c o u n te r e d  b a s e d  o n  th e  a b o v e  f a c to r s  w h i le  

p e r f o r m in g  r h e o lo g ic a l  t e s t s  a n d  th e  m e a s u r e s  to  b e  t a k e n  to  o v e r c o m e  th e s e  i s s u e s  f o r  o b t a in in g  c o n s i s t e n t  d a ta .

2. Experimental Plan
T h e  m a in  i s s u e s  a s s o c i a t e d  w i t h  th e  p e r f o r m a n c e  o f  r h e o lo g ic a l  e x p e r im e n ts  u s i n g  a  D S R  a r e  e x p la in e d  i n  th e  

f o l lo w in g  s e c t io n .  F o r  th i s  p u r p o s e ,  s te a d y  s h e a r  a n d  f r e q u e n c y  s w e e p  e x p e r im e n ts  ( T a b le  1) w e r e  c o n d u c te d  u s in g  

A n to n  P a a r  m a k e  D S R  ( M o d u la r  C o m p a c t  R h e o m e te r  3 0 2 ) . T a b le  2  s h o w s  th e  p r o p e r t i e s  o f  V G 3 0  u s e d  f o r  t e s t i n g  

a s  p e r  I S 7 3 :2 0 1 3 .
T a b le  5 Test Matrix

Temperature
(°C) Test Frequency 

Range (Hz)
Shear 

rate (1/s)
Strain
(%)

Computed
Parameters Data Acquisition

35
Frequency

Sweep 50 to 1 - 0.05 G ',G '' a n d  5
Data collected for every 1 s, a total 
of 490 data points were collected.

Steady Shear - 1 and 5 - Y and n Data collected for every1s, a total 
of 300 data points were collected.

T a b le  6 Material Properties
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Tests (As per IS73:2013) Measurements

Penetration at 25°C, 0.1 mm, 100g, 5s 
(Spec. value = 45 min.) 50

Softening Point, (R&B),°C 
(Spec. value = 47 min.) 52

Absolute viscosity at 60°C, Poises 
(Spec. value =2400-3600) 3022

Viscosity ratio at 60°C (Spec. value = 4.0 max.) 1
Kinematic viscosity at 135°C, cSt 
(Spec. value = 350 min.) 595

3. Results And Discussions

3 .1  S t e r i c  H a r d e n i n g

B i tu m in o u s  b in d e r s  u n d e r g o  s te r ic  h a r d e n in g  w h e n  s to r e d  a t  a m b ie n t  te m p e r a tu r e s .  S te r ic  h a r d e n in g  a ls o  r e f e r r e d  to  

a s  r e v e r s ib le  a g in g  is  a  t im e - d e p e n d e n t  b e h a v io u r  i n  w h i c h  o n e  s e e s  s e c o n d a r y  m o le c u la r  a s s o c ia t io n s  w h ic h  r e s u l t  

i n  i n c r e a s e d  s t i f f n e s s  o f  t h e  b in d e r s .  T h is  in c r e a s e  i n  s t i f f n e s s  c a n  o v e r e s t im a te  th e  m o d u lu s  a p p r o x im a te ly  u p  to  

5 0 % . A S T M  D 7 1 7 5  ( 2 0 1 5 )  r e c o m m e n d s  a n n e a l in g  o f  th e  s a m p le s  s to r e d  a t  a m b ie n t  t e m p e r a tu r e s  b e f o r e  te s t in g .  I t  

i s  s u g g e s te d  th a t  o n e  s h o u ld  h e a t  th e  s a m p le  i n  a n  o v e n  to  a  t e m p e r a tu r e  o f  n o t  m o r e  t h a n  1 6 3 ° C  so  th a t  i t  is  

s u f f i c ie n t ly  f l u id  w i t h  o c c a s io n a l  s t i r r in g  s u c h  t h a t  t h e  e n t r a p p e d  a i r  b u b b le s  a r e  r e m o v e d .  T h e  r e v e r s ib le  a g in g  c a n  

a ls o  b e  r e m o v e d  b y  c o n d i t i o n in g  th e  s a m p le  i n  a  w a te r  b a t h  m a in ta in e d  a t  a  t e m p e r a tu r e  n e a r  to  th e  s o f te n in g  p o in t  

o f  th e  b in d e r .  I n  s u c h  p r o c e d u r e ,  th e  r e q u i r e d  a m o u n t  o f  th e  s a m p le  to  b e  t e s te d  is  t a k e n  i n  a  s e a le d  s te e l  c o n ta in e r  

a n d  m a in ta in e d  i n  t h e  w a t e r  b a t h  a t  th e  r e q u i r e d  t e m p e r a tu r e  f o r  1 h o u r .

T o  i l lu s t r a te  t h e  i n f lu e n c e  o f  s te r ic  h a r d e n in g  a n d  th e  n e c e s s i ty  to  c o n d i t i o n  th e  s a m p le s ,  f r e q u e n c y  s w e e p  te s t s  w e r e  

c a r r ie d  o u t  ( T a b le  1) w i t h  a n d  w i t h o u t  c o n d i t i o n in g  f o r  a  V G 3 0  b i n d e r  a n d  th e  r e s u l t s  a r e  s h o w n  i n  F ig u r e  1 a n d  2 .

F ig .2  Modulus vs Frequency F ig .3  Phase lag vs Frequency

3 .2  G a p  S e t t i n g

O n e  o f  th e  c r u c ia l  s te p s  f o r  o b ta in in g  r e l i a b le  r e s u l t s  f r o m  D S R  i s  t h e  g a p  s e t t i n g  o f  th e  m e a s u r e m e n t  g e o m e tr y .  

A S T M  D 7 1 7 5  ( 2 0 1 5 )  d o e s  n o t  p r o v id e  e n o u g h  d e ta i l s  o n  th e  s te p s  f o r  o v e r c o m in g  th i s  i s s u e .  W h e n  th e  t e s ts  a r e  

c a r r ie d  o u t  a t  t e m p e r a tu r e s  i n  th e  r a n g e  o f  2 0 - 4 0 ° C ,  th e  lo a d in g  o f  s a m p le s  is  c a r r ie d  o u t  a t  t e m p e r a tu r e s  a t  l e a s t  

1 0 ° C  h ig h e r  t h a n  th e  s o f te n in g  p o in t  o f  th e  b in d e r s  ( p r e f e r a b ly  6 0 ° C ) .  D u e  to  s u c h  t e m p e r a tu r e  c h a n g e ,  th e  t o p  a n d  

b o t t o m  p la t e s  i n  a  p a r a l l e l  p l a t e  a r r a n g e m e n t  c a n  u n d e r g o  th e r m a l  c h a n g e s  w h i c h  c a n  l e a d  to  e r r o n e o u s  

m e a s u r e m e n ts .  H e n c e  i t  i s  r e c o m m e n d e d  t h a t  a  g a p  s e t t in g  i s  p e r f o r m e d  a t  th e  t e s t  t e m p e r a tu r e ,  lo a d in g  t e m p e r a tu r e  

a s  w e l l  a s  a t  a n  i n t e r m e d ia te  t e m p e r a tu r e  b e t w e e n  th e  t e s t  a n d  lo a d in g  t e m p e r a tu r e .
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T o  e m p h a s iz e  th e  a b o v e  i s s u e ,  th e  f r e q u e n c y  s w e e p  t e s t  r e s u l t s  a r e  s h o w n  f o r  tw o  c a s e s .  I n  t h e  f i r s t  c a s e ,  th e  g a p  

s e t t in g  w a s  c a r r ie d  o u t  a t  6 0  a n d  3 5 ° C  a n d  i n  th e  s e c o n d  c a s e ,  th e  g a p  s e t t i n g  w a s  d o n e  o n ly  a t  6 0 ° C . F ig u r e s  3 a n d  4  

s h o w  th e  d i f f e r e n c e  i n  m o d u lu s  a n d  p h a s e  l a g  o b ta in e d  r e la te d  to  th e  s a m e . T h e  s ig n i f i c a n t  d i f f e r e n c e  i n  th e  lo s s  

m o d u lu s  (G " )  a n d  p h a s e  a n g le  c a n  b e  c le a r ly  s e e n .

Frequency (Hz)
F ig .4  Modulus vs Frequency F ig .5  Phase lag vs Frequency

3 .3  S a m p l e  F i l l i n g

T h e  a m o u n t  o f  s a m p le  t a k e n  f o r  p e r f o r m in g  th e  t e s t  i s  a n  im p o r ta n t  p a r a m e te r  f o r  t h e  c o r r e c t  m e a s u r e m e n t  o f  th e  

p a r a m e te r s .  I t  s h o u ld  b e  e n s u r e d  th a t  th e  m e a s u r in g  p l a t e s  s h o u ld  b e  c o v e r e d  w i t h  th e  s a m p le  c o m p le te ly .  A s  p e r  

A S T M  D 7 1 7 5  ( 2 0 1 5 ) ,  s u f f i c ie n t  s a m p le  s h o u ld  b e  p l a c e d  so  t h a t  w h i le  th e  t r im m in g  o f  th e  e x c e s s  s a m p le  is  

c o m p le te  a n d  th e  r e q u i r e d  g a p  is  a t t a in e d ,  a  s l ig h t  b u l g e  i s  c r e a te d .  H o w e v e r ,  A S T M  D 7 1 7 5  ( 2 0 1 5 )  d o e s  n o t  c le a r ly  

s p e c i fy  th e  a d d i t i o n a l  a m o u n t  o f  s a m p le  to  b e  p r o v id e d  i n  t h e  b u lg e .  S u c h  c a r e  is  r e q u i r e d  w h e n  o n e  i s  c a r r y in g  o u t  

t e m p e r a tu r e  s w e e p  e x p e r im e n t  ( h ig h e r  to  lo w e r )  w h e r e in  a  s ig n i f i c a n t  c o n t r a c t io n  i n  th e  s a m p le  is  e x p e c t e d  i n  a l l  th e  

d i r e c t io n s .  I n  th e  D S R  f o r  t e s t i n g  a  s a m p le  a t  a  g a p  o f  1 m m , th e  s a m p le  i s  t r im m e d  a t  a  g a p  o f  1 .0 5 m m . A t  a  g a p  o f  

1 .0 5 m m , th e  v o lu m e  o f  s a m p le  i s  0 .5 1 5 m l  w h ic h  a r e  r e t a in e d  i n  th e  a c tu a l  v o lu m e  o f  0 .4 9 0  m l  a t  1 m m  th u s  c a u s in g  

th e  s a m p le  to  s l ig h t ly  b u l g i n g  o u t .  F ig u r e  5 s h o w s  h o w  s a m p le  f i l l i n g  s h o u ld  b e  c a r r ie d  o u t  f o r  a  c o n e  a n d  p la te  

a s s e m b ly .

I n  th i s  in v e s t ig a t io n ,  t e s t i n g  w a s  c a r r ie d  o u t  f o r  tw o  c a s e s ,  w i t h  u n d e r f i l l e d  a n d  w i t h  c o r r e c t  f i l l in g .  I n  f ig u r e  6 , th e  

g a p  b e t w e e n  th e  t o p  a n d  b o t t o m  p la t e  c a n  b e  o b s e r v e d  d u e  to  in s u f f ic ie n t  s a m p le .  F ig u r e  7  s h o w s  a  p r o p e r ly  

t r im m e d  s a m p le  w i t h  a  b u lg e  a t  th e  o u t e r  f a c e  o f  th e  p la te s .  F ig u r e s  8  a n d  9  s h o w s  th e  r e s u l t s  o b t a in e d  f o r  a n  

u n d e r f i l l e d  a n d  a  c o r r e c t ly  t r im m e d  s a m p le .  I t  c a n  b e  n o t e d  t h a t  th e  m o d u lu s  v a lu e s  o b t a in e d  f r o m  a n  u n d e r f i l l e d  

s a m p le  a r e  v e r y  m u c h  le s s e r  t h a n  t h a t  o b t a in e d  f r o m  a  p r o p e r ly  t r im m e d  s a m p le .

F ig .6  Overfilled, underfilled and correctly filled sample (Mezger, 2015)
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F ig .7  Underfilled Sample F ig .8  Correctly filled Sample

Frequency (Hz)

F ig .9  Modulus vs Frequency
Frequency (Hz)

F ig .1 0  Phase lag vs Frequency

3 .4  T o r q u e  l i m i t

T h e  D S R  m o to r  h a s  a  m in im u m  a n d  m a x im u m  to r q u e  c a p a c i ty  ( 0 .0 5 n N m  a n d  2 0 0 m N m  r e s p e c t iv e ly  f o r  M C R 3 0 2 )  

w i t h i n  w h i c h  i t  c a n  m e a s u r e  th e  d a t a  a c c u r a te ly .  T h e  to r q u e  l im i t  v a r i e s  w i t h  th e  c a p a c i ty  o f  th e  m o to r  u s e d .  H e n c e  

a l l  th e  i n p u t  t e s t  p a r a m e te r s  s h o u ld  b e  s u c h  t h a t  t h e  m e a s u r e d  to r q u e  i s  w i t h i n  l im i ts  f o r  o b t a in in g  c o n s i s t e n t  d a ta .  

F ig u r e  1 0 , 11 a n d  12  s h o w  th e  d a t a  f o r  a  s t e a d y  s h e a r  e x p e r im e n t .

Time Kl Time (s)

F ig .1 1  Within Torque Limit F ig .1 2  Torque Limit Exceeded
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F ig .1 3  Comparison of shear rate

F ig u r e  10  s h o w s  th e  d a t a  f o r  a  s h e a r  r a te  o f  1 s -1 i n  w h i c h  th e  p e a k  to r q u e  o b ta in e d  i s  5 5 m - N m  w h i c h  is  w i t h i n  l im its .  

F ig u r e  11 s h o w s  th e  d a t a  f o r  a  s h e a r  r a te  o f  5 s -1 f o r  w h i c h  th e  p e a k  to r q u e  i s  2 0 0 m - N m  w h i c h  i s  th e  m a x im u m  

to r q u e  c a p a c i ty  f o r  M C R 3 0 2  s e r ie s .  A s  th i s  s h e a r  r a te  h a s  e x c e e d e d  th e  to r q u e  l im i t ,  i t  c a n  b e  o b s e r v e d  th a t  th e  

v i s c o s i ty  d a t a  is  in c o n s is t e n t  a n d  e r ro n e o u s .  F ig u r e  12  s h o w s  th e  s te a d y  s h e a r  v a r i a t i o n  w i t h  t im e .  F o r  a  s h e a r  r a te  o f  

1 s-1, i t  c a n  b e  o b s e r v e d  t h a t  t h e  s h e a r  r a te  is  m a in ta in e d  th r o u g h o u t  th e  t e s t  d u r a t io n .  F o r  a  s h e a r  r a te  o f  5 s -1a s  th e  

to r q u e  l im i t  h a s  e x c e e d e d ,  th e  s h e a r  r a te  h a s  r e d u c e d  a n d  w a s  n o t  m a in ta in e d  c o n s t a n t  d u r in g  th e  t e s t  d u r a t io n .

4. Conclusions
•  T h e  e f f e c t  o f  s te r ic  h a r d e n in g  p la y s  a n  im p o r t a n t  r o le  i n  th e  r h e o lo g ic a l  m e a s u r e m e n t  o f  b in d e r s .  P r o p e r

c o n d i t i o n in g  o f  th e  s a m p le s  is  r e q u i r e d  to  o v e r c o m e  s u c h  e f f e c t  to  o b t a i n  c o n s i s te n t  d a ta .

•  T h e  g a p  s e t t in g  a t  th e  l o a d in g  a n d  t e s t i n g  t e m p e r a tu r e  i s  n e c e s s a r y  to  g e t  c o n s i s te n t  d a ta .  T h e  t e m p e r a tu r e

c o m p e n s a t io n  o f  t h e  m e a s u r e m e n t  g e o m e t r y  p l a y s  a  c r i t ic a l  r o le .

•  D u r in g  th e  m e a s u r e m e n t ,  t h e  lo a d in g  o f  a  p r e c i s e  v o lu m e  o f  th e  s a m p le  i s  o f  u t m o s t  im p o r ta n c e  s in c e  

c o m p u ta t io n  o f  t h e  s t r a in  is  c a r r ie d  o u t  c lo s e  to  th e  p e r ip h e r y  o f  t h e  p a r a l l e l  p l a t e s  i n  th e  D S R .

•  T h e  s e n s i t iv i ty  o f  th e  e q u ip m e n t  to  r e c o r d  to r q u e  w i th in  th e  to l e r a n c e s  p r e s c r ib e d  s h o u ld  b e  s t r ic t ly  a d h e r e d

to .
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Moisture Conditioning Process for Large-Sized Prismatic Straight Beam 
Specimens of Bituminous Concrete
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A b s tr a c t .  This study proposes a moisture conditioning process for large-sized prismatic beam specimens of 
bituminous concrete. Such beams are required for evaluating the fatigue characteristics of bituminous mixtures in 
a four-point beam bending test. The current moisture conditioning protocols are aimed at cylindrical specimen 
only, and no guidelines are available for prismatic beams; especially when these beams are compacted to lower 
air voids content. In this study, prismatic beam specimens of bituminous concrete mixed with VG-30 and CRMB- 
60 binder were prepared. In addition to the control samples, warm mix asphalt and lime additive added samples 
were also produced. Warm mix asphalt was produced using a surfactant based warm mix additive. Lime was 
added to both hot mix and warm bituminous mixtures. Prismatic beams with target air voids of 4 ± 0.5% and with 
dimensions of 0.38 ± 0.006 m (length) x 0.050 ± 0.002 m (width) x 0.063 ± 0.002 m (height) were produced.
These specimens were subjected to partial vacuum saturation by submerging completely in water. The vacuum 
pressures and durations were adjusted such that the desired saturation could be achieved. The saturated 
bituminous concrete beam specimens were mechanically weakened through the freeze-thaw conditioning. It is 
observed that the binder type plays a significant role in the degree of saturation whereas the influence of additives 
is negligible on the degree of saturation.

K e y w o rd s :  Air Voids, Degree of Saturation, Lime, Moisture Conditioning, Prismatic Straight Beam, Vacuum 
Saturation, WMA Additive.

1 Introduction
M o s t  o f  th e  b i t u m in o u s  r o a d s  f a i l  p r e m a tu r e ly  d u e  to  p o o r  d r a in a g e .  M o i s tu r e  a c c e le r a te s  th e  r a te  o f  d i s t r e s s e s  in  

b i t u m in o u s  p a v e m e n ts .  V e r y  l im i te d  in f o r m a t io n  i s  a v a i l a b le  o n  h o w  to  u n d e r s t a n d  a n d  q u a n t i f y  th e  e f f e c t s  o f  

m o is tu r e  i n d u c e d  d a m a g e  i n  b i t u m in o u s  m ix tu re s .  D e te r m in a t io n  o f  m o is tu r e  s e n s i t iv i ty  o f  b i t u m in o u s  m ix tu r e s  is  

o n e  o f  t h e  m o s t  c r i t ic a l  a s p e c t s  to  b e  c o n s id e r e d  f o r  e v a lu a t in g  th e  p e r f o r m a n c e  o f  b i t u m in o u s  p a v e m e n t s  a s  th e  h ig h  

m o is tu r e  s u s c e p t ib le  b i t u m in o u s  m ix tu r e s  w i l l  d e t e r io r a te  a t  a  m u c h  r a p id  r a te .  H e n c e ,  s im u la t io n  o f  f i e ld  m o is tu r e  

d a m a g e  c o n d i t i o n s  i n  th e  l a b o r a to r y  is  r e q u i r e d  s u c h  th a t  b i t u m in o u s  m ix tu r e s  t h a t  a r e  m o r e  r e s i s t a n t  t o w a r d s  th e  

m o is tu r e  d a m a g e  c o u ld  b e  id e n t i f ie d .

T r a d i t io n a l ly ,  A A S H T O  T 2 8 3  [2] t e s t  p r o to c o l  is  p r a c t i s e d  to  s im u la te  t h e  m o is tu r e  d a m a g e  c o n d i t io n s  i n  th e  

la b o r a to ry .  T h is  p r o to c o l  i s  p r e s c r ib e d  f o r  c y l in d r ic a l  s p e c im e n  g e o m e t r ie s .  A  m o i s tu r e - c o n d i t i o n e d  s a m p le  is  

s u b je c te d  to  in d i r e c t  t e n s io n  te s t in g ,  a n d  th e  r a t io  o f  th e  f a i lu r e  l o a d  w i th  a  c o n t r o l  s a m p le  is  u s e d  a s  a  c r i t e r io n  to  

r a n k  b i tu m in o u s  m ix tu re s .  I n  s u c h  p r o c e d u r e s ,  th e  s a m p le  i s  c o m p a c te d  to  in - p la c e  a i r  v o id s  a f t e r  c o n s t r u c t io n  (~  6 

8  % )  a n d  h e n c e  th e  s a tu r a t i o n  o f  th e  s a m p le  to  th e  r e q u i r e d  l e v e l  ( 7 0 - 8 0  % )  is  f a i r ly  s t r a ig h t f o r w a r d  a n d  th e  w h o le  

p r o c e s s  c a n  b e  f in i s h e d  i n  15 to  2 0  m in u te s .  I t  i s  n o t  c l e a r  w h e th e r  s u c h  p r o c e d u r e  c o u ld  b e  a d a p te d  to  q u a n t i f y  th e  

m o is tu r e  d a m a g e  o f  b e a m  s p e c im e n ,  w h e r e  o n e  i s  in t e r e s t e d  i n  c h a r a c t e r i s in g  th e  in f lu e n c e  o f  m o is tu r e  d a m a g e  o n  

th e  f a t ig u e  c h a r a c te r i s t i c s .  S u c h  s a m p le s  a r e  c o m p a c te d  to  4  %  a i r  v o id s  a n d  h e n c e  s u b je c t in g  th e  s a m p le s  to  th e  

r e q u i r e d  d e g r e e  o f  s a tu r a t i o n  i s  n o t  s t r a ig h t f o rw a r d .  I t  is  a l s o  n o t  c l e a r  h o w  to  s a tu r a te  p r i s m a t ic  b e a m  a t  4 %  a i r  

v o id s  a n d  w h a t  e f f e c t  w i l l  th e  a d d i t i o n  o f  a d d i t iv e  w i l l  h a v e  o n  th e  d e g r e e  o f  s a tu r a t io n .  I t  is  a l s o  n o t  w e l l  k n o w n  

t h a t  w h a t  e f f e c t  b i n d e r  ty p e  w i l l  h a v e  o n  th e  d e g r e e  o f  s a tu r a t io n .
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T h e  f a t ig u e  p e r f o r m a n c e  o f  b i t u m in o u s  m ix tu r e s  i s  e v a lu a t e d  i n  th e  l a b o r a to r y  u s i n g  a  f o u r - p o in t  b e a m  

b e n d in g  t e s t  s e tu p  u n d e r  c o n t r o l le d  c o n d i t io n s .  T h is  t e s t  s e tu p  u t i l i s e s  l a r g e - s i z e d  p r i s m a t i c  b e a m  s p e c im e n s .  A s  th e  

m o is tu r e  d a m a g e  a c c e le r a te s  th e  d i s t r e s s e s  i n  b i t u m in o u s  m ix tu re s ,  q u a n t i f i c a t i o n  o f  s u c h  m e c h a n is m s  r e q u i r e s  

m o is tu r e  c o n d i t i o n in g  o f  th e  s p e c im e n s .  P o s t  m o is tu r e  c o n d i t io n in g ,  th e s e  s p e c im e n s  c a n  b e  f u r t h e r  e v a lu a t e d  f o r  

f a t ig u e  r e s p o n s e .  A s  th e r e  i s  n o  s ta n d a r d  t e s t  p r o to c o l  a v a i l a b le  f o r  m o is tu r e  c o n d i t i o n in g  o f  th e s e  s p e c im e n s ,  th i s  

s tu d y  f o c u s e s  o n  th e  d e v e lo p m e n t  o f  m o is tu r e  c o n d i t i o n in g  p r o c e s s  f o r  l a r g e - s i z e d  p r i s m a t ic  b e a m  s p e c im e n s .

2 Literature review
M o is tu r e  s e n s i t iv i ty  t e s t s  s u c h  a s  b o i l  te s t ,  im m e r s io n - c o m p r e s s io n  t e s t ,  r e t a in e d  M a r s h a l l  s t a b i l i ty  t e s t  a n d  

s u b m e r g e d  w h e e l  t r a c k in g  t e s t  a r e  p r a c t i s e d  to  a s s e s s  th e  b i t u m in o u s  m ix tu r e s  s u s c e p t ib i l i ty  to  m o is tu r e  [7 ]. I n  th e  

b o i l  te s t ,  th e  lo o s e  b i tu m in o u s  m ix tu r e s  a r e  i m m e r s e d  i n  b o i l i n g  w a te r  f o r  10  m in u te s ,  a n d  th e  m ix  i s  v i s u a l ly  

i n s p e c t e d  f o r  s t r i p p in g  a f t e r  r e m o v in g  th e  lo o s e  b i t u m e n  [3 ]. M o i s tu r e  s e n s i t iv i ty  is  a l s o  m e a s u r e d  a s  th e  n u m b e r  o f  

f r e e z e - th a w  c y c le s  r e q u i r e d  to  in d u c e  c r a c k  o n  s a m p le  [9 ] w h e r e  m u l t ip le  f r e e z e - th a w  c y c le s  a r e  p e r f o r m e d  w i th  

f r e e z in g  a t  -1 2  °C  f o r  2 4  h o u r s  a n d  th a w in g  a t  6 0  °C  f o r  2 4  h o u r s .  I m m e r s io n - c o m p r e s s io n  t e s t  i n v o lv e s  a x ia l  

c o m p r e s s io n  t e s t  o n  a  1 0 0  m m  d ia m e te r  c y l in d r ic a l  s p e c im e n  a t  2 5  °C  w i th o u t  la te r a l  s u p p o r t  a f t e r  th e  s p e c im e n  is  

c o n d i t i o n e d  u n d e r w a te r  a t  6 0 ° C  f o r  2 4  h o u r s .  H e r e ,  th e  m o is tu r e  s e n s i t iv i ty  i s  d e t e r m in e d  a s  th e  r a t io  o f  th e  w e t  

s p e c im e n  to  th e  d r y  s p e c im e n  [1 , 5 ] . M a r s h a l l  i m m e r s io n  t e s t  f o l lo w s  s im i l a r  c o n d i t i o n in g  p r o c e s s  a s  im m e r s io n  

c o m p r e s s io n  t e s t ,  w h e r e  M a r s h a l  s t a b i l i ty  i s  u s e d  to  d e te r m in e  th e  s t r e n g th  o f  th e  c o m p a c te d  b i tu m in o u s  m ix tu r e s .  

O r ig in a l  L o t t m a n  [1 0 ]  m e th o d  r e c o m m e n d s  to  v a c u u m  s a tu r a te  t h e  s p e c im e n  i n  w a t e r  f o r  3 0  m in u te s ,  f r e e z e  a t  - 

1 8 °C  f o r  15 h o u r s  a n d  th a w  a t  6 0 ° C  f o r  2 4  h o u r s .  R e s i l i e n t  m o d u lu s  a n d  t e n s i l e  s t r e n g th  t e s t s  a r e  c o n d u c te d  to  

e v a lu a te  t h e  in te n s i ty  o f  m o is tu r e  d a m a g e .  M o d i f i e d  L o t tm a n  a n d  T u n n ic l i f f  a n d  R o o t  [4 ] c o n d i t i o n in g  p r o c e s s  

s u g g e s ts ,  5 5  to  8 0 %  s a tu r a t i o n  f o r  c y l in d r ic a l  s p e c im e n  c o m p a c te d  to  7  ±  0 .5  %  a i r  v o id s .  M o d i f i e d  L o t t m a n  te s t  

c o n d i t i o n in g  f o l lo w  a  f r e e z e - th a w  c o n d i t i o n in g  p r o c e s s  w h e r e a s  T u n n ic l i f f  a n d  R o o t  c o n d i t i o n in g  e l im in a t e d  th e  

f r e e z in g  p r o c e s s  [1 0 , 12 ]. I t  i s  r e p o r t e d  t h a t  b i t u m in o u s  m ix tu r e s  t h a t  w e r e  k n o w n  a s  m o is tu r e  s u s c e p t ib le  m ix tu re s  

w e r e  a c c e p te d  b y  m o d i f i e d  L o t tm a n  a n d  A S T M  D 4 8 6 7  t e s t  p r o c e d u r e s  [7 ]. A A S H T O  T 2 8 3  [2] t e s t  p r o c e d u r e  

r e c o m m e n d s  i n d i r e c t  t e n s i l e  s t r e n g th  t e s t  o n  a  c y l in d r ic a l  s p e c im e n  o f  1 0 0  m m  o r  1 5 0  m m  d ia m e te r  c o m p a c te d  to  7  

±  0 .5  %  a i r  v o id s .  T h e  s p e c im e n s  a r e  v a c u u m  s a tu r a t e d  b e t w e e n  7 0  to  8 0  % , a n d  th e s e  s p e c im e n s  a r e  f u r th e r  

c o n s id e r e d  f o r  th e  f r e e z e - th a w  p r o c e s s .  T h e  c u r r e n t  g u id e l in e  s u g g e s t s  a p p l i c a t i o n  o f  p a r t i a l  v a c u u m  b e t w e e n  2 5 4 

6 6 0  m m  H g  c o n t in u o u s ly  f o r  10  m in u te s  f o r  a  c y l in d r ic a l  s p e c im e n  [2 ].

I R C :1 1 1 - 2 0 0 9  [8 ] r e c o m m e n d s  to  v a c u u m  s a tu r a te  th e  s p e c im e n s  f o r  3 0  m in u te s  w i th o u t  c le a r ly  s t ip u la t in g  

th e  d e g r e e  o f  s a tu r a t io n .  I t  i s  im p o r t a n t  to  n o te  h e r e  t h a t  I R C :1 1 1 - 2 0 0 9  [8 ] s a tu r a t i o n  m a y  n o t  b e  a p p l ic a b le  a c r o s s  

d i f f e r e n t  b i t u m in o u s  m ix tu r e s  p r e p a r e d  u s in g  d i f f e r e n t  b i n d e r  ty p e s  a s  th e  s p e c i f i c  t im e  d u r a t io n  m a y  n o t  r e s u l t  i n  

th e  d e s i r e d  d e g r e e  o f  s a tu r a t io n .  I t  i s  to  n o te  h e r e  th a t ,  o n e  o f  th e  f o c u s  p o in t s  o f  th e  c u r r e n t  s tu d y  i s  to  id e n t i f y  

v a r io u s  s a tu r a t i o n  p a r a m e te r s .  V a r io u s  c o n d i t i o n in g  p r o c e s s e s  a r e  u s e d  to  c o n d i t i o n  b i tu m in o u s  m ix tu r e s  to  q u a n t i f y  

i t s  m o is tu r e  s u s c e p t ib i l i ty  d e p e n d in g  u p o n  th e  l o c a t i o n  o f  c o n s t r u c t io n .  F r e e z e - th a w  c o n d i t i o n in g  i s  a p p l ic a b le  

w h e r e  th e  p a v e m e n t s  e x p e r ie n c e  s u b - z e r o  te m p e r a tu r e s .  S im i la r ly ,  b i t u m in o u s  m ix tu r e s  c a n  a ls o  b e  c o n d i t i o n e d  a t  

6 0 ° C  f o r  2 4  h o u r s ,  n e g l e c t in g  th e  f r e e z in g  p r o c e s s .  T h is  s tu d y  r e p o r t s  th e  e x p e r im e n ta l  i n v e s t i g a t io n  c o n d u c te d  to  

m o is tu r e  c o n d i t i o n  a  p r i s m a t i c  b e a m  s p e c im e n .

3 Experimental Investigation
3 .1  M a t e r i a l s

A  to t a l  o f  e ig h t  c o m b in a t io n s  o f  th e  b i t u m in o u s  m ix tu r e  w a s  c o n s id e r e d  f o r  th e  s tu d y .  U n m o d i f ie d ,  V G - 3 0  a n d  

c r u m b  r u b b e r  m o d if ie d ,  C R M B - 6 0  b in d e r s  f o l lo w in g  g u id e l in e s  IS  7 3 :  2 0 1 3  a n d  IS  1 5 4 6 2 : 2 0 0 4  r e s p e c t iv e ly  w e r e  

s e le c te d .  T h e  b i tu m in o u s  m ix tu re  s p e c im e n s  w e r e  p r e p a r e d  u s in g  lo c a l ly  a v a i l a b le  a g g r e g a te s  s e l e c t e d  f r o m  a  s in g le  

s o u r c e  w i t h  tw o  ty p e s  o f  b in d e r s .  A g g r e g a te s  w e r e  b a t c h e d  to  s a t is f y  th e  t a r g e t  b i t u m in o u s  c o n c r e te  g r a d a t io n - I I

[1 1 ] . A  s u r f a c ta n t  b a s e d  d a r k  b r o w n  c o lo u r e d  w a r m  m ix  a d d i t iv e  w a s  u s e d  to  p r o d u c e  w a r m  m ix  a s p h a l t  (W M A ) . 

A d d i t i o n  o f  w a r m  m ix  a d d i t iv e  p r o v id e s  im p r o v e d  w o r k a b i l i ty  d u r in g  th e  p r o d u c t io n  o f  th e  b i t u m in o u s  m ix tu r e  a t  

r e d u c e d  t e m p e r a tu r e .  W M A  a d d i t iv e  w a s  a d d e d  to  th e  b i n d e r  a t  1 6 0 ° C  a n d  1 8 0 ° C  f o r  V G - 3 0  a n d  C R M B -6 0  

r e s p e c t iv e ly  a t  th e  p r o p o r t i o n  o f  0 .4 %  a n d  0 .5 %  b y  th e  w e ig h t  o f  th e  b in d e r .  T h e  a b o v e  d o s a g e  r a te s  a r e  f i x e d  s u c h  

t h a t  th e  d e s i r e d  c h a r a c te r i s t i c s  o f  W M A , i .e . ,  th e  d e s i r e d  w o r k a b i l i ty  c o u ld  b e  a c h i e v e d  e v e n  a t  r e d u c e d  m ix in g  

t e m p e r a tu r e s .  T h o r o u g h  m ix in g  o f  W M A  a d d i t iv e  w a s  a c h ie v e d  b y  m ix in g  a t  5 0 0  r p m  f o r  15 m in u te s  u s i n g  a  

m e c h a n ic a l  s t i r r e r .  H y d r a t e d  l im e  w a s  in t r o d u c e d  to  th e  a g g r e g a te ,  r e p l a c in g  2 %  o f  f i l l e r  ( p a s s in g  7 5 - ^ m  s ie v e )  b y  

th e  w e ig h t  o f  t o t a l  a g g r e g a te  a s  a n  a n t i - s t r ip p in g  a g e n t .  T h e  b a t c h e d  a g g r e g a te s  a n d  b i n d e r  w e r e  h e a t e d  to  m ix in g  

t e m p e r a tu r e  a n d  w e r e  m ix e d  i n  a n  a u to m a te d  b i tu m in o u s  m ix e r .  B o t h  th e  u n m o d i f i e d  a n d  c r u m b  r u b b e r  m o d i f i e d

Department of Civil Engineering, MBCET 408



ICID 2018 21-23 June, 2018

b in d e r s  s e le c te d  f o r  t h e  s tu d y  w e r e  b l e n d e d  w i th  a g g r e g a te  to  p r o d u c e  h o t  m ix  a s p h a l t  ( H M A )  a n d  W M A  

b i tu m in o u s  m ix tu re .  B o th  th e  H M A  a n d  W M A  b i t u m in o u s  m ix tu r e  w e r e  a l s o  p r o d u c e d  w i th  th e  a d d i t i o n  o f  l im e  to  

g e n e r a te  b e a m  s p e c im e n .  T h e o r e t i c a l  m a x im u m  s p e c i f ic  g r a v i ty  ( G mm) w a s  d e t e r m in e d  to  b e  2 .6 0 4  f o r  s p e c im e n  

p r e p a r e d  u s in g  V G - 3 0  a n d  2 .6 0 6  f o r  s p e c im e n  p r e p a r e d  u s in g  C R M B - 6 0 .

A  s h e a r  b o x  c o m p a c to r ,  a s  s h o w n  i n  F ig . 1 (a )  f o l lo w in g  A S T M  D 7 9 8 1  [6] s p e c i f i c a t io n  w a s  u s e d  to  c o m p a c t  th e  

b i t u m in o u s  m ix tu r e s  to  p r o d u c e  b e a m s  o f  s iz e  0 .4 5 m  x 0 .1 5  m  x 0 .1 6 9  m . T h e s e  b e a m s  w e r e  f u r th e r  s l i c e d  to  0 .3 8  ±

0 .0 0 6  m  x 0 .0 5 0  ±  0 .0 0 2  m  x 0 .0 6 3  ±  0 .0 0 2  m  a s  s h o w n  i n  F ig . 1 (b ) ,  u s in g  a  s a w  c u t te r .  O v e r a l l ,  16  s h e a r  b o x  

b e a m s  w e r e  f a b r i c a te d  a n d  4 4  s a m p le s  h a v in g  a i r  v o id s  b e tw e e n  4  ±  0 .5  %  w e r e  s e le c te d  f o r  th e  s tu d y  (F ig . 1 b ). 

F o u r  f a t ig u e  b e a m s  w e r e  e x t r a c t e d  f r o m  o n e  s h e a r  b o x  c o m p a c te d  l a r g e  b e a m , a n d  th e  e n t i r e  s l ic in g  p r o c e s s  is  

d e p ic t e d  p ic to r ia l ly  in  F ig .  2  i n  f o u r  s te p s .

( a )  ( b )

F ig . 1. a) Shear-box compactor, (b) sliced beams considered for the study
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4 3
F ig .  2 . Slicing of the shear box beam using a saw cutter

3 .2  M o i s t u r e  C o n d i t i o n i n g  P r o c e s s

T h e  v a c u u m  s y s te m  c o n s i s t s  o f  a  v a c u u m  p u m p ,  a  n o n - r e tu r n  v a lv e ,  a  v a c u u m  d ia l  g a u g e ,  a  v a c u u m  c o n t r o l le r ,  a  

m o is tu r e  t r a p  a n d  a  g la s s  v a c u u m  c h a m b e r  (F ig . 3 ) . T h e  h ig h  c a p a c i ty  v a c u u m  p u m p  u s e d  i n  th i s  s tu d y  is  c a p a b le  o f  

a p p ly in g  v a c u u m  u p  to  7 6 0  m m  H g . T h e  n o n - r e tu r n  v a lv e  e n s u r e s  t h a t  o n c e  t h e  v a c u u m  w a s  c r e a t e d  i n  th e  v a c u u m  

c h a m b e r ,  n o  l e a k a g e  o f  a i r  o c c u r s  f r o m  v a c u u m  p u m p  t h a t  i n  t u r n  c a n  a f f e c t  t h e  v a c u u m  c r e a t e d  i n  th e  c h a m b e r .  I t 

w a s  a ls o  c h e c k e d  a n d  e n s u r e d  th a t  th e r e  w a s  n o  le a k a g e  o f  a i r  f r o m  a n y  j o i n t s  a n d  th e  p u s h - i n  p ip e .  A  c a l ib r a t e d  d ia l  

g a u g e  w a s  in s t a l l e d  to  m e a s u r e  th e  a p p l i e d  v a c u u m  a c c u r a te ly .  A  t r ia l  a n d  e r r o r  a p p r o a c h  w a s  a d o p te d  to  d e te r m in e  

th e  in te n s i ty  o f  p a r t i a l  v a c u u m  f o r  s a tu r a t in g  a  p r i s m a t ic  b e a m  s p e c im e n .  I t  w a s  a s c e r ta in e d  to  a p p ly  a  v a c u u m  i n  th e  

r a n g e  o f  7 0 0  to  7 4 0  m m  o f  H g . T h e  v a c u u m  c o n t r o l le r ,  d i r e c t ly  c o n n e c t e d  to  a  p o w e r  s u p p ly  o f  v a c u u m  p u m p  w a s  

u s e d  to  m a in t a in  th e  s e le c te d  v a c u u m .  A  m o is tu r e  t r a p  w a s  in s t a l l e d  to  f i l t e r  a n y  m o is tu r e  f r o m  th e  a i r  f l o w in g  f r o m  

v a c u u m  c h a m b e r  t o w a r d s  v a c u u m  p u m p  d u r in g  th e  p r o c e s s  o f  s a tu r a t io n .  A  c y l in d r ic a l  g la s s  v a c u u m  c h a m b e r  o f  

1 0 0  m m  i n n e r  d i a m e te r  a n d  5 5 0  m m  h e ig h t  w i t h  a  g la s s  f l a n g e  o n  t o p  w a s  u s e d  f o r  m o is tu r e  c o n d i t i o n in g  o f  th e  

s p e c im e n .  T h e  th i c k n e s s  o f  th e  w a l l  o f  th e  g la s s  c y l in d e r  is  5 m m . T h e  to p  f l a n g e  i s  c o n n e c t e d  to  a n  o u t le t ,  t h r o u g h  

w h i c h  v a c u u m  is  a p p l ie d .  T h e  c h a m b e r  is  u s e d  to  s u b m e r g e  th e  s l i c e d  f a t ig u e  b e a m  i n  w a t e r  d u r in g  th e  s a tu r a t i o n  

p r o c e s s .

T h e  f a t ig u e  b e a m  s p e c im e n  w a s  p l a c e d  in s id e  th e  a i r t ig h t  g la s s  c h a m b e r  a n d  w a s  s u b m e r g e d  c o m p le te ly  i n  

w a te r .  A  p a r t i a l  v a c u u m  w a s  a p p l ie d ,  a n d  a s  th e  v a c u u m  r e a c h e d  7 4 0  m m  H g ,  th e  c o n t r o l l e r  s to p s  th e  v a c u u m  p u m p ,  

a n d  th e  v a c u u m  w a s  m a in ta in e d .  O n  th e  d e v e lo p m e n t  o f  v a c u u m ,  th e  a i r  p r e s e n t  i n  th e  v o id s  o f  th e  f a t ig u e  b e a m  

s p e c im e n  w a s  s u b je c t e d  to  p r e s s u r e  g r a d ie n t ,  a n d  th e  a i r  b u b b le s  c o m in g  o u t  o f  th e  s u b m e r g e d  b e a m  s p e c im e n  c o u ld  

b e  s e e n  c le a r ly  i n  F ig .  4 . W h e n  th e  v a c u u m  r e d u c e s  to  7 0 0  m m  H g ,  th e  c o n t r o l l e r  t r ig g e r s  t h e  p u m p  to  s ta r t  a n d  

s to p s  i t  a g a i n  w h e n  7 4 0  m m  H g  v a c u u m  i s  a t ta in e d .  F o l lo w in g  p a r t i a l  v a c u u m  a p p l ic a t io n ,  t h e  b e a m  w a s  t h e n  

a l lo w e d  to  r e m a in  s u b m e r g e d  i n  w a te r  a f t e r  th e  r e le a s e  o f  v a c u u m ,  to  p e r m i t  th e  w a te r  to  e n t e r  th e  e m p ty  v o id s  i n  

th e  b e a m  u n d e r  a tm o s p h e r ic  p r e s s u r e .  M u l t ip le  t r ia l s  w e r e  c a r r ie d  o u t  to  a c h ie v e  th e  s p e c i f i e d  d e g r e e  o f  s a tu ra t io n .  

T o  f i x  th e  t im e  o f  s a tu r a t i o n  b a s e d  o n  th e  p r e l im in a r y  t r ia l s ,  e a c h  s p e c im e n  w a s  a l lo w e d  to  s a tu r a te  f o r  3 h o u r s .  I t  

w a s  p e r c e iv e d  th a t  s p e c im e n  p r e p a r e d  w i t h  V G - 3 0  s a tu r a t e d  f o r  3 h o u r s  a t t a in e d  th e  d e g r e e  o f  s a tu r a t i o n  b e t w e e n  

7 0 - 8 0  % . H o w e v e r ,  b e a m s  p r e p a r e d  u s in g  C R M B - 6 0  b i n d e r  a t  e q u iv a l e n t  a i r  v o id s  a c h ie v e d  4 0 - 5 0  %  d e g r e e  o f  

s a tu r a t i o n  a f t e r  5 h o u r s  a t  t h e  s im i la r  a p p l i c a t i o n  o f  p a r t i a l  v a c u u m .  T h e  in f lu e n c e  o f  m o d i f i e d  b i n d e r  w a s  e v id e n t  o n  

a t t a in m e n t  o f  a  d e g r e e  o f  s a tu r a t i o n  w h e n  c o m p a r e d  w i t h  u n m o d i f i e d  b i tu m in o u s  m ix tu re s .  I t  is  th e r e f o r e  n o t
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n e c e s s a r y  t h a t  th e  d e g r e e  o f  s a tu r a t i o n  s h a l l  b e  i d e n t i c a l  f o r  u n m o d i f i e d  a n d  m o d i f i e d  b i tu m in o u s  m ix tu r e  a t  4  %  a i r  

v o id s ,  s u b j e c t  to  s im i la r  p a r t i a l  v a c u u m  a n d  t im e .  T h e  in te r n a l  m ic r o s t r u c tu r e  i s  c o m p le te ly  d i f f e r e n t  f o r  c r u m b  

r u b b e r  m o d i f i e d  b i tu m in o u s  m ix tu r e s .  T h e  d e g r e e  o f  s a tu r a t i o n  d e p e n d s  o n  th e  i n t e r c o n n e c t iv i ty  o f  th e  a i r  v o id s ,  i n  

o th e r  w o r d s ,  t h e  in te r n a l  s t r u c tu r e  c r e a t e d  b y  th e  a g g r e g a te  m a t r ix  a n d  th e  a s p h a l t  m a s tic .  E v e n  th o u g h  th e  

b i tu m in o u s  m ix tu r e s  w i t h  u n m o d i f i e d  a n d  m o d i f i e d  b in d e r s  w e r e  c o m p a c te d  to  e q u iv a l e n t  a i r  v o id s  o f  4  % , i t  i s  

h y p o th e s iz e d  i n  th i s  s tu d y  t h a t  th e  r e s u l t i n g  v a r i a t i o n  i n  d e g r e e  o f  s a tu r a t i o n  o f  b o t h  th e s e  b i t u m in o u s  m ix tu r e s  is  

m a in ly  d u e  to  t h e  d i f f e r e n c e  i n  t e r m s  o f  t h e  c o n n e c t iv i ty  o f  th e  a i r  v o id s .  H i g h e r  t h e  in te r c o n n e c t iv i ty  o f  th e  a i r  

v o id s ,  th e  d e g r e e  o f  s a tu r a t i o n  i s  l ik e ly  to  b e  h ig h e r .

F ig . 3. Vacuum system

T h e  d e g r e e  o f  s a tu r a t i o n  i s  c a l c u l a t e d  u s i n g  th e  d i f f e r e n c e  i n  a i r  w e ig h t  o f  f a t ig u e  b e a m  b e f o r e  a n d  a f t e r  s a tu r a t i o n  

a s  s h o w n  i n  E q u a t io n  (1 )  a n d  th e  v o lu m e  o f  a i r  v o id s  i s  c o m p u te d  u s i n g  E q u a t io n  (2 ) .

w h e r e ,  S -  d e g r e e  o f  s a tu r a t i o n  ( % ) ,  W sat -  s a tu r a te d  s u r f a c e  d r y  w e ig h t  o f  b e a m  a f t e r  s a tu r a t i o n  (g ) ,  W d  -  w e ig h t  o f  

d r y  b e a m  i n  a i r  ( g ) ,  V au- -  v o lu m e  o f  a i r  v o id s  ( c m 3), V a-  a i r  v o id s  (% ) , a n d  Vbeam -  v o lu m e  o f  b e a m  ( c m 3).
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F ig . 4. Saturation of fatigue beam

3 .3  A N O V A

A n a ly s i s  o f  V a r i a n c e  ( A N O V A )  w a s  c a r r ie d  o u t  to  f i n d  th e  i n f lu e n c e  o f  v a r io u s  p a r a m e te r s  o n  th e  d e g r e e  o f  

s a tu r a t io n .  O n e - w a y  A N O V A  w a s  p e r f o r m e d  a t  9 5 %  c o n f id e n c e  in te r v a l .  I n  th e  f i r s t  s e t ,  w i th in  a  g i v e n  b i n d e r  th e  

in f lu e n c e  o f  a d d i t iv e  ( W M A  a d d i t iv e ,  l im e ,  a n d  W M A  a d d i t iv e  w i t h  l im e )  u s e d  w a s  a s s e s s e d .  S e c o n d ly ,  th e  e f f e c t  

o f  b i n d e r  ty p e  ( u n m o d if ie d  a n d  m o d i f i e d )  o n  th e  d e g r e e  o f  s a tu r a t i o n  w a s  e v a lu a te d .  T h e  f i x e d  v a r i a b l e  i n  th e  f i r s t  

s e t  i s  th e  t y p e  o f  a d d i t iv e  u s e d  i n  th e  s tu d y  a n d  r e s p o n s e  v a r i a b l e  i s  th e  d e g r e e  o f  s a tu r a t io n .  I n  th e  s e c o n d  se t ,  th e  

f i x e d  v a r i a b l e s  a r e  th e  t y p e s  o f  b i n d e r  u s e d  i n  th e  s tu d y .  T h e  n u l l  h y p o th e s is  f o r  th e  s tu d y  i s  n o  s ta t i s t i c a l  d i f f e r e n c e  

i n  th e  m e a n s  b e t w e e n  th e  v a r i a b l e s  e x is t .  A ls o ,  th e  a l t e r n a t iv e  h y p o th e s is  s ta te s  t h a t  th e r e  is  a  s t a t i s t i c a l  d i f f e r e n c e  in  

th e  m e a n s  b e t w e e n  th e  v a r ia b le s .  T h e  n u l l  h y p o th e s is  w a s  a c c e p te d  i f  th e  t a b u la t e d  p - v a lu e  w a s  g r e a t e r  t h a n  p -  

c r i t ic a l  ( 0 .0 5 )  v a lu e ,  e l s e  th e  n u l l  h y p o th e s is  w a s  r e je c te d ,  a n d  a l t e r n a t iv e  h y p o th e s is  w a s  a c c e p te d .

4 Results and Discussion
T h e  o p t im u m  t im e  r e q u i r e d  to  s a tu r a te  f a t ig u e  b e a m  w a s  f o u n d  to  b e  3 h o u r s  f o r  V G - 3 0  b i n d e r  a n d  5 h o u r s  f o r  

C R M B - 6 0  b in d e r .  T h o u g h  a l l  e ig h t  m ix tu r e s  w e r e  c o m p a c te d  a t  4  ±  0 .5  %  a i r  v o id s ,  th e  d e g r e e  o f  s a tu r a t i o n  w a s  

f o u n d  to  b e  v e r y  d i f f e r e n t  a c r o s s  th e  b in d e r s .  T h e  d i f f e r e n c e  i n  th e  d e g r e e  o f  s a tu r a t i o n  b e t w e e n  u n m o d i f i e d  a n d  

m o d i f i e d  b i tu m in o u s  m ix tu r e s  c a n  b e  h y p o th e s is e d  d u e  to  th e  c h a n g e  i n  t h e  in t e r n a l  s t r u c tu r e  a t  c o m p a r a b le  a i r  

v o id s .  T h e  a i r  v o id s  r a n g e ,  d u r a t i o n  o f  s a tu r a t i o n  a n d  d e g r e e  o f  s a tu r a t i o n  d e ta i l s  f o r  th e  t e s t  c o n d u c te d  to  a d d r e s s  

th e  s tu d y  o b je c t iv e  a r e  s p e c i f i e d  i n  T a b le  1.

T a b le  1. Details of the collected data for the study

Binder Bituminous Mix Air Voids 
Range (%) Duration (hrs) No. of samples Degree of 

saturation (%)
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VG-30

HMA 4.1-4.5

3

3 68-82
WMA 3.8-4.5 8 75-82
HMA with Lime 3.9-4.3 4 68-74
WMA with Lime 3.5-4.6 8 67-81

CRMB-60

HMA 4.0-4.8

5

4 51-66
WMA 4.5-4.9 4 41-51
HMA with Lime 3.8-4.9 10 30-65
WMA with Lime 4.4-4.7 3 35-46

O n e - w a y  A N O V A  s h o w s  t h a t  t h e r e  i s  n o  s ig n i f i c a n t  e f f e c t  o f  t h e  a d d i t i o n  o f  a d d i t iv e s  o n  th e  d e g r e e  o f  s a tu r a t i o n  a s  

s h o w n  i n  T a b le  2  f o r  a  g iv e n  b in d e r .  O n e  w a y  A N O V A  w a s  c a r r ie d  o u t  w i th  2 3  s a m p le s  o f  V G - 3 0  a n d  2 1  s a m p le s  

o f  C R M B -6 0 .  A s  th e  p - v a lu e  ( T a b le  2 )  f o r  b o t h  V G - 3 0  a n d  C R M B - 6 0  is  g r e a t e r  t h a n  0 .0 5  ( p - c r i t i c a l ) ,  th e  n u l l  

h y p o th e s is  w a s  a c c e p te d  w h ic h  s ig n i f i e s  t h a t  th e  m e a n s  f o r  a l l  th e  f o u r  v a r i a b l e s  a r e  e q u a l .  T h u s ,  i t  c a n  b e  im p l ie d  

t h a t  u s e  o f  a d d i t iv e  h a s  a  n e g l ig ib le  e f f e c t  o n  th e  v a r i a t i o n  o f  th e  d e g r e e  o f  s a tu r a t i o n  f o r  a  g iv e n  b in d e r .

T a b le 2 . Effect of additive on the degree of saturation (%)

Additive VG-30 CRMB-60
Mean SD F* F P Mean SD F* F P

Control 76 7.9 3.1 2.1 0.12 52 1.7 3.3 2.8 0.08
WMA additive 78 4.0 46 4.1
Lime 71 2.7 41 5.5
WMA additive and 
Lime 74 5.8 43 3.1

SD- standard deviation, F* - F critical, F -  F calculated, P - P value

W h e r e a s ,  th e  d e g r e e  o f  s a tu r a t i o n  w a s  s ig n i f i c a n t ly  a f f e c t e d  b y  th e  ty p e  o f  b i n d e r  a s  s h o w n  i n  T a b le  3 . A l l  4 4  

s a m p le s  o f  V G - 3 0  a n d  C R M B - 6 0  w e r e  e x a m in e d  f o r  th e  o n e - w a y  A N O V A . A s  p - v a lu e  ( T a b le  3 )  i s  s m a l le r  t h a n  p -  

c r i t ic a l ,  th e  n u l l  h y p o th e s is  i s  r e je c te d ,  a n d  a l t e r n a t iv e  h y p o th e s is  w a s  a c c e p te d .  I t  c a n  b e  s a id  t h a t  t h e  m e a n s  o f  tw o  

v a r i a b l e s  a r e  n o t  e q u a l .  T h e r e f o r e ,  i t  c a n  b e  i n f e r r e d  t h a t  d e g r e e  o f  s a tu r a t i o n  i s  b i n d e r  d e p e n d e n t .

T a b le  3. Effect of binder on the degree of saturation (%)

Binder Mean SD F* F P

VG-30 75 5.5 4.1 286.8 0.000

CRMB-60 42 6.8

5 Conclusions

A  n e w  p r o c e s s  i s  d e v e lo p e d  i n  th i s  s tu d y  f o r  m o is tu r e  c o n d i t i o n in g  o f  t h e  l a r g e - s i z e d  p r i s m a t ic  s t r a ig h t  b e a m  

s p e c im e n s  o f  b i t u m in o u s  c o n c r e te .  T h e  s tu d y  s h o w s  t h a t  V G - 3 0  m ix tu r e s  a c h i e v e d  7 0  - 8 0  %  d e g r e e  o f  s a tu r a t i o n  i n

3 h o u r s ,  w h e r e a s  C R M B - 6 0  m ix tu r e s  w e r e  s a tu r a te d  b e t w e e n  4 0  - 5 0  %  i n  5 h o u r s ,  a l t h o u g h  b o t h  th e  m ix tu r e s  w e r e  

i d e n t ic a l ly  c o m p a c te d .  I t  w a s  a ls o  o b s e r v e d  t h a t  th e  d e g r e e  o f  s a tu r a t i o n  i s  d e p e n d e n t  o n  th e  ty p e  o f  b i n d e r  

g o v e r n in g  v a r i a b i l i t y  i n  t h e  in t e r n a l  m ic r o s t r u c tu r e ,  a n d  i s  in d e p e n d e n t  o f  t h e  a d d i t i o n  o f  a d d i t iv e s  w i t h i n  a
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p a r t i c u l a r  b in d e r .  S p e c i f ic  g u id e l in e s  r e l a t e d  to  th e  p a r a m e te r s  to  b e  c o n s id e r e d  d u r in g  th e  m o is tu r e  c o n d i t i o n in g  

p r o c e s s  w e r e  p r o v id e d ,  a n d  th e  r e la t iv e  e f f e c t s  o f  a d d i t iv e s  a n d  b i n d e r  ty p e  w e r e  q u a n t i f ie d .  S ta t i s t ic a l ly ,  t h e  e f f e c t  

o f  a d d i t iv e s  h a d  n o  s ig n i f i c a n t  e f f e c t  o n  th e  d e g r e e  o f  s a tu r a t i o n  f o r  a  p a r t i c u l a r  b in d e r .  I t  w a s  a ls o  v e r i f i e d  

s t a t i s t i c a l ly  t h a t  t h e  d e g r e e  o f  s a tu r a t i o n  i s  v e r y  m u c h  b i n d e r  d e p e n d e n t  w i t h i n  th e  g i v e n  r a n g e  o f  a i r  v o id s  

c o n s id e r e d  i n  th i s  s tu d y .
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A b s tr a c t .  1, 35,000 people were killed on road accidents in India in 2016. Statistics indicate that accidents prove 
to be a socioeconomic burden to the society. Even though crash data is a true representation of safety, its use in 
safety studies has many disadvantages. The major disadvantage is that for analyzing the traffic safety aspect of a 
new facility, one has to wait till considerable number of accidents occurs. Another disadvantage is that from crash 
data, we may obtain the severity of crash, fatality, damage etc. But more relevant data useful for safety analysis, 
which includes the causal factors behind the crash such as driver response to a threatening situation, speed of the 
vehicles, etc. cannot be obtained from this data. Another disadvantage is that not all accidents are reported and 
this might lead to incorrect and biased conclusions. Surrogate measures to determine traffic safety mean to 
substitute the need for crash data with another factor which would represent traffic safety. This project aims to 
identify the accident black spots on the study stretch and develop the surrogate safety assessment models for the 
identified black spots for assessing safety.
K e y w o r d s :Surrogate safety assessment model, black spots

Introduction

T h r o u g h o u t  th e  w o r ld  m o r e  t h a n  o n e  m i l l io n  p e o p le  lo s e  t h e i r  l iv e s  i n  r o a d  t r a f f i c  c r a s h e s  e a c h  y e a r .  I t  h a s  b e e n  

e s t im a te d  t h a t  I n d i a  c u r r e n t ly  a c c o u n ts  f o r  n e a r ly  1 0 %  o f  r o a d  a c c id e n t  f a t a l i t i e s  w o r ld w id e .  I n  a d d i t io n ,  o v e r  1 .3  

m i l l io n  p e o p le  a r e  s e r io u s ly  in ju r e d  o n  th e  I n d i a n  r o a d s  e v e r y  y e a r .  H e n c e ,  t r a f f i c  s a f e ty  h a s  b e c o m e  a  m a jo r  a r e a  o f  

c o n c e r n  f o r  th e  a u th o r i t ie s .  T h e  d e v e lo p m e n t  o f  u r b a n  t r a n s p o r t  s y s te m  h a s  n o t  k e p t  p a c e  w i t h  th e  t r a f f i c  d e m a n d  

b o t h  i n  t e r m s  o f  q u a l i ty  a n d  q u a n t i ty .  A s  a  r e s u l t ,  th e  u s e  o f  p e r s o n a l i z e d  t r a n s p o r t  m a in ly  tw o  w h e e le r s  a n d  

i n te r m e d ia te  p u b l ic  t r a n s p o r t  is  g r o w in g  a t  a  r a p id  s p e e d .  W o r ld  H e a l t h  O r g a n iz a t io n ( W H O )  h a s  m e n t io n e d  th a t ,  

a c c id e n t s  a r e  th e  s e c o n d  m o s t  im p o r t a n t  c a u s e  o f  d e a t h  f o r  y o u n g  p e o p le  h a v in g  a g e  9  to  2 9 .

T h is  p r o j e c t  a im s  to  c la r i f y  t h e  c o n c e p t  o f  S u r r o g a te  m e a s u r e s  o f  s a f e ty ;  s u m m a r iz e  th e  p a s t  r e s e a r c h  i n  th e  a r e a  

a n d  to  i n v e s t ig a te  h o w  s im u la t io n  c a n  b e  u s e d  i n  a s s e s s in g  th e  s a f e ty  o f  in te r s e c t io n s .

Objectives

T h e  o b je c t iv e s  o f  th e  t h e s is  a r e  a s  f o l lo w s ,

•  T o  id e n t i f y  th e  b l a c k  s p o t s  i n  th e  s t r e t c h  o f  r o a d  b e t w e e n  G u r g a o n  a n d  F a r id a b a d  d i s t r i c t s  i n  H a r y a n a .

•  A p p l i c a t i o n  o f  m ic r o  s im u la t io n  a n d  S S A M  f o r  th e  a s s e s s m e n t  o f  i n t e r s e c t io n  s a fe ty .

•  T o  d e v e lo p  s u r r o g a te  s a f e ty  a s s e s s m e n t  m o d e ls .

Literature Review

T h e  s tu d y  o f  L iy a m o l  I s e n  e t  a l . ( 2 0 1 3 )  in c lu d e s  c o l l e c t i o n  o f  s e c o n d a r y  a c c id e n t  d a t a  a n d  p r io r i t i z in g  th e  

a c c id e n t - p r o n e  lo c a t io n s  b y  u s i n g  W e ig h te d  S e v e r i ty  I n d e x  ( W S I )  m e th o d .  W S I  m e th o d  f o l lo w s  a  s y s te m  o f  

a s s ig n in g  s c o r e s  b a s e d  o n  th e  n u m b e r  a n d  s e v e r i ty  o f  a c c id e n t s  i n  t h a t  p a r t i c u l a r  l o c a t io n  i n  t h e  l a s t  f iv e  y e a r s .  

S id d h a r th  a n d  G i t a k r i s h n a n  ( 2 0 1 3 )  in t r o d u c e d  a  m e th o d  o f  s e n s i t iv i ty  a n a ly s i s  a n d  a u to m a t ic  c a l i b r a t i o n  o f  V I S S I M  

m o d e l  o f  a n  i n t e r s e c t io n  i n  C h e n n a i .  V I S S I M  p a r a m e te r s  a f f e c t in g  d r iv e r  b e h a v i o r  i n  I n d i a n  h e te r o g e n e o u s  

c o n d i t io n s  w e r e  f o u n d  u s i n g  s e n s i t iv i ty  a n a ly s is .  A N O V A  a n d  e l e m e n ta r y  e f f e c t s  m e th o d  w e r e  u s e d  i n  s e n s i t iv i ty  

a n a ly s is .  M a th e w  a n d  R a d h a k r i s h n a n  ( 2 0 1 0 )  p r o p o s e d  a  m e th o d o lo g y  f o r  c a l i b r a t i n g  a  m ic r o  s im u la t io n  m o d e l  f o r  

h ig h ly  h e t e r o g e n e o u s  t r a f f i c  a t  s ig n a l i z e d  in te r s e c t io n .  C a l ib r a t i o n  p a r a m e te r s  w e r e  id e n t i f i e d  u s in g  s e n s i t iv i ty
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a n a ly s i s ,  a n d  th e  o p t im u m  v a lu e s  f o r  th e s e  p a r a m e te r s  w e r e  o b t a in e d  b y  m in im iz in g  th e  e r r o r  b e t w e e n  th e  s im u la te d  

a n d  f i e ld  d e la y .

H u a n g  e t  a l. ( 2 0 1 3 )  d e v e lo p e d  a  t r a f f i c  s a f e ty  e v a lu a t io n  m e th o d  b a s e d  o n  s im u la t e d  c o n f l i c t s  a t  s ig n a l i z e d  

in te r s e c t io n s .  T h e  s e l e c t e d  in t e r s e c t io n  w a s  s im u la te d  i n  V I S S I M  s im u la t io n  s y s t e m  a c c o r d in g  to  th e  f i e l d  t r a f f i c  

in f o rm a t io n .  T h e n  th e  o u tp u t  v e h ic l e  t r a j e c to r y  f i le  w a s  a n a ly z e d  b y  S u r r o g a te  S a f e ty  A s s e s s m e n t  M o d e l  (S S A M )  i n  

o r d e r  to  id e n t i fy  s im u la te d  c o n f l i c t s .  S im u la t e d  c o n f l i c t s  g e n e r a te d  b y  th e  V I S S I M  s im u la t io n  a n d  S S A M  w e r e  

c o m p a r e d  to  t h e  t r a f f i c  c o n f l i c t s  m e a s u r e d  i n  th e  f ie ld .  A f t e r  c a l i b r a t i o n  a n d  v a l id a t io n ,  t h e  r e m e d ia l  m e a s u r e  f o r  th i s  

i n te r s e c t io n ,  r e d u c in g  th e  s p e e d  l im i t  f r o m  6 0  k m / h  to  5 0  k m /h ,  w e r e  a p p l i e d  i n  th e  V I S S I M  s im u la t io n  m o d e l .  

C o m p a r in g  th e  s im u la te d  c o n f l i c t s  u n d e r  d i f f e r e n t  s p e e d  l im i ts ,  i t  w a s  f o u n d  t h a t  t h e  s a fe ty  p e r f o r m a n c e  o f  th i s  

i n t e r s e c t io n  w a s  im p r o v e d  a f t e r  r e d u c in g  th e  s p e e d  l im i t .  V a s c o n c e lo s  e t  a l . ( 2 0 1 4 )  in t r o d u c e d  tw o  m e th o d s  f o r  

v a l i d a t i o n  o f  S S A M  a s  a  t o o l  f o r  a c c id e n t  p r e d i c t i o n  a t  u r b a n  in te r s e c t io n s .  T h e  f i r s t  m e th o d  c o m p a r e d  th e  s im u la te d  

n u m b e r  o f  c o n f l i c t s  f r o m  th e  u s e  o f  S S A M  a n d  th e  p r e d i c t e d  n u m b e r  o f  in ju r y  a c c id e n t s  f r o m  a n a ly t i c  m o d e ls  i n  

th r e e  r e f e r e n c e  i n t e r s e c t io n  l a y o u t s  ( f o u r - l e g  p r io r i t y  in te r s e c t io n ,  f o u r - l e g  s t a g g e r e d  in te r s e c t io n ,  a n d  s in g le - la n e  

r o u n d a b o u t ) .  T h e  s e c o n d  m e th o d  c o m p a r e d  S S A M  r e s u l t s  w i t h  c o n f l i c t s  o b s e r v e d  o n  s i te  i n  f o u r - r e a l  in te r s e c t io n s :  

tw o  p r io r i ty  o n e s  a n d  tw o  ro u n d a b o u ts .

Methodology
T h e  s tu d y  a r e a  w a s  s e le c te d  f o r  th e  s t r e t c h  o f  r o a d  b e t w e e n  G u r g a o n  a n d  F a r id a b a d  d i s t r ic t s  h a v in g  l e n g t h  2 4 .3  K m  

i n  H a r y a n a .  T h e  a c c id e n t  d a t a  f o r  th e  s tu d y  s t r e t c h  w e r e  c o l l e c t e d  f r o m  th e  p o l ic e  s ta t io n s  f o r  th e  y e a r  2 0 0 8  to  2 0 1 4 .  

A c c id e n t  b l a c k  s p o t s  w e r e  i d e n t i f i e d  b y  u s in g  th e  w e ig h te d  s e v e r i ty  i n d e x  m e th o d .  T h e  id e n t i f i e d  b l a c k  s p o ts  

i n c lu d e  tw o  in te r s e c t io n s .  T h e  in te r s e c t io n s  w e r e  s im u la te d  i n  V I S S I M  7  a n d  c a l ib r a t i o n  w a s  d o n e  b y  c h a n g in g  th e  

d r iv e r  b e h a v i o r  p a r a m e te r s .  T h e  f i r s t  o n e - h o u r  d a ta  w a s  u s e d  f o r  c a l i b r a t i o n  a n d  r e s t  u s e d  f o r  v a l id a t io n .  T h e  

t r a j e c to r y  d a t a  f r o m  th e  c a l i b r a t e d  m o d e l  w a s  e x t r a c te d  a n d  im p o r t e d  to  S S A M  ( S u r r o g a te  s a fe ty  a s s e s s m e n t  m o d e l )  

s o f tw a r e .  C a l ib r a t i o n  o f  th i s  s u r r o g a te  s a f e ty  a s s e s s m e n t  m o d e l  w a s  d o n e  b y  c h a n g in g  th e  s u r r o g a te  m e a s u r e ’s 

d e f a u l t  v a lu e s .  V a l id a t io n  o f  th e  m o d e l  w a s  d o n e  b y  c o m p a r in g  th e  s im u la te d  n u m b e r  o f  c r a s h e s  w i t h  a c tu a l  

a c c id e n t  n u m b e r .  T h e  a c c id e n t  n u m b e r  o f  th e  s e c o n d  b l a c k  s p o t  w a s  f o r e c a s t e d  b y  u s i n g  th e  s u r r o g a te  s a fe ty  

a s s e s s m e n t  m o d e l .

' '  _  J  HAUZ KHAS

B a d s a , .

i

G urugram , H ary an a  C £///

Patli Hajipur 24eA

Lhandewla —©
Tigaon

Pataudi

F ig u re  1 4Study stretch -  between Gurgaon and Faridabad, Haryana

Data Collection

A c c id e n t  d a t a  w a s  c o l l e c t e d  f o r  th e  y e a r s  2 0 0 8  to  2 0 1 4  f r o m  th e  p o l i c e  s t a t io n s  n a m e ly  D L F  p h a s e  I , S u r a jk u n d  a n d  

S e c to r  5 5 . A c c id e n t  b l a c k  s p o t s  w e r e  i d e n t i f i e d  b y  u s i n g  th e  w e ig h te d  s e v e r i ty  in d e x  m e th o d .  T h e  id e n t i f i e d  b l a c k  

s p o t s  in c lu d e  S i lv e r  O a k  C h o w k  i n t e r s e c t io n  a n d  P a l i  c r u s h e r  z o n e  in te r s e c t io n .  V o lu m e  o f  th e s e  i n te r s e c t io n s  w a s  

c o l l e c t e d  b y  u s in g  v id e o  g r a p h ic  m e th o d .  T o ta l  tw o  h o u r s  S p e e d  w a s  c o l l e c t e d  b y  r a d a r  g u n  a t  1 0 0  m e te r s  a w a y  

f r o m  th e  in te r s e c t io n .  S ig n a l  t im in g  w a s  c o l l e c t e d  m a n u a l ly .  T h e  c l a s s i f i e d  v e h ic l e  v o lu m e s  o f  th e  in t e r s e c t io n s  w e r e  

e x t r a c te d  m a n u a l ly  f r o m  th e  v id e o  w i th  a n  in t e r v a l  o f  5 m in u te s .

Analysis

A n a ly s i s  p a r t  o f  th e  p r o j e c t  s t a r te d  w i th  a c c id e n t  d a t a  a n a ly s is .  T h e  p r im a r y  a i m  is  th e  i d e n t i f i c a t io n  o f  b l a c k  sp o ts .  

W e ig h te d  S e v e r i ty  I n d e x  ( W S I )  m e th o d  w a s  a d o p te d .W e ig h te d  S e v e r i ty  I n d e x  ( W S I )  i s  a  d im e n s io n le s s  v a lu e  

i n d i c a t in g  th e  h a z a r d o u s n e s s  o f  a  s p o t  i n  t h e  ro a d .  T h e  f o l lo w in g  e q u a t io n  w a s  u s e d .  [1 1 ]
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Weighted Severity Index (WSI) = (41 x/f) + (4xG/) + (lx MI)
W h e r e ,

K -  N u m b e r  o f  p e r s o n s  k i l l e d  

G I -  N u m b e r  o f  g r i e v o u s  in ju r ie s  

M I -  N u m b e r  o f  m in o r  in ju r ie s

W S I  o f  P a l i  C r u s h e r  Z o n e  =  (4 1  x  1 0 ) +  (4  x  3 4 )  +  (1 x  4 7 )= 5 9 3  

W S I  o f  S i lv e r  O a k  C h o w k  =  (4 1  x  3 )  +  (4  x  3 5 )  +  (1  x  1 1 ) = 2 7 4

VISSIM Simulation

S a te l l i te  im a g e s  o f  t h e  i n te r s e c t io n s  w e r e  t a k e n  f r o m  th e  G o o g le  e a r th .  T h e s e  im a g e s  a r e  im p o r t e d  i n  V I S S I M  a s  

b a c k g r o u n d  im a g e  a n d  s e t  to  th e  s c a le .  N u m b e r s  o f  la n e s ,  la n e  w id th ,  r a d iu s  o f  th e  c u r v e  e tc .  a r e  in p u t s  a s  p e r  r o a d  

in v e n to r y  d e ta i l s  c o l l e c t e d  f r o m  P W D .I n d ia n  v e h ic l e  t y p e s  a r e  a d d e d  to  th e  n e tw o r k ,  w h i c h  in c lu d e s  I n d i a n  a u to , 

L C V  a n d  D e lh i  B u s .

F ig u re  15Realistic representation of intersection I - Silver Oak Chowk in VISSIM 

2 .1  C a l i b r a t i o n  o f  V I S S I M  M o d e l

T h e  f i r s t  o n e - h o u r  d a t a  w a s  u s e d  f o r  c a l ib r a t io n .  C a l ib r a t i o n  o f  t h e  d e v e lo p e d  m o d e l  w a s  d o n e  b y  c h a n g in g  th e  

v a lu e s  o f  th e  d r iv e r  b e h a v i o r  p a r a m e te r s .  T h e  f o l lo w in g  t a b l e  1 s h o w s  th e  p a r a m e te r s  c o n s id e r e d  f o r  c a l ib r a t io n ,  i t s  

d e f a u l t  v a lu e  a n d  c a l ib r a t e d  v a lu e .
T a b le  7Parameters for calibration 

Sl.No Parameters considered Default value Calibrated value
1 Average stand Still Distance 2 .25
2 Additive part of safety Distance 2 .1
3 Multiple Part of Safety Distance 3 .1
4 Look ahead distance

Minimum 0 50
Maximum 250 250

5 Observed Vehicles 4 2
6 Look back distance

Minimum 0 50
Maximum 150 100

7 Maximum Deceleration
Own 4 7
Trailing 3 6

8 Accepted deceleration
Own 1 3
Trailing 1 2

9 Waiting Time Before Diffusion 60 150
10 Minimum Headway .5 .1
11 Safety Distance Reduction Factor .6 .3

12 Maximum Deceleration for 3 3Corporate breaking
13 Minimum Lateral Distance
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0Km/h .2 .1
50Km/h 1 .2

2 .2  V a l i d a t i o n  o f  V I S S I M  M o d e l

F o r  v a l id a t in g  th e  V I S S I M  m o d e l ,  n e x t  o n e - h o u r  d a t a  o f  v o lu m e  w a s  t a k e n  a s  th e  i n p u t  a n d  th e  o u tp u t  v o lu m e  a n d  

s p e e d  f r o m  th e  V I S S I M  is  c o m p a r e d  w i th  t h e  i n p u t  v a lu e s .  G e o f f r e y  E . H a v e r s  d e v e lo p e d  a  c o n t in u o u s  v o lu m e  

to le r a n c e  f o r m u la  w h i le  w o r k in g  a s  a  t r a n s p o r t  p l a n n e r  i n  L o n d o n ,  E n g la n d  i n  th e  1 9 7 0 s . A l th o u g h  i t s  m a th e m a t ic a l  

f o r m  i s  s im i la r  to  a  c h i - s q u a r e d  te s t ,  i s  n o t  a  t r u e  s t a t i s t i c a l  te s t .  R a th e r ,  i t  is  a n  e m p i r ic a l  f o r m u la  t h a t  h a s  p r o v e n  

u s e f u l  f o r  a  v a r i e ty  o f  t r a f f i c  a n a ly s i s  p u r p o s e s .  G E H  v a l u e s  a r e  le s s  t h a n  5 w h i c h  im p l ie s  g o o d  m a tc h  b e t w e e n  th e  

m o d e le d  a n d  o b s e r v e d  h o u r ly  v o lu m e s .  [1 3 ]

G E H  F o r m u la  is  a s  f o l lo w s .

_  \2 ( m - c y  

'H J  m  +  c 

W h e r e :

m  is  th e  v a l u e s  f r o m  th e  t r a f f i c  m o d e l  ( p e r  h o u r )  

c  is  th e  r e a l - w o r ld  t r a f f i c  v a lu e  ( p e r  h o u r )
T h e  f o l lo w in g  ta b le  2  s h o w s  th e  G H  c a l c u l a t i o n  o f  a n  a p p r o a c h  o f  th e  S i lv e r  o a k  c h o w k  in te r s e c t io n .

T a b le  8 GEH of Faridabad approach of Silver Oak Chowk

Data Time Data Collection Veh(All) Veh(60) Veh(90) Veh(80) Veh(20) Veh(10) Veh(70)
Collection interval Location
63 200-1100 04:00 FBD 441 64 5 14 2 353 3

63 1100-2000 04:00 FBD 418 57 9 20 1 328 3
63 2000-2900 04:00 FBD 439 66 8 17 4 341 3

63 2900-3800 04:00 FBD 415 52 7 13 2 337 4
O/P 1713 239 29 64 9 1359 13
I/P 1765 271 34 58 12 1380 10
GH 1.2469 2.0039 0.8908 0.7682 0.5674 0.5674 0.8846

Development of Surrogate Safety Assessment Model (SSAM)

S u r r o g a te  s a f e ty  a s s e s s m e n t  m o d e l  w a s  d e v e lo p e d  b y  im p o r t in g  th e  t r a j e c to r y  d a t a  f r o m  th e  V I S S I M  s im u la t io n  in to  

S S A M  s o f tw a r e  d e v e lo p e d  b y  F H W A . T h e  s u r r o g a te  m e a s u r e s  in c lu d e  T im e  to  c o l l i s i o n  ( T T C ) ,  P o s t  e n c r o a c h m e n t  

t im e  ( P E T ) ,  M a x im u m  s p e e d  ( M a x S )  e tc .

T im e  to  c o l l i s i o n  i s  d e f in e d  a s  th e  t im e  l e f t  f o r  c o l l i s i o n  p r o v id e d  th e  s p e e d  a n d  c o u r s e  o f  th e  c o l l i d in g  o b je c t s  

c o n t in u e  to  r e m a i n  th e  s a m e  d u r in g  a  c a r  f o l lo w in g  s c e n a r io .  P o s t  E n c r o a c h m e n t  t im e  h a s  b e e n  d e f in e d  b y  C o o p e r  

( 1 9 8 3 )  a s  th e  d i f f e r e n c e  b e t w e e n  th e  t im e  a t  w h i c h  th e  l e a d in g  v e h ic l e  e n te r s  a  c o l l i s i o n  p o i n t  a n d  th e  t im e  a t  w h ic h  

th e  f o l lo w in g  v e h ic l e  e n te r s  t h e  s a m e  p o in t .A s  p o s t  e n c r o a c h m e n t  t im e  d e c r e a s e s  th e  c h a n c e s  o f  c o l l i s i o n  in c r e a s e s .  

T h e  g e n e r a l  n o t io n  t h a t  h ig h  s p e e d s  ( M a x S )  l e a d  to  a c c id e n ts  i n  m o s t  o f  th e  c a s e s  h a v e  a lw a y s  b e e n  a  q u e s t io n  

d i s c u s s e d  u p o n  a n d  d e n ie d  u p o n  b y  m a n y  r e s e a r c h e r s .  B u t  i t  is  q u i te  o b v io u s  t h a t  h ig h e r  s p e e d  g iv e s  th e  d r iv e r  le s s  

t im e  to  r e a c t  to  a n y  in c id e n t  t h a t  m ig h t  o c c u r  a n d  s im i la r ly  i t  a l s o  d o e s  n o t  g iv e  t im e  to  th e  o th e r  r o a d  u s e r  in v o lv e d  

i n  c o n f l i c t  to  r e a c t  a c c o r d in g ly  w h ic h  c a n  l e a d  to  c r a s h e s .

2 .3  C a l i b r a t i o n  a n d  v a l i d a t i o n  o f  S S A M

•  T h e  f i r s t  s te p  o f  c a l i b r a t i o n  o f  th e  m o d e l  d e v e lo p e d  i n  S S A M  s o f tw a r e  w a s  to  d e te r m in e  th e  s e n s i t iv e  

p a r a m e te r s  t h a t  a f f e c t  th e  c o n f l i c t  n u m b e r .

•  T h e  v a lu e s  o f  s u r r o g a te  m e a s u r e s  a r e  c h a n g e d  a n d  c o m p a r e d  th e  c o n f l i c t  n u m b e r  a t  e a c h  i t e r a t io n  ( T r i a l  a n d  

E r r o r  m e th o d ) .

•  T h e  r e s u l t  i n d ic a te s  t h a t  T T C ,  P E T  a n d  M a x S  a r e  th e  s e n s i t iv e  p a r a m e te r s .  C a l ib r a t e d  v a lu e s  o f  th e  T T C  1.3 -

1 .5  s e c o n d , P E T ,  M a x S  a re , 4  -  4 .1  s e c o n d  a n d  1 0 -  2 0  m /s  r e s p e c t iv e ly .
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•  T h e  a v e r a g e  a c c id e n t  n u m b e r  a n d  th e  p r e d i c t e d  a c c id e n t  n u m b e r  h o ld  a  g o o d  m a tc h  i m p ly in g  th e  d e v e lo p e d  

m o d e l  i s  v a l id a t e d

2 .4  F o r e c a s t i n g  o f  a c c i d e n t  n u m b e r

T h e  v a lu e  c a l i b r a t e d  f r o m  S i lv e r  o a k  c h o w k  w a s  4  to  4 .1 s e c  f o r  P E T  w h i c h  w a s  n o t  a p p l ic a b le  f o r  th e  P a l i  c r u s h e r  

z o n e  in te r s e c t io n .  I n  o r d e r  to  c a l i b r a t e  th e  P a l i  C r u s h e r  z o n e  m o d e l ,  P E T  h a s  c h a n g e d  to  3 .2  - 4 .1  s e c . T h e n  th e  

p r e d i c t e d  n u m b e r  ( s im u la te d  n u m b e r )  o f  c r a s h e s  p e r  y e a r  b e c o m e s  e ig h t ,  w h ic h  m a tc h e s  w i t h  th e  a c tu a l  a c c id e n t  
n u m b e r .

2 .5  A s s e s s m e n t  o f  e f f e c t iv e n e s s  o f  r e m e d i a l  m e a s u r e s

T h e  s p e e d  l im i t  r e d u c e d  f r o m  8 0  k m p h  to  7 0  k m p h  f o r  C a r  a n d  T w o - w h e e le r ,  6 5  k m p h  to  5 0  k m p h  f o r  B u s  a n d  

H G V , 5 0  k m p h  to  4 0  k m p h  f o r  A u to  i n  V I S S I M  s im u la t io n .  L a n e  d i s c ip l in e  is  in t r o d u c e d  i n  s im u la t io n  b y  c h a n g in g  

th e  d r iv e r  b e h a v io u r  p a r a m e te r ,  i .e . ,  d e s i r e d  p o s i t i o n  a t  f r e e  f lo w  h a s  c h a n g e d  f r o m  ‘a n y ’ to  ‘m id d le  o f  th e  l a n e ’ . 

T h is  r e s e m b le s  t r a f f i c  b a r r i e r s  i n  th e  r o a d  i n  o r d e r  to  o b t a in  th e  la n e  d i s c ip l in e  a n d  to  a v o id  a g g r e s s iv e  d r iv in g .  F o r  
b o t h  P a l i  C r u s h e r  Z o n e  a n d  S i lv e r  O a k  C h o w k ,  C r a s h  n u m b e r  i s  r e d u c e d  f r o m  e ig h t  to  o n e .

Results and Conclusions

•  T h e  b l a c k  s p o ts  i n  th e  s tu d y  s t r e t c h  w e r e  id e n t i f i e d  b y  w e ig h te d  s e v e r i ty  i n d e x  ( W S I )  m e th o d .

•  T h e  id e n t i f i e d  b l a c k  s p o ts  in c lu d e  tw o  in te r s e c t io n s  n a m e d  S i lv e r  O a k  C h o w k  ( W S I  is  2 7 4 )  a n d  P a l i  c r u s h e r  

z o n e  ( W S I  is  5 9 3 ) .

•  V I S S I M  m o d e ls  d e v e lo p e d  f o r  th e  i n te r s e c t io n s  w e r e  c a l i b r a t e d  b y  c h a n g in g  th e  d r iv e r  b e h a v i o r  p a r a m e te r s .

•  T h e  V I S S I M  m o d e ls  w e r e  v a l i d a t e d  b y  c o m p a r in g  th e  s p e e d  a n d  v o lu m e  o f  s im u la te d  m o d e l  w i t h  t h e  a c tu a l  

v a lu e s .  T h e  p e r c e n ta g e  e r r o r  b e t w e e n  s im u la t e d  s p e e d  a n d  f i e ld  s p e e d  w a s  l e s s  t h a n  te n .  T h e  G E H  v a lu e s  f o r  

th e  v o lu m e  o f  t h e  tw o  in te r s e c t io n s  w e r e  l e s s  t h a n  f iv e .

•  T h e  s u r r o g a te  s a f e ty  a s s e s s m e n t  m o d e l  (S S A M )  f o r  th e  S i lv e r  o a k  c h o w k  i n t e r s e c t io n  w a s  c r e a te d .  T h e  

s e n s i t iv e  p a r a m e te r s  i n c lu d e  T T C , P E T  a n d  M a x S  w e r e  f o u n d  o u t  b y  c h a n g in g  th e  d e f a u l t  v a l u e s  i n  t h e  m o d e l .  

T h e  c a l ib r a t i o n  o f  t h e  m o d e l  w a s  d o n e  b y  c h a n g in g  th e  r a n g e  o f  v a lu e s  o f  t h e  s e n s i t iv e  s u r r o g a te  m e a s u re s .  T h e  

c a l ib r a t e d  v a lu e s  o f  th e  T T C ,  P E T ,  a n d  M a x S  a r e  1 .3  -  1 .5  s e c o n d , 4  - 4 .1  s e c o n d  a n d  10  -  2 0  m /s  r e s p e c t iv e ly .

•  T h e  a v e r a g e  a c c id e n t  n u m b e r  (7 )  a n d  th e  p r e d i c t e d  a c c id e n t  n u m b e r  (8 )  h o ld  a  g o o d  m a tc h  im p ly in g  th e  

d e v e lo p e d  m o d e l  i s  a p p r o p r ia te  f o r  a s s e s s in g  th e  s a fe ty .

•  T h e  v a lu e  c a l i b r a t e d  f r o m  S i lv e r  o a k  c h o w k  w a s  4  to  4 .1 s e c  f o r  P E T . I n  o r d e r  to  c a l ib r a te  th e  P a l i  C r u s h e r  z o n e  

m o d e l ,  P E T  h a s  c h a n g e d  to  3 .2  - 4 .1  s e c . T h e n  th e  p r e d i c t e d  n u m b e r  ( s im u la te d  n u m b e r )  o f  c r a s h e s  p e r  y e a r  

b e c o m e s  e ig h t ,  m a tc h e s  w i t h  t h e  a c tu a l  a c c id e n t  n u m b e r  w h ic h  i s  s e v e n .

•  T h e  r e d u c t io n  i n  th e  P E T  v a lu e  im p l ie s ,  a t  P a l i  c r u s h e r  z o n e  th e  d r iv e r s  a r e  a g g r e s s iv e  a n d  n o t  a d h e r in g  to  c a r  

f o l lo w in g .  T h a t  m e a n s  v e h ic l e s  a r e  i n  o v e r  s p e e d .  T h e r e f o r e ,  c h a n c e s  o f  c o l l i s i o n  a r e  m o re .

•  T h e  r e m e d ia l  m e a s u r e  s u g g e s t e d  i n  o r d e r  to  a v o id  th e  a c c id e n ts  i n c lu d e s  r e d u c e  th e  s p e e d  l im i t  a n d  in t r o d u c e  

t r a f f i c  b a r r i e r s  to  o b t a in  th e  l a n e  d i s c ip l in e  a n d  to  a v o id  a g g r e s s iv e  d r iv in g .  S p e e d  l im i t  w a s  r e d u c e d  a s  7 0 k m /h  

f o r  c a r ,  5 0 k m /h  f o r  tw o  w h e e le r s ,  t r u c k  a n d  b u s  i n  V I S S I M  m o d e ls .  A f t e r  a n a ly z in g  th e  t r a j e c to r y  d a t a  f r o m  th e  

m o d i f i e d  V I S S I M  m o d e ls  i n  S S A M , i t  i s  s h o w n  t h a t  c r a s h e s  p e r  y e a r  i s  r e d u c e d  to  o n e .  S o  r e d u c t io n  i n  th e  

s p e e d  l im i t  w i l l  b e  a n  e f f e c t iv e  s o lu t io n  to  r e d u c e  th e  a c c id e n t s  a t  th e  s tu d y  s t r e tc h e s .

•  F o r  b o t h  i n te r s e c t io n s  ( P a l i  C r u s h e r  Z o n e  a n d  S i lv e r  O a k  C h o w k ) ,  C r a s h  n u m b e r  i s  r e d u c e d  f r o m  e ig h t  to  o n e  

i m p ly in g  th e  r e m e d ia l  m e a s u r e  s u g g e s t e d  w i l l  b e  e f f e c t iv e  f o r  r e d u c in g  th e  a c c id e n ts
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One of the major considerations for designing a highway pavement is traffic data in terms of Average Annual 
Daily Truck Traffic (AADTT) and axle load data.Vehicle Damage Factor (VDF) approach is used in India for 
calculating the Equivalent Standard Axle Load (ESAL) and Asphalt Institute uses Truck Factor (TF). When 
ESAL is computed using VDF and TF approaches, a uniform distribution is inherently assumed for representing 
the axle load data.Most of the Indian highways are heavily overloaded and it is well known that extreme axle 
loads can damage the pavement more, though the number of such axle load repetitions are less. It is not sure 
whether the uniform distribution can capture such behavior. Different types of probability density functions are 
available which can explain such data well. This work involves identification of a specific distribution to explain 
the axle load data.

In this investigation, the traffic and axle load data for a particular stretch of National Highway 16 was 
collected and statistical analysis was carried out. Analysis of axle load data indicated overloading.The axle load 
data were described using mixed probability density functions. ESAL was calculated usingLoad Spectra Factor 
(LSF) in addition to VDF and TF approaches.

K e y w o rd s :  VDF, TF, overloading, ESAL, LSF
Introduction

I n  In d ia ,  th e  b i t u m in o u s  p a v e m e n t s  a r e  d e s ig n e d  a s  p e r  th e  g u id e l in e s  o f  I R C :3 7 - 2 0 1 2  ( 2 0 1 2 ) a n d  u s e  V e h ic le  

D a m a g e  F a c to r ( V D F )  m e th o d  f o r  c a l c u l a t i n g  E q u iv a le n t  S ta n d a r d  A x le  L o a d  ( E S A L ) .  A s p h a l t  I n s t i tu te  u s e s  T r u c k  
F a c t o r  ( T F )  i n  c a l c u l a t i n g  E S A L  (H u a n g ,  2 0 0 9 ) .  W h e n  E S A L  i s  c o m p u te d  u s i n g  V D F  a n d  T F  a p p r o a c h e s ,  a  

u n i f o r m  d i s t r i b u t io n  i s  i n h e r e n t ly  a s s u m e d  f o r  r e p r e s e n t in g  th e  a x le  l o a d  d a ta .H o w e v e r ,  s t a t i s t i c a l  a n a ly s i s  o f  a x le  

l o a d  d a t a  r e v e a l e d  th a t  th e  a x le  l o a d  s p e c t r a  c o r r e s p o n d in g  to  e a c h  o f  th e  a x le  t y p e s  d id  n o t  f o l lo w  a  u n i f o r m  

d is t r ib u t io n .  M o r e o v e r ,  th e r e  e x i s t s  a  c o n s id e r a b le  a m o u n t  o f  o v e r lo a d in g  i n  I n d i a n  h ig h w a y s  a n d  o n e  s h o u ld  e n s u re  

t h a t  th e  in f lu e n c e  o f  th e s e  o v e r lo a d e d  t r u c k s  is  t a k e n  in to  c o n s id e r a t i o n  w h i le  d e s ig n in g  p a v e m e n ts .  F r o m  th e  

p r e v io u s  s tu d ie s  ( S a v io  e t  a l . ,  2 0 1 6 ) ,  i t  w a s  o b s e r v e d  t h a t  th e  V D F  a n d  T F  a p p r o a c h e s  w e r e  l e s s  s e n s i t iv e  to  
o v e r lo a d in g .  T h is  c o u ld  l e a d  to  i n a c c u r a te  e s t im a t io n  o f  t h e  E S A L  l e a d in g  to  im p r o p e r  p a v e m e n t  d e s ig n .F o r  th i s  

r e a s o n ,  a  d i f f e r e n t  a p p r o a c h  c a l l e d  L o a d  S p e c t r a  F a c t o r  (L S F )  i s  u s e d  i n  th i s  s tu d y .  L S F  i s  c a l c u l a t e d  u s i n g  th e  

m o m e n t  s t a t i s t i c s  o f  t h e  a x le  l o a d  d i s t r i b u t io n  f o r  v a r io u s  t y p e s  o f  a x le s .

Literature Review

S tu d ie s  p e r f o r m e d  o n  o v e r lo a d in g  h a v e  c o n s id e r e d  th e  v e h ic l e  to  b e  o v e r lo a d e d  w h e n  a t  l e a s t  o n e  o f  i t s  a x le s  is  

o v e r lo a d e d  ( F u e n te s  e t  a l .2 0 1 2 ;  P a i s  e t  a l .2 0 1 3 ) .  M o h a m m a d i  a n d  S h a h  ( 1 9 9 3 )  s tu d ie d  o v e r lo a d in g  o f  t r u c k s  a n d  

u s e d  p r o b a b i l i ty  d i s t r i b u t io n  m o d e ls  to  r e p r e s e n t  d i f f e r e n t  lo a d in g  p a t t e r n s o n  th e  lo a d  s p e c t ru m .

T h e  s tu d y  c o n d u c te d  b y  J i a n g  e t  a l. ( 2 0 0 8 )  e x p la in e d  t h a t  th e  M e c h a n i s t i c - E m p i r i c a l  P a v e m e n t  D e s i g n  G u id e  

( M E P D G )  u s e s  th e  e n t i r e  a x le  l o a d  s p e c t r a  c o l l e c t e d  f r o m  th e  f i e ld  f o r  p a v e m e n t  d e s ig n .  H a i d e r  e t  a l . ( 2 0 0 7 )  

d e v e lo p e d  c lo s e d - f o r m  s o lu t io n s  to  e x t r a c t  E S A L  d i r e c t ly  f r o m  a x le  l o a d  s p e c t r a .  T h e  r e s u l t s  o f  th e  s tu d y  c o n d u c te d  

b y  H a i d e r  a n d  H a r i c h a n d r a n  ( 2 0 0 7 )  i n d ic a te d  t h a t  a x le  l o a d  d i s t r ib u t io n s  c a n  b e  e f f e c t iv e ly  r e la te d  to  G r o s s  V e h ic le  

W e ig h t s  ( G V W )  a n d  t r u c k  p r o p o r t io n s .  T im m  e t  a l . ( 2 0 0 5 )  d e v e lo p e d  a  l i n e a r  c o m b in a t io n  o f  l o g n o r m a l  a n d  n o r m a l  

d i s t r ib u t io n s  to  c h a r a c te r i z e  t h e  c o m p le x  a x le  l o a d  s p e c tra .  P r o z z i  e t  a l . ( 2 0 0 6 )  e x p la in e d  th a t  i f  th e  a x le  l o a d  s p e c t r a  

a r e  f i t t e d  w i t h  p r o b a b i l i t y  d e n s i ty  f u n c t io n s ,  t h e  p h y s i c a l  a n d  s ta t i s t i c a l  m e a n in g s  o f  l o a d  s p e c t r a  a r e  p r o p e r ly  

a c c o u n te d .  T h u s ,  th e y  u s e d  th e  c o n c e p t  o f  m o m e n t  s t a t i s t i c s  i n  i n v e s t i g a t in g  l o a d  p a v e m e n t  i m p a c t  b a s e d  o n  a x le
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lo a d  d i s t r i b u t io n s . I n  th e  s tu d y  b y  P r o z z i  e t  a l . ( 2 0 0 7 ) ,  m ix e d  L o g - n o r m a l  d i s t r i b u t io n  w a s  u s e d  to  d e s c r ib e  th e  a x le  

l o a d  d a ta .  M a c e a  e t  a l. ( 2 0 1 5 )  p r o p o s e d  a  m ix tu re  o f  t h r e e  d i s t r i b u t io n  m o d e ls  ( tw o  L o g - n o r m a l  f o r  t h e  d e s c r ip t i o n  

o f  p e a k s  a n d  o n e  n o r m a l  r e p r e s e n t in g  th e  i n t e r m e d ia te  r e g io n )  to  c h a r a c te r i z e  th e  a x le  l o a d  s p e c t r a  a n d  e x p la in e d  

t h a t  t h e i r  m o d e l  c a n  b e  u s e d  f o r  d e s c r ib in g  th e  a x le  lo a d s  o f  p a r t i a l ly  lo a d e d  v e h ic le s .

O n e  o f  th e  m a jo r  f in d in g  o f  H a i d e r  a n d  H a r i c h a n d r a n  ( 2 0 0 9 ) w a s  t h a t  th e  a x le  l o a d  d i s t r i b u t io n  w i t h  a  d e n s e  t a i l  is  

r e s p o n s ib le  f o r  f a t ig u e  c r a c k in g  a n d  s u r f a c e  r u t t i n g  i n  b i t u m in o u s  p a v e m e n t s .T h e  s tu d ie s  c o n d u c te d  b y  S a la m a  e t  a l. 

( 2 0 0 6 )  s t a te d  t h a t  t h e  m a g n i tu d e  o f  d a m a g e  w a s  o b s e r v e d  to  b e  d e p e n d e n t  o n  th e  a x le  t y p e  w h e r e a s  W e i s s m a n n  e t  

a l. ( 2 0 1 3 ) s h o w e d  t h a t  th e  m a g n i tu d e  o f  d a m a g e  d e p e n d s  o n  v e h ic l e  c la s s  a s  w e l l .

Data collection

T h e  t r a f f i c  a n d  a x le  l o a d  d a t a  w e r e  c o l l e c t e d  f o r  N a t io n a l  H ig h w a y  1 6 ( F ig .1 ) a t  E e th a k o ta  t o l l  p l a z a  i n  th e  

D iw a n c h e r u v u  to  S id h a n th a m  d i r e c t io n .  N H  16  i s  a  p a r t  o f  g o l d e n  q u a d r i l a t e r a l  a n d  c o n n e c t s  J h a r p o k h a r i a  i n  O d is h a  

a n d  C h e n n a i  i n  T a m il  N a d u .  T a b le 1  s h o w s  th e  t r a f f i c  ( A A D T T  -  A v e r a g e  A n n u a l  D a i ly  T r u c k  T r a f f ic )  a n d  a x le  

l o a d  s u r v e y  d e ta i l s  f o r  t h e  a b o v e - m e n t io n e d  s t r e tc h .

T a b le  9. Traffic and axle load survey details

A A D T T  N o . o f  a x le  Y e a r  o f
________________ l o a d  d a t a  p o in t s  s u r v e y

3721_______ 851____________May, 2017

F ig .1 6 . NH16 (www.mapsofindia.com)

Data Analysis

V e h i c l e  t y p e s  a n d  a x l e  c l a s s i f i c a t i o n s

T a b le  2  s h o w s  th e  d i f f e r e n t  v e h ic l e  t y p e s  f o u n d  i n  th e  h ig h w a y  s t r e t c h  c o n s id e r e d  i n  th i s  s tu d y . A  s in g le  a x le  w i th  

s in g le  w h e e l  ( S S ) i s  id e n t i f i e d  a s  1, a  s in g le  a x le  w i t h  d u a l  w h e e l  ( S D )  is  i d e n t i f i e d  a s  2 . H e n c e ,  a  t r u c k  w i t h  v e h ic le  

i d e n t i f i e r  1 .2  s ig n i f i e s  S S  i n  t h e  f r o n t  a n d  S D  i n  th e  r e a r .
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T a b le  2.Vehicle classification

V e h ic le  c la s s i f i c a t i o n L e g a l  a x le  l o a d  l im i ts  ( T o n n e s )
( F A  - F r o n t  a x le ,  R A  - R e a r

a x le )
V e h ic le  V e h ic le  ty p e T r a c to r  T r a i l e r
id e n t i f i e r

1.12

1.2

1.22

1.122

1.1.122

1.1.221

1.1.22

1.2.11

1.2.22

1.2.222

1.22.222

1.1.222

o J

o o c J

FA: 6
RA:6 +10.2

FA: 6 
RA: 10.2

FA: 6 
RA: 19

FA: 6 RA: 6 
RA: 19

FA: 6 RA: 6
RA:6 RA: 19

FA: 6 RA: 19
RA:6 RA: 6

FA: 6 
RA:6

RA: 19

FA: 6 
RA: 10.2

RA:6+6

FA: 6 
RA: 10.2

RA: 19

FA: 6 
RA: 10.2

RA: 24

FA: 6 
RA: 18

RA: 24

FA: 6 
RA:6

RA: 24

I t  i s  s e e n  t h a t  s o m e  o f  th e  v e h ic l e  ty p e s  f o u n d  i n  th i s  s t r e t c h  o f  h ig h w a y  p o s s e s s  t r id e m  a x le s ,  w h i c h  i s  n o t  

m e n t io n e d  i n  I R C  3 :1 9 8 3 ( 1 9 8 3 ) .  S in c e  I R C :3 - 1 9 8 3  ( 1 9 8 3 )  d o e s  n o t  h a v e  th e  le g a l  a x le  l o a d  l im i t  f o r  t r id e m , th e  

l e g a l  a x le  l o a d  l im i ts  f o r  v e h ic l e  i d e n t i f i e r s  1 .2 .2 2 2 ,1 .2 2 .2 2 2  a n d  1 .1 .2 2 2  h a v e  b e e n  t a k e n  f r o m  T R B  ( 2 0 0 2 ) .

O v e r l o a d i n g  A n a l y s i s

T h e  o v e r lo a d in g  a n a ly s i s  w a s  c a r r ie d  o u t  i n  tw o  d i f f e r e n t  w a y s :  a x le  ty p e  a n d  v e h ic l e  ty p e .  I n  th e  a x le  ty p e  

o v e r lo a d in g  a n a ly s i s ,  th e  a x le s  o f  d i f f e r e n t  v e h ic l e  ty p e s  w e r e  p a r t i t i o n e d  a n d  g r o u p e d  u n d e r  d i f f e r e n t  a x le  

c a te g o r ie s .  A x le  lo a d s  g r e a t e r  t h a n  th e  r e s p e c t iv e  a x l e s ’ l e g a l  l im i t  ( a s  p e r  T a b le 2 )  w e r e  c o n s id e r e d  a s  o v e r lo a d e d .  

F r o m  F ig .2  o n e  c a n  id e n t i f y  t h a t  th e  T a n d e m  a n d  T r id e m  a x le s  a r e  c o m p a r a t iv e ly  m o r e  o v e r lo a d e d  t h a n  S S  a n d  S D .
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F ig .2 . Axle type overloading analysis

T a b le 3 . Vehicle type overloading analysis

V e h ic le  ty p e s P e r c e n ta g e
o v e r lo a d in g

(% )

1 .1 2 1 0 0

1 .2 13

1 .2 2 3 5

1 .1 2 2 6 1

1 .1 .1 2 2 8 0

1 .1 .2 2 1 1 0 0

1 .1 .2 2 1 0 0

1 .2 .2 2 33

1 .2 .2 2 2 4 0

1 .2 2 .2 2 2 33

1 .1 .2 2 2 1 0 0

H o w e v e r ,  i n  th e  v e h ic l e  ty p e  o v e r lo a d in g  a n a ly s i s  th e  g r o s s  v e h ic l e  w e i g h t  w i t h i n  th e  le g a l  l i m i t s  f o r  e a c h  o f  th e  

v e h ic l e  ty p e s  w a s  c a lc u la te d .  T h o s e  v e h ic l e s  w i t h  g r o s s  v e h ic l e  w e ig h t  e x c e e d in g  th e  le g a l  l im i ts  w e r e  c o n s id e r e d  a s  

o v e r lo a d e d .  F r o m  T a b le  3 i t  c a n  b e  s e e n  t h a t  a l l  th e  v e h ic l e s  b e lo n g in g  to  th e  v e h ic l e  t y p e s  1 .1 2 , 1 .1 .2 2 1 , 1 .1 .2 2  a n d

1 .1 .2 2 2  a r e  f o u n d  to  b e  o v e r lo a d e d .  T h e  r e s u l t s  f r o m  a x le  ty p e  a n d  v e h ic l e  ty p e  o v e r lo a d in g  a n a ly s i s  r e v e a l e d  th a t  

th i s  h ig h w a y  s t r e t c h  w a s s ig n i f i c a n t ly  o v e r lo a d e d .

D e s c r i b i n g  a x l e  l o a d  d a t a  u s i n g  p r o b a b i l i t y  d e n s i ty  f u n c t i o n s

D u e  to  t h e  h ig h  l e v e l  o f  u n c e r t a in ty  a s s o c i a t e d  w i t h  th e  a x le  lo a d  d a ta ,  i t  is  e x t r e m e ly  d i f f i c u l t  to  d e s c r ib e  th i s  d a ta  

w i t h  a  s in g le  p r o b a b i l i t y  d e n s i ty  f u n c t io n .  H e n c e  i n  th i s  s tu d y ,  m u l t i - m o d a l  d i s t r ib u t io n s  w e r e  u s e d  to  d e s c r ib e  th e  

a x le  lo a d  s p e c t r a  u s in g  th e  p r o g r a m m in g  l a n g u a g e  R  ( R  D e v e lo p m e n t  C o r e  T e a m  2 0 1 1 ) .  F o r  th i s  p u r p o s e ,  th e  d a ta  

w e r e p a r t i t i o n e d  b a s e d  o n  d i f f e r e n t  a x le  ty p e s .  A  M ix e d - N o r m a l  d i s t r i b u t io n  f u n c t i o n  w a s  u s e d  to  d e s c r ib e  th e  a x le  

lo a d  s p e c t r a .  E q u a t io n  1 s h o w s  th e  d e n s i ty  f u n c t i o n  o f  M i x e d - N o r m a l  d is t r ib u t io n .

f o :  =  p _  ■ f_ -  p ;  ■ I : , ( H a id e r  a n d  H a r i c h a n d r a n  ( 2 0 0 9 )  (1 )
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fi = f2 =

w h e r e ,  f x a n d  f z  a r e  th e  n o r m a l  d i s t r i b u t io n  d e n s i ty  f u n c t io n s  w i t h  m e a n s  [ i ^ a n d  | i 2 a n d  s ta n d a r d  d e v ia t io n s  

j  - r e s p e c t iv e ly .  T h e  w e i g h t  f a c to r s  f o r  th e  f i r s t  a n d  s e c o n d  n o r m a l  d i s t r i b u t io n  f u n c t io n s  a r e  d e n o te d  a s  

p p : . Th e  a x le  l o a d  s p e c t r a  m o d e l le d  w i t h  M ix e d - N o r m a l  d i s t r i b u t io n  f u n c t io n s  a r e  s h o w n  i n  F ig .3 .  T h e  s o l id  

c u r v e  i n d ic a te s  f i r s t  ( f 1) a n d  s e c o n d  ( f2) n o r m a l  d i s t r i b u t io n s  u s e d  to  m o d e l  th e  a x le  l o a d  s p e c t ru m . T h e  c u r v e  w i t h  a  

d o t t e d  l in e  s h o w s  th e  c o m b in e d  m o d e l  o f  th e  tw o  n o r m a l  d i s t r ib u t io n s  ( f ( x ) )  d e s c r ib e d  f o r  th e  r e s p e c t iv e  a x le  lo a d  

s p e c t ru m . I t  c a n  b e  o b s e r v e d  c le a r ly  f r o m  th e s e  f i g u r e s  t h a t  th e  a x le  l o a d  d i s t r i b u t io n s  c o n ta in  w e l l - d e f in e d  p e a k s  

e s p e c ia l ly  f o r  th e  t a n d e m  a n d  t r id e m  a x le s .  T h e s e  p e a k s  a t t r ib u te  to  e m p ty  a n d  lo a d e d  t r u c k  w e ig h t s  r e s p e c t iv e ly .  

T h e  m u l t i - m o d a l  f i t  p a r a m e te r s  o b t a in e d  f o r  e a c h  o f  th e  a x le  ty p e s  a r e  p r e s e n te d  i n  T a b le  4 . K o lm o g o r o v - S m i r n o v  

(K -S )  t e s t  w a s  c a r r ie d  o u t  a n d  th e  r e s p e c t iv e  p - v a lu e s  a r e  a ls o  g iv e n  i n  T a b le  4 . T h e  p - v a lu e  s ig n i f ie s  t h a t  o n e  c a n n o t  

r e j e c t  th e  n u l l  h y p o th e s is  t h a t  th e  s a m p le  b e lo n g s  to  f i t t e d  d i s t r i b u t io n  a t  a n y  s ig n i f i c a n c e  le v e l  ( a )  l e s s  t h a n  o r  e q u a l  

p .

(a) SS

Load(Tonnes) 

(a) Tandem

Load(Tonnes) 

(b) SD

Load(Tormes) 

(b) Tridem

F ig . 3. Axle load spectradescribed using Mixed-Normal distributions 

T a b le  4. Mixed-Normal fit parameters

D e s c r ip t i o n P a r a m e te r s P -  v a lu e
A x le  ty p e p  ^  ( T o n n e s )  c  ( T o n n e s )

Department of Civil Engineering, MBCET 425



ICID 2018 21-23 June, 2018

S S
p : = 0 .2 6 2 m  = 4 .1 2 3 0 1 = 0 .6 1 5 0 .4 0
p 2 = 0 .7 3 8 | i2 = 5 .5 9 2 C2 = 1 .5 3 0

S D
p 1 = 0 .2 8 9 m  = 4 .0 5 2 0 1 = 0 .7 7 8 0 .0 9
p 2 = 0 .7 1 1 | i2 = 8 .1 3 4 C2 = 2 .6 7 2

T a n d e m
p 1 = 0 .3 9 5 m  = 8 .2 1 6 0 1 = 1 .3 5 8 0 .0 6
p 2 = 0 .6 0 5 | i2 = 2 2 .5 1 0 C2 = 3 .1 6 5

T r id e m
p 1 = 0 .5 9 8 m  = 1 6 .3 9 1 0 1 = 3 .0 2 8 0 .5 4
p 2 = 0 .4 0 2 | i2 = 3 8 .6 2 7 0 2 = 4 .2 4 3

E s t i m a t i o n  o f  E S A L

E S A L  w a s  c a l c u l a t e d  u s i n g  V D F , T F  a n d  L S F  a p p r o a c h e s .  T h e  e s t im a t io n  o f  E S A L  u s in g  th e  th r e e  a p p r o a c h e s  a re  

p r e s e n te d  i n  t h e  f o l lo w in g  p a r a g r a p h s .

V D F

T h e  e n t i r e  t r a f f i c  s p e c t r u m  c o l l e c t e d  f r o m  th e  f i e ld  w a s  f i r s t  d iv id e d  b a s e d  o n  a x le  ty p e s .  T h e n  th e  f r e q u e n c y  

d i s t r i b u t io n  ( n u m b e r  o f  a x le s  f a l l in g  i n  e a c h  lo a d  g r o u p )  o f  th e  a x le  lo a d s  w e r e  c a l c u l a t e d  f o r  e a c h  o f  th e s e  a x le  

ty p e s  c o r r e s p o n d in g  to  th e  a x le  l o a d  g r o u p s  s p e c i f i e d  i n  IR C : 3 7 - 2 0 1 2  ( 2 0 1 2 ) .  E q u a t io n  (2 )  s h o w s  th e  E q u iv a le n t  

A x le  L o a d  F a c to r  ( E A L F )  f o r m u la  f o r  S S  a s  p e r  IR C : 3 7 - 2 0 1 2  ( 2 0 1 2 ) .  S e p a r a te  e q u a t io n s  a r e  a v a i la b le  f o r  o th e r  

a x le  ty p e s  a s  w e l l .  E q u a t io n  (3 )  s h o w s  th e  f o r m u la  f o r  V D F .

w h e r e ,  E A L F  ( S S )  i s  th e  e q u iv a l e n t  a x le  l o a d  f a c t o r  f o r  S S . E A L  r e p r e s e n t s  th e  p r o d u c t  o f  E A L F  a n d  th e  f r e q u e n c y  

c o r r e s p o n d in g  to  e a c h  lo a d  g r o u p  an d V  EALj r e p re s e n ts  th e  s u m  o f  th e  E q u iv a le n t  A x le  L o a d  ( E A L )  o f  a l l  a x le  

ty p e s .  T h e  V D F  v a lu e  c a l c u l a t e d  f o r  th e  c u r r e n t  s t r e t c h  o f  h ig h w a y  i s  3 .2 0 .

T r u c k  F a c t o r  ( T F )

W h e n  c o m p a r e d  to  V D F , T F  w a s  c a l c u l a t e d  f o r  e a c h  o f  th e  v e h ic l e  ty p e s  ( T a b le  2 )  f o r  w h ic h  a x le  l o a d  s u r v e y  w a s  

c a r r ie d  o u t .  T h e  E A L F  v a lu e s  f o r  th e  r e s p e c t iv e  a x le s  o f  a  v e h ic l e  w e r e  s u m m e d  u p  to  c a lc u la te  th e  T F  f o r  t h a t  

v e h ic le .  T h e  a v e r a g e  t r u c k  f a c t o r  i s  c a l c u l a t e d  f o r  th e  r e s p e c t iv e  v e h ic l e  t y p e s  a n d  w a s  u s e d  i n  t h e  c a l c u l a t i o n  o f  

E S A L .T a b le 5  s h o w s  th e  a v e r a g e  t r u c k  f a c t o r  v a l u e s  c a l c u l a t e d  f o r  e a c h  o f  th e  v e h ic l e  ty p e s .

T a b le  5 .TF values

V e h ic le  ty p e s T F

1 .1 2 4 .7 7

1 .2 1 .5 4

1 .2 2 3 .1 0

1 .1 2 2 7 .6 4

1 .1 .1 2 2 9 .0 8

1 .1 .2 2 1 1 8 .1 0

1 .1 .2 2 6 .9 7

1 .2 .2 2 1 .2 6

1 .2 .1 1 5 .7 2
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1 .2 .2 2 2  5 .7 5

1 .2 2 .2 2 2  5 .4 7

1 .1 .2 2 2  1 4 .9 7

L S F

T h e  L S F  i s  d e t e r m in e d  u s i n g  th e  f o l lo w in g  e q u a t io n ( P r o z z i  a n d  H o n g ,  2 0 0 7 ) .

L S F  =  J  X  f ( x )  d x  =  , ( P r o z z i  a n d  H o n g ,  2 0 0 7 )  ( 4 )

w h e r e ,  f { x )  is  a x le  lo a d  s ta t i s t i c a l  f u n c t io n  f o r  a  g iv e n  a x le  l o a d  ty p e  w i t h  a  s t a n d a r d  a x le  l o a d  o f  'L s ' a n d  'M n ' is  th e  

n tho r d e r  m o m e n t  o f  t h e  d i s t r i b u t io n . I n  th e  c u r r e n t  s tu d y ,  t h e  f o u r t h  m o m e n t  o f  th e  a x le  l o a d  d i s t r i b u t io n  (n = 4 )  w a s  

u s e d  f o r  c a l c u l a t i n g  L S F  a s  t h e  E A L F  e q u a t io n  ( E q u a t io n  2 )  a l s o  u s e s  th e  p o w e r  a s  f o u r .  T a b le  6  s h o w s  th e  L S F  

v a lu e s  c a l c u l a t e d  f o r  th e  d i f f e r e n t  a x le  ty p e s d e s c r ib e d  u s i n g  th e  M ix e d  -  N o r m a l  d i s t r i b u t io n  f u n c t io n s .

T a b le  6 .LSF values

A x le  ty p e  L S F ________

SS 0.59
SD 1.18
Tandem 3.30 
Tridem 3.35

E S A L  v a l u e s

T h e  E S A L  v a lu e s  w e r e  c a l c u l a t e d  f o r  a n  a n n u a l  g r o w th  r a te  o f  5 % , d e s ig n  l i f e  o f  10  y e a r s ,  a  d i r e c t io n a l  d i s t r i b u t io n  

f a c t o r  o f  5 0 %  a n d  a  la n e  d i s t r i b u t io n  f a c t o r  o f  7 5 %  u s in g  E q u a t io n  ( 5 ) ( IR C :  3 7 - 2 0 1 2  (2 0 1 2 ) )

w h e r e ,  r  is  th e  a n n u a l  g r o w th  r a te  o f  c o m m e r c i a l  v e h i c l e s  i n  d e c im a l ,  n  i s  th e  d e s i g n  l i f e  i n  y e a r s ,  A  i s  A A D T T ,  D  is  

th e  la n e  d i s t r i b u t io n  f a c t o r  a n d  F  i s  th e  V D F  o r  T F  o r  L S F .E S A L  v a lu e s  c a lc u la te d  u s in g  th e  th r e e  a p p r o a c h e s  a r e  

s h o w n  i n  T a b le  7 . I t  i s  o b s e r v e d  t h a t  th e  E S A L  v a lu e s  c a lc u la te d  u s in g  th e  th r e e  a p p r o a c h e s  i s  a lm o s t  s im ila r .  

T h e r e f o r e ,  o n e  c a n  u s e  L S F  m e th o d  a ls o  to  c a lc u la te  E S A L .

T a b le  7 .ESAL values (msa) 

A n a ly s i s  m e th o d  E S A L ________

VDF
TF
LSF

50
47
50

Summary and Conclusion

I n  th i s  p a p e r ,  a x le  l o a d  a n d  A A D T T  d a t a  c o l l e c t e d  f r o m  a  s t r e t c h  b e l o n g in g  to  N a t io n a l  H ig h w a y  16  w e r e  a n a ly s e d .  

T h e  a n a ly s i s  o f  th e  a x le  l o a d  d a t a  r e v e a l e d  a  c o n s id e r a b le  a m o u n t  o f  o v e r lo a d in g .  T h e  E S A L  v a lu e s  w e r e  e s t im a te d  

u s i n g  th r e e  d i f f e r e n t  a p p r o a c h e s  (V D F , T F ,  L S F ) .  T h e s e  a p p r o a c h e s  w e r e  f o u n d  to  e s t im a te  a lm o s t  s im i la r  E S A L  

v a lu e s .  T h u s ,  o n e  c a n  u s e  L S F  m e th o d  a ls o  to  c a lc u la te  E S A L .
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Abstract. Optimal use of road transport system is necessary to address the problems like traffic congestion, 
air pollution and safety. One such way to optimize is by encouraging use of public transport modes (buses) by 
assigning priority to them. One of the bus preferential treatments is the provision of exclusive lanes for buses 
on urban roads. The specific aim of this study is mainly to study the feasibility of provision of exclusive bus 
lanes based on two criteria (1) based on proportion of travellers using different types of road vehicles and (2) 
based on the total travellers’ time savings in terms of money value due to provision of exclusive bus lane on 
urban roads. The major work element of this study includes vehicle occupancy survey, vehicle volume and 
composition survey, income survey and estimation of journey time and journey time savings in terms of money 
value savings. The provision of exclusive bus lanes on urban roads increases the speed of buses, reduces 
journey time, saves travel cost and reduces road crashes.

Keywords: Exclusive Bus Lane, Vehicle Composition, Windshield Method.

I n tro d u c tio n

Transportation aims at safe and efficient movement of goods and passengers. Faster mobility o f goods and 
passengers is the catalyst for economic growth of a country and this is facilitated by efficient transportation 
system. In case of road transportation systems, as facility increases, the volume of traffic also increases due to 
increasing demand for transport, particularly in  developing countries like India. Because of the space, financial 
and material constraints urban road infrastructure cannot be developed beyond a limit and this leads to increase 
in  congestion, pollution and reduction in  road safety. Hence, there is a need for an appropriate strategy for optimal 
use of road transport system to reduce congestion and to increase efficiency o f road networks. One way to reduce 
congestion is by encouraging the travellers to use public transport system (Buses) instead of private transport 
modes, because public transport system enables mass transit of passengers in fewer vehicles.

To bring about a shift in the passenger preferences, the public transport system should be highly efficient 
and relatively less expansive to attract the travellers from private modes of transport. This goal can be attained by 
encouraging public transport modes like buses by assigning priority. One of the methods of assigning priority to 
public transit are by providing exclusive bus lanes.

Exclusive bus lanes are the lanes restricted only for buses provided in order to speed up the buses, to 
reduce the interactions between buses and other modes o f vehicles and thereby reducing the road crashes.

O b je c tiv e s

By considering the aim of the study, the main objective formulated is to study the general impact of provision of 
exclusive bus lanes on traffic flow characteristics under heterogeneous traffic conditions. To achieve this main 
objective the subtasks formulated was the following.

To develop social criteria based on the proportion of travellers using different modes
To develop economic criteria based on the money value of time of travellers using the different modes.

L i te r a tu r e  R ev iew

Arasan and Vedagiri [1] estimated the probable shift of car users to bus due to the increase in level o f service 
(LOS) after providing exclusive bus lanes on Indian city roads carrying heterogeneous traffic. The increase in 
LOS was determined using a recently developed simulation model. A mode-choice probability curve to depict the

Department of Civil Engineering, MBCET 429

mailto:arathirajkumar@gmail.com
mailto:vincyverghese@jecc.ac.in


possible modal shift of car users to bus was developed. From the curve, the probability of shift o f car users to bus 
was estimated 0.7 at traffic flow corresponding to level of service C, for an 11 m wide road and 0.28 for 14.5 m 
wide road.

Arasan and Vedagiri [2] developed and used a heterogeneous traffic flow micro-simulation model to 
study the impact of provision of reserved bus lanes on urban roads in terms of reduction in speed of other 
categories of motor vehicles due to the consequent reduction in road space, over a wide range o f traffic volume. 
It has been found that the maximum permissible volume to capacity ratio that will ensure a LOS C was 0.62 for 
the traffic stream other than buses if  the bus lane is provided. Justification o f providing exclusive bus lane has 
also been defined on the basis of number of travellers per unit width of the road.

Cevero [3] developed working paper on Bus Rapid Transit (BRT): An efficient and competitive mode of 
public transport. This report reviews experiences with designing and implementing BRT systems worldwide. BRT 
is first defined across a spectrum of service qualities and costs. The report closes with discussions on BRT’s likely 
future given global growth projections and other pressing policy agendas in the foreseeable future.

Chen et al. [4] carried out a study to examine the effect of exclusive bus lanes (XBLs) and transit signal 
priority (TSP) on bus rapid transit (BRT) in China. A micro-simulation analysis was created based on extensive 
field data collection. The analysis showed that XBLs and TSP have a significant impact on the operational 
performance of BRT if  both are implemented simultaneously.

Syed et al. [5] studied the Impact of Exclusive Bus Lanes on Traffic Performance in Urban Areas. In this 
paper, two different transit priority strategies at an intersection are analyzed and their performance impact is 
evaluated in terms of reduction in delay of the buses and cars, due to the priority given. The main findings of the 
study are that the bus priorities are more efficient at high volumes. Micro-simulation tool VISSIM is used to carry 
out the simulation process.

Abdelfatah and Abdulwahid [6] studied the Impact of Exclusive Bus Lanes on Traffic Performance in 
Urban Areas. This study investigates the impact of XBLs on urban road network performance under different 
traffic conditions using the micro-simulation software, VISSIM. It considers different parameters such as demand- 
to-capacity ratio D/C, traffic turning percentages, and bus headway and direction.

_______________________________________________________________ICID 2018 21-23 June, 2018

S tu d y  A re a

Study area was selected considering the roadway geometry, traffic movement features and availability o f suitable 
location for mounting the video camera. The area that satisfied the said requirements is Thrissur - Kechery road 
(17 km), state highway 69, Kerala. In that route Punkunnam -  Puzhakkal road stretch is selected as study stretch. 
The selected stretch of road is four lane divided road and 1.8 km long. The available width of the carriageway is 
14.5 m (7.0 m in both directions).

D a ta  C o lle c tio n

The data needed for studying the feasibility o f exclusive bus lane includes vehicle composition, vehicle occupancy 
and monthly income of travellers.

Vehicle Composition

The required traffic data for the study was collected by video recording of the traffic flow on the selected location. 
A total o f 4999veh/hour, 4140veh/hour and 4926veh/hour were observed to pass through the section during the 
morning peak hour, off peak hour and evening peak hour respectively. The observed vehicle composition was 
shown in Fig. 1.

Fig-1- Observed traffic composition.
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Vehicle Occupancy

Occupancy of different modes of vehicles is determined using windshield method. Average occupancies of 58.84, 
1.36, 2.28, 2.32, 2.76, 1.24 and 1.00 are obtained for bus, two wheeler, three wheeler, car, LMV, HMV and cycle 
respectively. Proportions of travellers using each mode of vehicles are shown in Fig. 2.

Three

Fig.2. Proportion of travellers.

Speed

The time taken by different modes of vehicle to pass the known distance is retrieved from video and speeds of 
different modes of vehicles towards Thrissur and Kechery directions are determined. During peak hour the speeds 
of vehicles are less and their journey time are more compared to off peak hour.

Survey of Income of Travellers

Survey for monthly income o f travellers is done at different locations in Thrissur city for different modes of 
vehicles. Proportion of travellers using different modes of vehicles under each income group is determined. Using 
(1), the hourly income of the users of different modes was calculated.

Monthly Income *12

52
Hourly Income

' weeks 
in a year,

*5

f months 1 
in a year,

in a week
x8

^working hours 
in a day

(1)

D a ta  A n a ly s is

Journey  Time Savings In  Term s of M oney Value

According to survey, 45% o f passengers are ready to shift to bus after the implementation of exclusive bus lane. 
The reduced traffic volumes after 45% shift o f occupants to bus towards Thrissur and towards Kechery are 
determined. During peak hour and off peak hour, the speeds are determined for different modes o f vehicles 
corresponding to actual traffic volume (without bus lane).Then, the speeds of different modes of vehicles except 
bus for reduced traffic volume (with exclusive bus lane) is determined using interpolation technique. After the 
implementation o f exclusive bus lane, the bus can flow freely with an increased speed around 70 km/h [6], without 
any interruption from other vehicles.
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Then from this speeds, journey time of all modes of vehicles with and without bus lanes were calculated for 
travelling a distance o f 17km road. While analyzing the journey time, it can be observe that the journey time for 
all modes are reduced with the implementation of exclusive bus lane. Then, the journey time savings for different 
modes of vehicles are determined. For bus, a savings of around 11 minute is obtained after the implementation of 
exclusive bus lane.

The journey time savings are then converted into money value savings by multiplying the journey time savings 
of each mode with their corresponding hourly incomes and calculated money savings was shown in Table I. A 
total of ? 2777 money savings per hour are obtained with the provision of exclusive bus lane.

Table 1.Money value savings

_______________________________________________________________ICID 2018 21-23 June, 2018

Savings in Journey Money value savings
Time (min) Average (Rs.)

Vehicle Type Hourly
Income

Two Wheeler

To
w

ar
ds

Th
ris

su
r

To
w

ar
ds

K
ec

he
ry

(Rs.)

s r d ru r s a s  oaTw Trhsis

ds ryr re a eh 
w c  o e  oT K

0.37 0.41 159.13 58.88 65.24

Three Wheeler 0.68 0.33 139.13 94.61 44.52

Car 0.21 1.29 195.61 41.08 252.34

LMV 0.03 2.26 187.50 7.50 425.63

Bus 10.49 10.58 73.55 771.54 778.16

M inim um  Frequency and Composition of the  Buses

There were 51 buses per hour and 62 buses per hour flowing towards Thrissur and Kechery respectively. The 
minimum frequencies of buses obtained were 1.2 min towards Thrissur and 1.0 min towards Kechery.
Minimum composition of the buses is obtained by dividing the total number of buses in that direction by the 
average occupancy o f bus. The minimum composition is obtained as 0.90% towards Thrissur and 1.10% towards 
Kechery.

R oad Space Allocation

Total width of the selected road stretch is 7m (in one direction), extra 3.5m is proposed to be provided exclusively 
for buses on both directions adjacent to the curb. So that pas senger can easily enter to and exit from the buses. A 
schematic layout of the road stretch with 3.5 meter exclusive bus lane is shown in the Fig. 3.
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Fig-3. Schematic layout of the road stretch with exclusive bus lane.

Findings

The feasibility study of provision for exclusive bus lane is done based on proportion of travellers using buses and 
other vehicles and the journey time savings in terms of money value. The following are the findings of this study: 
The bus travellers, constituting 51% of the total of the travellers, will use only 33 % of the road space, whereas, 
the users of all the other modes (excluding buses) constituting 49 % of the total of the travellers, will use 67 % of 
the road space. This shows that the provision of exclusive bus lane is justifiable based on the proportion of 
travellers using different modes of vehicles.
The money value of total travellers’ time savings in one hour, due to the provision o f  exclusive bus lane on 14.5 
m wide and 17 km long urban road stretch was estimated as ? 2777 per hour. This shows that the provision of 
exclusive bus lane is justifiable based money value of journey time savings.
Minimum frequency of bus is determined as 1.2 min towards Thrissur and 1.0 min towards Kechery and the 
minimum composition of buses were 0.9% and 1.1% towards Thrissur and Kechery respectively.

Features of the  Proposed Exclusive Bus Lane

The following are the features of the proposed exclusive bus lane:
• Free flow of buses without any delay
• Proper and systematic scheduling o f buses
• Speed = 70 km/h
• Journey time = 14.57 min
• Journey time saved by around 11 min
• Minimum frequency o f bus services required = 55s
• Money value savings = ? 775 per hour
• Increased proportion of travellers using bus=7%
• Bus headway = 0.85 km
• Width of exclusive bus lane = 3.5m (near curb)
• Length of exclusive bus lane= 17km

C o n c lu s io n

By introducing this systematically scheduled and rapid bus service in exclusive bus lanes, more travellers will get 
attracted towards it and there by the use o f public transportation gets enhanced and the private transportation gets 
reduced. By increasing the frequency of bus services, the demand for bus transit increased. As frequency increases 
waiting time for the travellers reduced. More travellers get attracted to bus transit. This will reduce the accidents,
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pollution and congestion problems. Therefore, it increases the efficiency of the road transportation system and 
thereby increasing the social and economic background of the country itself.

F u tu r e  S co p e

The obtained results are based on the limited data collected. More extensive data collection and the analytical 
reasoning are required. Reliable results will be obtained only after the implementation. For getting more reliable 
results implementation has to be done in a simulation software. Land acquisition problems due to extra widening 
have to be analysed to make this study more acceptable one.
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A B S T R A C T

T h i s  p a p e r  f o c u s e s  o n  t h e  e n v i r o n m e n t a l  i s s u e s  c a u s e d  d u e  t o  b u i l d i n g s t h a t  c a n  b e  m i t i g a t e d  b y  

g r e e n  s o l u t i o n s . T h e  g r e e n  b u i l d i n g s  h a v e  t u r n e d  t o  b e  a  s o l u t i o n  f o r  s u c h  i m p a c t s .  B u i l d i n g s  a r e  

r e s p o n s i b l e  f o r  4 1 %  o f  w o r l d w i d e  e n e r g y  u s a g e ,  i n  t h e  f o r m  o f  e l e c t r i c i t y .  A l s o  s e r v e s  o t h e r  

e n v i r o n m e n t a l  p r o b l e m s  l i k e  w a s t a g e  o f  w a t e r ,  m a t e r i a l s  e t c .  T h e  g r e e n  t e c h n i q u e s  a d o p t e d  i n  

b u i l d i n g s  c a n  i m p r o v e  e n e r g y  e f f i c i e n c y ,  c o s t  r e d u c t i o n  a n d  o c c u p a n c y  c o m f o r t .

K E Y W O R D S : G r e e n  b u i l d i n g s ,  E n e r g y  u s a g e ,  W a t e r  c o n s u m p t i o n ,  E n e r g y  e f f i c i e n c y

1 . I N T R O D U C T I O N

B u i l d i n g s  h a v e  m a n y  e n v i r o n m e n t a l  i s s u e s  r e l a t e d  t o  i t s  c o n s t r u c t i o n ,  u t i l i t y ,  e t c .  I t s  i m p a c t  o n  

h u m a n s ,  r e s o u r c e s  a n d  t h e  e n v i r o n m e n t  i s  e v i d e n t .  A t t a i n i n g  c o m f o r t a b l e  a s  w e l l  a s  h e a l t h y  

i n d o o r  e n v i r o n m e n t  w i t h  m i n i m u m  c o n s u m p t i o n  o f  e n e r g y  i s  a  c h a l l e n g i n g  i s s u e .  I n e f f i c i e n t  

e n e r g y  u s e  i s  o n e  o f  t h e  i m p o r t a n t  p r o b l e m s  i n  b u i l d i n g s . T h e  m a t e r i a l s  u s e d  f o r  t h e  c o n s t r u c t i o n  

o f  b u i l d i n g s  i s  a  s i g n i f i c a n t  f a c t o r  a f f e c t i n g  t h e  e n v i r o n m e n t .  U s a g e  o f  n o n - s u s t a i n a b l e  m a t e r i a l s  

h a v e  n e g a t i v e  e f f e c t  o n  b u i l d i n g s . G r e e n  b u i l d i n g s  a r e  n o w  a  s o l u t i o n  t o  r e d u c e  t h e  n e g a t i v e  

i m p a c t  o f  b u i l d i n g s  o n  e n v i r o n m e n t .

2 .  E N V I R O N M E N T A L  I S S U E S  O F  B U I L D I N G S

A m e r i c a n  b u i l d i n g  c o n s t r u c t i o n  c o n t r i b u t e s  t o  h u g e  p e r c e n t a g e  o f  g r e e n h o u s e  g a s  e m i s s i o n s .  

B u i l d i n g s  a r e  r e s p o n s i b l e  f o r  m a j o r i t y  o f  C O 2  e m i s s i o n s ,  w h i c h  a c c o u n t s  t o  a l m o s t  3 8 % .  T h e s e  

e m i s s i o n s  h a s  l e d  t o  c l i m a t i c  c h a n g e s .  I t  c o n t r i b u t e s  t o  t h e  r i s i n g  t e m p e r a t u r e s  a n d  t h e  s o  p r o c e s s  

c a l l e d  “ g l o b a l  w a r m i n g ” . T h e  e x t r a c t i o n  o f  r a w m a t e r i a l s  r e q u i r e d  f o r  c o n s t r u c t i o n  d u r i n g  m i n i n g  

p r o c e s s  t h a t  i n v o l v e s  h e a v y  m a c h i n e r y  a l s o  g i v e s  o f f  c a r b o n  e m i s s i o n s .  C e m e n t  i n d u s t r y  

c o n t r i b u t e s  t o  5 %  o f  g l o b a l  C O 2 e m i s s i o n s .

D u r i n g  c o n s t r u c t i o n  p r o c e s s ,  i t  m a k e s  i m p a c t  t o  t h e  l o c a l  e n v i r o n m e n t ,  s u c h  a s  c h e m i c a l s  s p i l l s  

w a t e r w a y s  p o l l u t i o n  o n  b u i l d i n g  s i t e s  o r  p o l l u t i n g  t h e  a q u i f e r  o r  s o i l  u n d e r n e a t h . F o r  c o n s t r u c t e d  

b u i l d i n g s ,  e n e r g y  u s a g e  c o n t r i b u t e s  m a i n l y  t o  e n v i r o n m e n t a l  i m p a c t s .

T h e  r a w  m a t e r i a l s  t h a t  i s  u s e d  f o r  t h e  c o n s t r u c t i o n  o f  b u i l d i n g s  u s u a l l y  h a v e  e n v i r o n m e n t a l  

i m p a c t ,  e s p e c i a l l y  w h e n  n o n  s u s t a i n a b l e  m a t e r i a l s  a r e  u s e d  f o r  t h e  c o n s t r u c t i o n .  T h e  t r a n s p o r t  o f
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s u c h  m a t e r i a l s  c a n  a l s o  p o s s e s s  i m p a c t  o n  a i r  q u a l i t y .  T h e  w a s t e  t h a t  c o m e  f r o m  b u i l d i n g  

c o n s t r u c t i o n  a s  w e l l  a s  d e m o l i t i o n  a r e  g r e a t  c o n c e r n s .  T h e  d e s t r u c t i o n  a n d  r e n o v a t i o n  o f  

b u i l d i n g s  g e n e r a t e s  a  h u g e  a m o u n t  o f  w a s t e .  I t  i n c l u d e s  c o n c r e t e ,  g l a s s ,  a g g r e g a t e s ,  b r i c k s  e t c .  

L a r g e  t o n s  o f  d e m o l i t i o n  d e b r i s  w a s t e s  c r e a t e s  w a s t e  d i s p o s a l  p r o b l e m s .  T o  g e t  r i d  o f  t h e  

m o u n t i n g  g a r b a g e  t h e s e  w a s t e s  a r e  l i k e l y  t o  b e  t h r o w n  i n  t h e  l a n d f i l l s .  L a n d f i l l s  a r e  t h e  w a s t e  

d i s p o s i n g  s i t e s  t h a t  d e s i g n e d  f o r  c o l l e c t i n g  d i f f e r e n t  t y p e s  o f  w a s t e s .  T h e s e  w a s t e s  c a n  p o l l u t e  

t h e  l a n d ,  a i r  a n d  c o n t a m i n a t e  t h e  s o i l .

T h e  e n v i r o n m e n t a l  i s s u e s  r e l a t e d  t o  c o n s t r u c t i o n  c a n  b e  r e d u c e d  w i t h  t h e  h e l p  o f  m a n y  

s t a k e h o l d e r s ,  l e g i s l a t o r s  w h o  s e t  r e g u l a t i o n s  f o r  c o n s t r u c t i o n  w a s t e  m a n a g e m e n t  a n d  g r e e n  

c o n s t r u c t i o n .  A n d  n o w  m a n y  c o n s t r u c t i o n  f i r m s  e m p h a s i s  o n  l i m i t i n g  t h e  e n v i r o n m e n t a l  i m p a c t s  

a r i s i n g  f r o m  c o n s t r u c t i o n  p r o j e c t s .

T h e  i n n o v a t i o n  o f  g r e e n  m a t e r i a l s  h e l p e d  i n  e l i m i n a t i n g  o r  r e d u c i n g  t h e  n e e d  f o r  d e s t r u c t i v e  

m i n i n g  p r a c t i c e s  i n v o l v i n g  f o s s i l  f u e l s .  G r e e n  m a t e r i a l s  c a n  b e  s y n t h e t i c a l l y  p r o d u c e d  a n d  h e l p s  

i n  l o w e r i n g  t h e  c o s t .  T h e  g r e e n  m a t e r i a l s  i n c l u d e s  t h e  m a t e r i a l s  t h a t  a r e  h i g h l y  e n e r g y  e f f i c i e n t ,  

e a s i l y  o r  l o c a l l y  a v a i l a b l e  a n d  t h a t  a r e  s u s t a i n a b l e .  T h e s e  m a t e r i a l s  c a n  b e  r e c y c l e d  o r  r e u s e d  i n  

f u t u r e  f o r  o t h e r  p r o j e c t s ,  a n d  t h u s  h e l p s  s i g n i f i c a n t l y  i n  c o s t  s a v i n g s  a n d  r e d u c i n g  t h e  

e n v i r o n m e n t a l  i m p a c t s .

2 . 1  I n d o o r  a i r  q u a l i t y

I n d o o r  a i r  q u a l i t y  ( I E A )  i n d i c a t e s  t h e  q u a l i t y  o f  a i r  i n s i d e  t h e  b u i l d i n g s ,  a l s o  t h e  c o m f o r t  g i v e n  t o  

o c c u p a n t s  i n  a l l  t e r m s .  I t  r e l a t e s  t o  t h e  p o l l u t a n t s ,  e r g o n o m i c s ,  a c o u s t i c s ,  l i g h t i n g  a n d  

t e m p e r a t u r e .  . I n a d e q u a t e  v e n t i l a t i o n  c a n  a l s o  r e s u l t  i n  s i c k  b u i l d i n g  s y n d r o m e  c o n d i t i o n ,  t h e  

c o n d i t i o n  w h e r e  t h e  o c c u p a n t s  o f  t h e  b u i l d i n g  s u f f e r  f r o m  u n h e a l t h y  s y m p t o m s  o r  d i s e a s e s .  

A l t h o u g h  u s a g e  o f  a i r  c o n d i t i o n e r s  h a s  i m p r o v e d  t h e r m a l  c o m f o r t  a n d  h e a l t h  p r o b l e m s  r e l a t e d  t o  

p o o r  a i r  q u a l i t y ,  i t s  e n e r g y  c o n s u m p t i o n  i s  t a k e n  t o  c o n s i d e r a t i o n . T h e  m a i n  a i m  i s  t o  a c h i e v e  

g o o d  h e a l t h y  e n v i r o n m e n t  a n d  a i r  q u a l i t y  w i t h  p r o p e r  c o o l i n g  a n d  v e n t i l a t i o n  w i t h i n  t h e  

b u i l d i n g s .

2 . 2  E n e r g y  a n d  w a t e r  u s a g e

W i t h  t h e  g r o w i n g  p o p u l a t i o n ,  t h e  e n e r g y  d e m a n d  g o e s  o n  r i s i n g ,  s o  e n e r g y  e f f i c i e n c y  i s  a  p r i m e  

o b j e c t i v e  n o w a d a y s .  B u i l d i n g s  a r e  t h e  b i g g e s t  e n e r g y  c o n s u m e r s  w h i c h  a c c o u n t  t o  4 1 % ,  m u c h  

m o r e  t h a n  t h e  i n d u s t r i a l  s e c t o r  a n d  t r a n s p o r t a t i o n .  T h e  b u i l d i n g s  u s e  h u g e  a m o u n t  o f  e l e c t r i c i t y  

w h i c h  b e c o m e s  i t s  m a j o r  e n e r g y  u s a g e .  I t  n e e d s  e n e r g y  f o r  l i g h t i n g ,  c o o l i n g ,  h e a t i n g  e t c .  t h a t  

r e q u i r e d  f o r  t h e  b u i l d i n g s .  I n  U S ,  b u i l d i n g s  c o n s u m e  7 3 %  o f  t h e  t o t a l  e l e c t r i c i t y .

B u i l d i n g s  u s e  a  l a r g e  p e r c e n t a g e  o f  w a t e r ,  1 3 . 6 %  o f  p o t a b l e  w a t e r  t h a t  i s  1 5  t r i l l i o n  g a l l o n s  o f  

w a t e r .  B u i l d i n g s  a r e  r e s p o n s i b l e  n o t  j u s t  f o r  c o n s u m i n g  l a r g e  a m o u n t  o f  w o r l d ’ s  w a t e r  b u t  a l s o  

r e s p o n s i b l e  f o r  l a r g e  a m o u n t  o f  w a s t e  w a t e r .
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3. G R E E N  S O L U T IO N S

E n v iro n m en ta l considerations, susta inab ility  and  energy  e ffic ien cy  shou ld  b e  a p a rt o f  b u ild in g  
design. E co -co n stru c tio n  defines th e  g reen  b u ild in g s w h ich  in v o lv es  su sta inab ility  n o t ju s t  in  
co n stru c tio n  b u t also  in  its m ateria ls , tech n iq u es, m eth o d s and  tech n o lo g ies  u sed  in  it, enhancing  
en v ironm en ta l perfo rm ance. G reen  b u ild in g s red u ces  th e  env ironm en ta l im p ac t and  also  he lps in  
lo w erin g  th e  o perating  costs  o f  a bu ild ing .

G reen  b u ild in g s co n su m es less re so u rces . T hey  need  less energy , le ss  w a te r req u irem en ts  as 

co m p ared  to  th e  n o rm al b u ild in g s . L ess  energy  and  less  w a te r u sag e  im p lies th a t th e  m on th ly  
u tility  b ills  w ill b e  red u ced . T he m ateria ls  and  m eth o d s o f  co n stru c tio n  h as  m in im u m  im pact on 
th e  en v iro n m en t and  c lim atic  ch an g es. T he g reen  m easu res  he lps in  im p ro v in g  th e  energy  
effic iency  o f  b u ild in g s.T h ese  a lso  he lps in  im p ro v in g  th e  In d o o r A ir Q uality  (IA Q ).

G o ing  g reen  is n ecessary  now adays, to  decrease  the  o v era ll im p act o f  b u ild in g s on hum ans, 
o ccu p an t h ea lth  and  en v iro n m en t. It h e lp s  in  th ese  m o tiv es:

•  R ed u c in g  po llu tion , w aste , and  en v ironm en ta l im p act
•  O p tim ized  u sag e  o f  w ater, energy, o th er sources o f  energy
•  P ro tec ts  o ccu p an t’s h ea lth  and  im p ro v es p ro d u c tiv ity

In  g o in g  g reen , th o u g h  th e  g reen  m ateria ls  seem s to  b e  costly  in itia lly , it saves on energy  costs. 
G o ing  g reen  m eans co n serv in g  energy .

•  E n v iro n m en ta l benefits: conserves resources, red u ces  w a te r w astage, e ffic ien t energy  use, 
p ro tec ts  b io d iv ers ity  and  ecosystem

•  E co n o m ica l benefits: saves energy  costs, less m ain ten an ce  cost, reduced  co st o v er the  
lifecy cle  o f  b u ild in g

•  Social benefits: im p ro v es o ccu p an t p rod u c tiv ity , h ea lth  and  co m fo rt
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B en efits  o f  ado p tin g  g reen  m easu re

4. G R E E N  M E A S U R E S

4.1 E n erg y  effic iency

T he u sag e  o f  h ig h -effic ien cy  w indow s, in su la tio n  o f  w alls, ceilings, flo o rs  red u ces th e  energy  
use. E ffec tiv e  w in d o w  p lacem en t p ro v id in g  natu ra l sun ligh t th ro u g h  w h ich  e ffec tiv e  day lig h tin g  

can  b e  achieved . S o la r w a te r h ea tin g  red u ces  th e  energy  loads. T he energy  g en e ra tio n  th ro u g h  
ren ew ab le  sources lik e  so lar pow er, h yd ro  pow er, w in d  energy  and  b io m ass reduces the 
eco log ical im pact. B u ild in g s co n su m e m o re  energy  in  th e  fo rm  o f  e lectricity , ab o u t tw o  th ird s  o f 
th e  w h o le  e lec tric ity  p roduced . G reen  b u ild in g  ce rtifica tio n  em p h asis  on energy  savings.

T he m ain  ob jec tiv e  is to  u se  energy  in  an  op tim al w ay  and  to  id en tify  energy  savings. T he cho ice  
o f  eq u ip m en t shou ld  also  b e  energy  effic ien t th a t con tro ls  energy  consum ption . S o m e o f  the  
w ay s o r m easu res  in  w h ich  energy  sav ings can  b e  done are:

•  E ffic ien t therm al in su la tio n  o f  w in d o w s, w a lls  etc.
•  R em o v e  energy  leaks i f  any.
•  B e tte r a irtig h t seal o v e r th e  b u ild in g
•  D ed u c tio n  o f  therm al lo sses ach ieved  th ro u g h  p ro p e r v en tila tio n
•  O p tim ized  e lec tric ity  m an ag em en t

4 .2  W a te r effic iency

M an ag in g  ra inw ater, irrig a tio n  w ater, w astew a te r are essen tia lly  req u ired  as an  app ro ach  to w ard s 
sustainab ility . G reen  b u ild in g s are d esig n ed  to  u tilize  w a te r effectively . A e ra to r tap s  h e lp s  to  
red u ce  th e  co n su m p tio n  w ith o u t g e ttin g  n o ticed  during  its  usage. B y  m ix e r tap s  usage, the  
tem p era tu res  can  b e  reg u la ted  and  con tro lled . It he lps to  g en e ra te  savings. B y  w a te r e ffic ien cy  or 

w a te r sav ings, th e re  ex ist p rim e o b jec tives to  b e  achieved.
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T he m ain  o b jec tives include:

•  to  red u ce  the  w a te r co n su m p tio n
•  P ro tec tin g  th e  q uality  o f  w a te r and
•  E ffic ien tly  u tiliz in g  w a te r

W a te r co n se rv a tio n  o v er th e  en tire  life  cycle  o f  th e  b u ild in g  invo lves desig n in g  a du al p lu m b in g  
system  th a t recy cles w a te r in  to ile t f lu sh in g . W a s te  w a te r is m in im ized  by  u tiliza tio n  o f  w a te r 
co n serv a tio n  fix tu res  such  as u ltra -lo w  flu sh  to ile ts ,lo w  flo w  sh o w er h ead s e tc . T he g rey  w a te r 
w h ich  com es from  w ash  b asin s  (o r w ash  room s), k itch en s e tc . can  b e  u sed  fo r law n , g arden ing  
and  irriga tion .

T he riv e r w a te r th a t fa lls  o v er th e  ro o f  can  b e  co llec ted  in  sto rage tan k s and  can  th en  b e  used  
e ffec tiv e ly . T his can  b e  done by  im p lem en tin g  a p ro p e r ra in  w a te r h a rv estin g  system  on  th e  ro o f  
to p . T he w a te r so co llec ted  can  b e  u sed  fo r garden ing , irrigation , o th e r dom estic  ou td o o r 
req u irem en ts . O th er w ay  o f  recu p era tin g  ra in  w a te r is g reen  roofs, by  w hich , ra in  w a te r is 

co llec ted  and  serves a g reen  h ab ita t.

4.3 M ate ria ls  effic iency

G reen  m ateria ls  inc lude  ren ew ab le  m ateria ls  such  as b am boo , recy cled  stone. P ro d u c ts  and 
p an e ls  m ad e  o f  co m p ressed  earth  b locks, ram m ed  earth , clay, coconu t, w o o d  fib e r p lates, 
ca lc ium  sand stone,etc. can  b e  used. P o ly u re th an e  b lo ck s  w h ich  are cheap, red u ces carbon  
em issio n s and  are eco frien d ly . T he m ateria ls  shou ld  b e  reusab le , recyclab le , n o n to x ic  and 

su s ta in ab le . T he tran sp o rta tio n  costs o f  m ateria ls  can  also  b e  red u ced  i f  lo ca lly  availab le  
m ateria ls  are  used . T he g reen  m ateria ls  has th e  b en e fit o f  m in im iz in g  th e  w aste  by  recycling , less 
d u st and  noise, b e tte r  o ccu p a tio n a l h ea lth  and  safety  m an ag em en t.

4 .4  In d o o r env ironm en ta l quality

T his ensu res th e  o ccu p an t health , w e ll-b e in g , th e ir  co m fo rt and  p ro d u c tiv ity . T he p ro d u c ts  th a t 
em its dust, to x ic  gases, V O C s shou ld  b e  avo ided  th a t increases th e  IE Q  o f  b u ild in g s . T he 

co n stru c tio n  m ateria ls  u sed  and  in terio r fin ish ed  p ro d u c ts  shou ld  b e  free  o f  em issio n s fo r the  
o ccu p an t health . A d eq u a te  v en tila tio n  can  b e  p ro v id ed  such as a p ro p e r d esig n ed  H V A C  system  
th a t helps in in d o o r a ir q u a lity . M easu res  lik e  G reen  ro o fs  (roo fs serv ing  as v eg e ta ted  surface) 
p ro v id es  eco lo g ica l serv ices lik e  b u ild in g  tem p era tu re  regu la tion , en h an cem en t in  storm  w a te r 
m anagem en t, d ecreased  u rb an  h ea tin g  effec ts  and  in crease  in  u rb an  w ild life  h ab ita t.

T he rad ian t system  is v ery  co m fo rtab le  ty p e  o f  h ea tin g  system . R ad ian t h ea tin g  ex ch an g es w arm  
spec ifica lly  from  th e  flo o r to  y o u r b o d y  and  in  ad d ition  h ea tin g  th e  en co m p assin g  air. R ad ian t 

h ea tin g  system s de liv e r u n ifo rm  tem p era tu res  in  all room s, w arm ed  flo o r reg ions and 
fu rth e rm o re  in  all seasons. R ad ian t h ea tin g  is lik ew ise  a m eth o d  to  keep  th e  tran sm iss io n  o f  tidy  
and  dust, w h ich  are p erv asiv e  in  w arm  a ir h ea tin g  system s
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4.5 C o st sav ings

O p era tio n  and  m ain ten an ce  are part o f  b u ild in g  p lan n in g  and  developm ent. T he add ition  o f  n ew  
g reen  fea tu res also  co m es in to  O & M  stage. E v en  th o u g h  the  in sta lla tio n  o f  g reen  fea tu res ten d s 
to  b e  co stlie r like  th e  p h o to  v o lta ics  and  o th er m o d ern  tech n o lo g ies , its m ain ten an ce  cost w ill be 
less. A lso  it h e lps in  y ie ld in g  m ore  o v er th e  en tire  b u ild in g  life  th an  th e  no rm al conven tional 
bu ild ings. S usta inab le  eco -co n stru c tio n  also  helps in  sav ing  costs  on  u sag e  o f  reso u rces  like  in  
energy  and  w a te r u sag e .E n erg y  e ffic ien t eq u ip m en ts  are  u sed  to  red u ce  th e  energy  consum ption . 
F o r exam ple , u s in g  L E D s, so lar lig h ts  fo r ligh ten ing . T he energy  effic ien t u tilitie s  and  tech n iq u es  
red u ces  th e  energy  b ills  sign ifican tly .

4 .6  W aste  reduction

G reen  co nstruc tion  red u ces  th e  w astag e  o f  energy  and  w a te r co n trib u tin g  less w aste s  in to  the  
landfills . W ell-d esig n ed  b u ild in g s red u ces th e  am o u n t o f  w aste  p ro d u ced  by  occupan ts  th ro u g h  
p ro p e r w aste  m an ag em en t p rov ision . It p ro v id es  o n -site  so lu tions m in im iz in g  th e  w aste s  to  
land fills  such as th e  co m p o st b ins. T he d iffe ren t types o f  w aste s  are separate ly  co llec ted , 
p ro p erly  m an ag ed  and  effic ien tly  u tilized  o r d isposed . T he w aste  and  w aste  w a te r g en e ra ted  can 

b e  u sed  as fe rtilizers . T he b io d eg rad ab le  food  w aste  w h ich  can  b e  u sed  in  b io g as com posting  
u n its  serves as an  energy  source.

R a in w a te r in stead  o f  s im ply  b e in g  w asted  as ru n  off, ra in w ate r h a rv estin g  system  im plem en ted . 
T he ra in  w a te r co llec ted  can  b e  sto red  fo r u tilities. E v en  th e  g rey  w a te r from  dish  w ash in g  can  b e  

u sed  fo r irrig a tio n  and  flu sh in g  to ile ts. T he w aste  w ater, h u m an  w aste  co llec ted  at the  source can 
b e  g iven  to  sem i-cen tra lized  b io g as p lan t p ro d u c in g  liq u id  fe rtilize r p ro v id in g  soil w ith  nu trien ts  
and  carbon  sinks rem o v in g  a tm o sp h eric  ca rbon  dioxide.

4 .7  G reen  tech n iq u es u s in g  ren ew ab le  sources

4.7.1 Solar

S o lar h ea tin g  system s w h en  im p lem en ted  in  bu ild ings, it  p reheats  th e  ou tside  a ir b e fo re  it is 
a llow ed  to  en ter th e  bu ild ing . It he lps in  red u cin g  th e  h ea tin g  costs. S o lar h ea te rs  can  also  b e  

u sed  to  h ea t w a te r th a t req u ired  fo r d o m estic  pu rposes. O th er ap p lica tio n  o f  so lar w a lls  w h ich  
req u ire  v ery  less m ain ten an ce  is that, it can  b e  u sed  even  in  c loudy  cond itions. S o lar e lec tricity  
p ro d u ced  on a la rg e  sca le  u s in g  low  cost so lar ce lls  is still on  research . T h is p ro v es to  be 
effec tive  b o th  in  te rm s o f  energy  e ffic ien cy  and  in  g iv ing  h ig h  y ields.

4 .7 .2  G eotherm al energy

G eo therm al energy  can  b e  u sed  in  p laces  w h ere  th e  geo therm al reserv es are p resen t abundan tly . 

It can  b e  ex trac ted  from  u n d er th e  g ro u n d  and  th e  ob ta in ed  energy  can  b e  u tilized  in  heating , a ir 
co n d itio n in g  o r tran sfo rm atio n  (co n v ers io n ) in to  e lec tric ity .A  geo therm al h ea t pum p system  can 

b e  im p lem en ted  w h ich  in d ica tes  a m ajo r investm ent. It enab les its  u se rs  to  u tilize  an
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in ex h au stib le  o r ren ew ab le  energy  source w h ich  p ro v id es 60 to  70%  o f  energy  o r p o w er th a t 
n eed ed  to  h ea t a bu ild ing . It red u ces th e  co n su m p tio n  o f  fo ssil fu e ls  th a t em its lo t o f  g reen h o u se  
gases. T hese  reso u rces  a lso  has th e  advan tage  o f  n o t dep en d in g  on a tm o sp h eric  cond itions.

4 .7.3 W in d  p o w er

W in d  energy  is a s ig n ifican t source o f  energy  in  g reen  bu ild ings. W in d  p o w er is a less expensive  
c lean  en erg y w h ich  can  b e  generated . It in v o lv es  co n v ersio n  o f  w in d  p o w er in to  o th er types o f  
energy. T he energy  co n v e rs io n  include: W in d  tu rb in es  u sed  fo r th e  p ro d u c tio n  o f  e lectrical 
energy, W in d m ills  u sed  fo r g en e ra tin g  m ech an ica l energy  o r p o w er and  W in d  pu m p s can  be 

u sed  fo r the  w a te r ex trac tio n  and  d ra in a g e .

4 .7 .4  O th er ren ew ab le  energy  sources

H y d rau lic  energy  g en e ra ted  b y  d isp lacem en t o f  fresh  w ater, sea w ater, e tc .p lays an  ex trem ely  
s ig n ifican t ro le  in  serv ing  as a sou rce  o f  p o w er (energy).

B io m ass  is p ro d u ced  b y  th e  p rocess ca lled  ph o to sy n th esis , in  w h ich  energy  from  th e  sun is sto red  
in  p lan ts  in  th e  fo rm  o f  ca rb o h y d ra tes  u sin g  ca rbon  d iox ide  from  th e  a tm osphere . B io m ass re fers  
to  any  liv in g  m ateria l o r m atte r. In  energy  te rm s, b io m ass re fers  to  all o rg an ic  m ateria l w h ich  
serves energy  in  d iffe ren t fo rm s lik e  b io fuel, b iogas, o r som etim es u sed  d irec tly  fo r co m b u stio n . 
F o r exam ple: o rg an ic  w aste , ag ricu ltu ra l w aste , u rb an  w aste , e tc . F o o d  w aste  p ro d u ced  from  the  
b u ild in g s can  b e  u sed  as a source o f  b io m ass  to  p ro d u ce  energy.

5. G reen  b u ild in g  ra tin g  benefits:

W ith  th e  in creasin g  p ercen tag e  o f  b u ild in g s g e ttin g  dem olished , th e re  is s ig n ifican t im p act o v er 

c lim ate  ch an g es. T h erefo re  th ere  is a need  fo r g reen  co n stru c tio n  and  th e  g o v ern m en t in  U S 
insisted  such g reen  p ro g ram s and  L E E D  cam e in to  ex is ten ce . L E E D  (L ead ersh ip  in  E n erg y  and 
E n v iro n m en ta l D esig n ) - th e  ra tin g  system  d esig n ed  and  d ev e lo p ed  b y  U S G B C , w h ich  eva lua tes 
en v ironm en ta l p erfo rm an ce  o f  a b u ild in g  and  also  fo r p ro m o tin g  susta inab le  design.

B en efits  o f  G reen  bu ild ings: L E E D  certifica tio n

L E E D  G old  ce rtified  bu ild ing :

•  U ses  11%  less w a te r and  25%  less energy  th an  an average  n on  L E E D  ra ted  bu ild ing . I f  a 
b u ild in g  u ses  less energy  and  less w ater, th e  m o n th ly  u tility  b ills  w ill b e  low ered.

•  H as 19%  lo w er m ain ten an ce  costs  th an  th e  no rm al b u ild in g
•  P ro d u ces 34%  less g reen h o u se  gas em issions.
•  O ccupan ts are m o re  sa tisfied  by  average  o f  27%  th an  th e  o ccupan ts o f  n o n -ra ted

b u ild in g s . B ecau se , G reen  b u ild in g s he lps in  increasing  co m fo rt and  red u ces sick
b u ild in g  syndrom e.
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ABSTRACT

N o ise  p o llu tio n  is a p ro b lem  in creasin g ly  ack n o w led g ed  b y  au th o rities  and  g o v ern m en ts  
a round  th e  g lobe. G eograph ica l In fo rm atio n  S ystem s (G IS  10.1) can  co n v en ien tly  b e  adap ted  
to g e th e r to  ana lyse  and  p resen t n o ise  in fo rm ation . N o ise  m aps can  be  u sed  to  assess and 
m o n ito r th e  in flu en ce  o f  no ise  effects. R esid en ts  liv in g  in  h igh  rise  b u ild in g s are also  severely  
affec ted  b y  tra ffic  noise. T he in teg ra tio n  o f  G IS  and  no ise  m aps m ak es it p o ssib le  to  in crease  the  
q u ality  o f  n o ise  e ffec t stud ies b y  d ea lin g  w ith  un certa in ties , b y  app ly in g  standard ized  m eth o d s to  
study  and  q uan tify  n o ise  effec ts .T h e  p resen t w o rk  a im ed  at d ev e lo p m en t o f  n o ise  m ap  fo r 
L u ck n o w  m etropo lis . In  th is  study, a to tal o f  10 lo ca tio n s w ere  se lec ted  fo r co llec tio n  o f  data. 
N o ise  p o llu tio n  can  d am ag e p h y sio log ica l and  psy ch o lo g ica l health . T he no ise  leve ls  in  te rm s o f 
L 10, L 90, L aeq, Lnp and  T N I hav e  m easu red  u sin g  S ound L evel M e te r (SPL ). T he no ise  levels 
w ere  o bserved  in  th e  m o n th  o f  S ep tem b er 2017  to  N o v em b er 2017. In  th e  m o rn in g  tim e  (7 A M - 
9A M ) residen tia l zo n es  L eq  w as fo u n d  in  the  range o f  7 7 .89 -80 .70dB  (A ), in  com m ercia l zones 
L eq  w as in  th e  ran g e  o f  7 2 .00 -82 .16dB  (A ), in  industria l zo n es L eq  w as in  th e  ran g e  o f  68 .26- 
71 .62dB  (A ) and  in  th e  silence zo n es L eq  w as in  the  range o f  7 5 .00 -78 .26dB  (A ).In  th e  
a fte rnoon  (12 P M -2 P M ) no ise  leve ls  w ere  o b serv ed  fo r residen tia l zo n es  L eq  w as in  th e  ran g e  o f  
6 4 .70 -83 .72dB (A ), fo r com m ercia l zo n es  L eq  w as in  th e  ran g e  o f  74 .9 0 -8 4 .5 2 d B (A ), fo r 
industria l zones L eq  w as in  th e  range o f  7 2 .3 2 -7 5 .2 8 d B (A ) and  fo r s ilence zones L eq  w as in  the  
ran g e  o f  7 3 .19 -76 .49dB (A ). In  th e  even ing  (6 P M -8 P M ) no ise  leve ls  fo r residen tia l zo n es L eq  
w ere  fo u n d  in  th e  ran g e  o f  7 6 .29 -81 .03dB  (A ), fo r com m ercia l zo n es  L eq  w as in  th e  ran g e  o f  
7 5 .16 -85 .45dB  (A ), fo r industria l zo n es  L eq  w as  in  the  ran g e  o f  6 9 .6 8 -8 1 .8 2  dB (A ) and  fo r 
silence  zones w as in  th e  ran g e  o f  6 8 .74 -71 .78dB  (A ).E x cep t in  industria l zo n e  in  all o th er zones 
th e  no ise  leve ls  a re  b ey o n d  lim its.

K e y w o rd s -  N o ise  P o llu tion , G IS, T ra ffic  N o ise  M aps.

1. In tro d u c tio n

N o ise  leve ls  can  b e  re search ed  in  d iffe ren t w a y s: as tra ffic  and  tran sp o rta tio n ; industria l 
ac tiv ities, m ark e tin g  and  en te rta in m en t fac ilities  [1]. In co n tras t to  o th er p o llu tan ts , th e  con tro l o f  
en v ironm en ta l n o ise  is in te rru p ted  b y  in su ffic ien t k n o w led g e  o f  its  effec ts  on  hu m an s and  lack  o f 
defined  criteria. N o ise  p o llu tio n  is a s ign ifican t env ironm en ta l p ro b lem  in  m an y  rap id ly  
u rb an iz in g  areas; it is n o t re co g n ized  as serious in  m any  cases, y e t it s tead ily  g row s in  
d ev e lo p in g  and  d ev e lo p ed  coun tries alike. A m o n g  th e  com m o n  n eg a tiv e  co n seq u en ces resu ltin g  
from  u rb an iza tio n  is en v ironm en ta l n o ise  po llu tion . T his is an  o bv ious p ro b lem  at a tim e  w h en  
th ere  is g rea t d ifficu lty  in  ensu rin g  th a t u rb an  areas o f  L u ck n o w  b eco m e functional and

Department of Civil Engineering, MBCET 443



ICID 2018 21-23 June, 2018

aes th e tica lly  p leasing . U rb an iza tio n  is th e  com m on  p rim ary  reaso n  co m m o n ly  advanced  fo r the  
p re sen t ad v an ced  d ep lo rab le  state  o f  m an y  cities in  th e  coun try  [2 ].T he W o rld  H ealth  
O rg an iza tio n  [3, 4] p ro m o tes  ac tions ag a in st n o ise  po llu tion . E n v iro n m en ta l n o ise  m an ag em en t 
is a p a rt o f  env ironm en ta l im p act stud ies and  o f  g u id e lin es  fo r u rb an  d ev e lo p m en t in  v ario u s  
countries. L u ck n o w  m etropo lis , w ith  a p o p u la tio n  o f  o v er 28 .2  L ak h s inhab itan ts , dese rv es its 
ow n no ise  m ap. A ccord ing ly , th is  in v estig a tio n  seeks to  develop  a no ise  m ap  o f  th e  city  b ased  on 
th e  no ise  p aram eters  as LAEQ, T N I (tra ffic  n o ise  ind ex ) and  LNP.

2. L i t e r a tu r e  re v ie w  o n  n o ise  m a p p in g

N o ise  m aps d escribe  spatial d is trib u tio n s  o f  n o ise  levels. T hey  a llo w  an effic ien t v isu a liza tio n  o f  
th e  n o ise  d istrib u tio n s in  areas w h ere  lan d  u ses are sensitive  to  n o ise . N o ise  m ap p in g  is an 
e ffic ien t a ssessm en t m eth o d  in  u rb an  areas [6]. A  n o ise  m ap  p ro v id es a co m p reh en siv e  lo o k  fo r 
th e  p ro b lem  o f  m u ltip le  sources and  receivers, and  th u s can  im p ro v e  u rb an  p lann ing . A cco rd in g  
to  Santos [2], th e  u se  o f  no ise  m ap p in g  allow s:

• Q u an tifica tio n  o f  no ise  in  th e  stud ied  location ;

• A ssessm en t o f  p o p u la tio n  exposure;

• C o m p o sitio n  o f  a da tab ase  fo r u rb an  p lan n in g  w ith  lo ca lisa tio n  o f  no isy  ac tiv ities  and  sensitive  
zones;

• M o d ellin g  o f  d iffe ren t scenarios fo r the  fu ture;

• F o recas t o f  im p ac t n o ise  o f  the  p ro jec ted  in fra s tru c tu re  and  industria l activ ities.

T he m o st advanced  re search  in  no ise  m ap p in g  h as  b een  p erfo rm ed  in  E u ro p ean  countries. F o r 
exam ple , G erm an y  has co n d u c ted  re lev an t research  fo r m o re  th an  25 y ea rs . B ased  on th e  resu lts  
o f  p rev io u s stud ies, tra ffic  n o ise  is freq u en tly  id en tified  as th e  m ain  n o ise  source. T he U K  
p u b lish ed  the  L o n d o n  n o ise  m ap  in  2004, w h ich  is th e  firs t n o ise  m ap  p ro d u ced  b y  a national 
g overnm en t, as a re fe ren ce  fo r L o n d o n  c itizens to  avo id  n o ise  nu isan ces [7]. D e  K lu ijv er and 
S to ter [8] co nc luded  th a t app ro p ria te  u se  o f  G eo g rap h ic  In fo rm atio n  System  (G IS) in  m ap p in g  
n o ise  effec ts m ak es it p o ssib le  to  o p tim ize  th e  quality  and  e ffic ien cy  o f  no ise  e ffec t studies. T he 
G IS is an  im p o rtan t too l in  spatial ana lysis  and  m o d e llin g . S heng and  W a  T ang  [9] app lied  a 
G IS -b ased  tra ffic  n o ise  m odel system  to  in v estig a te  the  in flu en ces  o f  ex is tin g  u rb an  fo rm s on 
v eh ic le  tran sp o rt and  p ed estr ian  exposu re  to  tra ffic  no ise  in  th e  M acao  P en insu la . W a z ir  [10] 
p rep ared  a no ise  m ap  u s in g  A rcG IS  9.3.1 so ftw are  fo r b e tte r  v isua l in fo rm atio n  o f  th e  no ise  
en v iro n m en t o f  G uw ahati C ity  and  its d iurnal v a ria tio n s . In te rp o la tio n  is an  effec tiv e  tech n iq u e  
u sed  b y  v ario u s research ers  fo r th e  pu rp o ses  o f  n o ise  m ap p in g . In  the  in te rp o la tio n  techn ique , 
k rig g in g  is done to  assess th e  aco u stic  b eh av io u r o f  the  geograph ical a rea . T he study  h ig h lig h ted  
th e  n o ise -p o llu ted  and  v u ln erab le  areas th ro u g h  d iurnal no ise  m ap p in g . It w as o b serv ed  th a t 
areas w ith  h ig h  tra ffic  congestion , n arro w  roads, heav y  construc tional ac tiv ities  and  p o o r tra ffic  
m an ag em en t are m ore v u ln erab le  to  h ig h  n o ise  levels. Som e o f  th e  educational institu tions, 
h o sp ita ls  and  n u rsin g  ho m es are w ith in  a h ig h -n o ise  env ironm ent. Som e re search ers  have 
d eve loped  h ig h  tem p o ra l/sp a tia l re so lu tio n  system s fo r m o d e llin g  a ir quality  o r noise.

3. M a te r ia ls  a n d  m e th o d s
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3.1. Study area

T his research  is b ased  on  th e  resu lts  o f  o u td o o r sound  level m easu rem en ts  ca rried  o u t in 
S ep tem b er to  N o v e m b e r 2017  at 10 d iffe ren t lo ca tio n s (2 residen tia l locations, 4 com m ercial 
locations, 2 industria l locations, 2 silence lo ca tio n s) in  L u ck n o w  m etro p o lis , th e  capita l c ity  o f  
U tta r  P rad esh  S tate o v er th e  study  area; i.e. 8 0 .9 5 oE  lo n g itu d e  (L ucknow ) and  2 8 .7 0 oN  latitude.. 
F ig u re  1 is a general v iew  o f  L u ck n o w  m etro p o lis  show ing  th e  areas o f  no ise  m easu rem en ts  fo r 
th is  study.

Figure-1 G eneral view of Lucknow m etropolis showing the locations of noise m easurem ents

3.2. Experim ental Procedure

In stru m en ta tio n  fo r th e  fie ld  m easu rem en ts  co n sisted  o f  a p rec is io n -g rad e  sound  level m ete r 
(L u tro n -S L  4010). T he in stru m en ts  w ere  ca lib ra ted  b y  th e  in terna l sound  level ca lib ra to r b e fo re  
m ak in g  m easu rem en ts  at each  site. A ll th e  in stru m en ts  com ply  w ith  th e  In tern a tio n al 
E lec tro tech n ica l C o m m issio n  (IE C ) standards. M o n ito rin g  w as  ca rried  o u t at a h e ig h t o f  1.5 m  
and  1 m  aw ay  from  th e  chest fo r  60 m in. a t in terva l o f  15 seconds. LAi (A -w eig h ted  
in stan tan eo u s sound  p ressu re  level) m easu rem en ts  w ere  reco rd ed  at in te rv a ls  o f  15 seconds fo r a 
p e rio d  o f  60 m in, g iv in g  240  read in g s p e r sam pling  location . T h is p ro ced u re  w as ca rried  o u t fo r 
m o rn in g  (7 A M -9 A M ), a fte rnoon  (1 2 P M -2 P M .) , ev en in g  (6 P M -8 P M ) m easu rem en ts. F rom  
th ese  read ings, co m m only  u sed  com m u n ity  no ise  ev a lu a tio n  q u an titie s  like  th e  exceedence  
p e rcen tile s ,L 10 and  L 90, th e  A -w eig h ted  eq u iv a len t sound  p ressu re  level L aeq , th e  no ise  p o llu tion  
level LNP, and  th e  tra ffic  n o ise  in d ex  TN I, w ere  determ ined . T hese  n o ise  m easu res  are defined  as 
fo llo w s [27]:

LaecP 10 log 10 [^ 1 {anti log ̂ ) n i ]  (1)

Lnp= L eq  +  (L 10 - L 90) (2)
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T N I=  4(L10 - L 90) +  (L 90 -30) (3)

w h ere  LAI is th e  ith  A -w eig h ted  sound  p ressu re  level read in g  dB, n  is th e  to ta l n u m b er o f  
read ings, LAeq is the  A -w eig h ted  eq u iv a len t sound  p ressu re  level, L 10 is th e  n o ise  level th a t 
ex ceed ed  10%  o f  th e  tim e , L 90 is th e  no ise  level th a t ex ceed ed  90%  o f  the  tim e  (a lso  re ferred  to  
as b ack g ro u n d  n o ise  level), Lnp is th e  n o ise  p o llu tio n  level, and  T N I is th e  tra ffic  n o ise  index.

4. R e su lts  a n d  d isc u ss io n

4.1. Assessment of noise param eters:

The average noise parameters were determined at different location. Table 1 shows the daily average values o f noise 
parameters for the study area. At eight locations values of Leq, Lnp, and TNI were exceeded from the permissible 
limits in the month of September 2017 for time span (7Am to 9AM), (12PM to 2PM) and (6PM-8PM) respectively. 
The different noise level parameter such as L 10, L90, Lnp, Leq and TNI were shown for different locations from 7am to 
9am in figure 2.The L 10 values of noise level varies between 72.83 to 84.68dB, L90 values varied between 60.13 to 
71.26dB, Lnp values varied between 78.28 to 104.18dB, Leq was in the range o f 69.68 to 80.41dB and TNI values 
varied between 68.63 to 125.9dB and further same the different noise level parameter were showed at different 
locations for 12pm-2pm.The L 10 was showed noise level values varies between 76.28 to 86.25dB, L90 values varies 
between 61.02 to 73.25dB, Lnp valued varies between 84.25 to102.77dB and Leq is in the range o f 66.15 to 83.59dB 
and TNI values were varied between 80.6 to 117.30dB and also same the different noise level parameters were 
showed at different locations in 6pm-8pm.The L 10 was showed noise level values varies between 72 to 88.56dB, L90 
values were varied between 59.00 to 83.00dB, Lnp values were varied between 81.57 to 105.8dB, Leq was in the 
range of 68.74 to 84.15dB and TNI values were varied between 81 to 119.40dB.

Table 1-Average noise param eters at study locations in the  m onth of Septem ber 2017

Time 7AM-9AM 12PM-2PM 6PM-8PM

''Parameters L10 L90 LAeq LNP TNI L10 L90 LAeq LNP TNI L10 L90 LAeq LNP TNI

L o c a t io n s ^ ^ dBA dBA dBA dBA dBA dBA dBA dBA dBA dBA dBA dBA dBA dBA dBA

1. CHINNAT 76.82 65.68 69.72 80.86 80.24 80.00 68.00 72.32 84.32 86.00 83 71 78 91 89
2. RAM
MANOHAR
LOHIA 78.19 64.19 76.41 90.41 90.19 77.27 66.16 73.20 84.31 80.60 72.83 60 68.74 81.57 81.32
3.INDRA
NAGAR 82.93 60.13 79.26 102.06 121.33 76.90 62.00 66.15 85.15 91.60 85 64.2 79.664 100.4 117.4

4.ALIGANJ 81.5 62.53 77.89 96.867 108.41 82.59 61.02 81.20 102.77 117.30 81.48 68.3 76.29 89.47 91.02

5.KGMC 79 64 75.75 90.75 94 78.00 66.00 73.90 85.90 84.00 72 59 68.81 81.81 81

6. AMAUSI
72.83 64.23 69.68 78.28 68.63

78.25 67.00 73.63 84.88 82.00 81.27 69.56 79.77 91.48 86.4

7. CHARBAGH 82.92 64.56 78.92 97.28 108 86.25 73.25 83.59 96.59 95.25 88.56 68.26 82.26 102.5 119.4

8. KAISEBAGH 79.26 71.26 75.55 83.55 73.26 81.26 69.26 79.82 91.82 87.26 84.26 62.53 84.14 105.8 119.4

9.HAZRATGANJ 79 66 72.22 85.22 88 82.00 64.00 74.90 92.90 106.00 81.9 66.1 75.16 90.97 99.3

10.AMINABAD 84.68 60.91 80.41 104.18
125.99

1 82.95 68.21 78.47 93.21 97.17 86.93 70.1 80.32 97.15 107.4
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Figure2. Noise map fo r Lucknow m etropolis in the m onth of Septem ber 2017

In the above figure 2, the noise map of all noise parameters show higher values for Aminabad, Indra nagar at the 
time interval (7AM-9Am), for Charbagh, Kaiserbagh at the time interval (12PM-2PM) and for Aliganj, Amausi at 
the time interval (6PM-8PM). Now lower values for Kaiserbagh, Hazratganj at the time interval (7AM-9Am), for 
Aliganj, KGMC at the time interval (12PM-2PM) and for Hazratganj, Chinnhat at the time interval (6PM-8PM).

Table 2 shows the daily average values of noise parameters for the study area. At eight locations values of Leq, Lnp, 
and TNI were exceeded from the permissible limits in the month of October 2017 for time span (7Am to 9 AM), 
(12PM to 2PM) and (6PM-8PM) respectively. The different noise level parameter such as L 10, L90, Lnp, Leq and TNI 
were shown for different locations from 7am to 9am in figure 3.The L 10 values of noise level varies between 76.82 
to 85.15dB, L90 values varied between 61.12 to 71.26dB, Lnp values varied between 82.17 to 105.36dB, Leq was in 
the range of 69.97 to 81.49dB and TNI values varied between 73.26 to 121.12dB and further same the different 
noise level parameter were showed at different locations for 12pm-2pm.The L 10 was showed noise level values 
varies between 77.62to 86.25dB, L90 values varies between 62.53 to 73.25dB, Lnp valued varies between 78.50 
to103.98dB and Leq is in the range of 64.70 to 83.5dB and TNI values were varied between 80.88 to 119.53dB and 
also same the different noise level parameters were showed at different locations in 6pm-8pm.The L 10 was showed 
noise level values varies between 77.62 to 88.25dB, L90 values were varied between 62.53 to 74.89dB, Lnp values 
were varied between 70.37 to 105.8dB, Leq was in the range of 70.37 to 84.14dB and TNI values were varied 
between 82.75 to 119.40dB.

Table 2-Average noise param eters at study locations in the  m onth of O ctober 2017

Time 7AM-9AM 12PM-2PM 6PM-8PM

Parameters
Locations

L10
dBA

L90
dBA

LAeq
dBA

LNP
dBA

TNI
dBA

L10
dBA

L90
dBA

LAeq
dBA

LNP
dBA

TNI
dBA

L10
dB
A

L90
dB
A

LAe
q
dBA

LN
P
dB
A

TNI
dB
A

1. CHINNAT 77.92 67.72 70.72 82.9 78.52 81.78 70.92 73.62 84.48 84.3
81.7 70.9

79.6 92.6 94.8
2. RAM
MANOHAR
LOHIA 79.17 65 77.01 91.0 91.32 78.25 67 74.86 85.83 81.1

78.2 67
70.3 82.7 80.3

3.INDRA
NAGAR 83.62 61.12 79.69 102 121.1 77.62 63.82 64.70 78.50 89.0

77.6 63.8
79.5 99.9 117

4.ALIGANJ 82.56 66.45 76.88 92.9 100.8 84.28 62.53 82.23 103.9 119
84.2 62.5

77.9 87.9 81.2
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5.KGMC 79.58 65 77.48 91.9 92.96 78.18 67 74.84 85.74 80.8
78.1 67

70.5 83.3 81.9

6. AMAUSI 76.82 66.52 69.97 82.1 77.72 81.78 70.92 74.74 85.60 84.3
81.7 70.9

78.9 91.9 94.8
7.

CHARBAGH 82.92 64.56 78.92 97.2 108 86.25 73.25 83.59 96.59 95.2
88.2 74.8

82.2 102 119
8.
KAISEBAGH 79.26 71.26 76.35 84.35 73.26 81.26 69.26 79.82 91.82 87.2

81.5 70.8
84.1 105 119

9.HAZRATGA
NJ 80 67.52 74 86.77 87.04 83.45 66.79 75.82 92.47 103

83.4 66.7
75 93. 106

10.AMINABAD 85.15 61.28 81.49 105.3 126.7 83.3 70.2 78.66 91.76 92.6
83.3 70.2

80.9 97.3 107

Figure3. Noise map fo r Lucknow m etropolis in the m onth of O ctober 2017

In  the above figure 3, the noise m ap of all noise param eters show higher values fo r A m inabad, In d ra  n ag ar at 
the tim e in terval (7AM-9Am), fo r A liganj, Am ausi a t the  tim e in terval (12PM -2PM ) and fo r In d ra  nagar, 
K aiserbagh at the tim e in terval (6PM -8PM ). Now lower values fo r K aiserbagh, Am ausi a t the tim e interval 
(7AM-9Am), fo r C hinnhat, H azratganj a t the tim e in terval (12PM -2PM ) and fo r A liganj, KG M C at the tim e 
in terval (6PM-8PM).

Table 3 shows the daily average values of noise parameters for the study area. At eight locations values of Leq, Lnp, 
and TNI were exceeded from the permissible limits in the month of November 2017 for time span (7Am to 9 AM), 
(12PM to 2PM) and (6PM-8PM) respectively. The different noise level parameter such as L 10, L90, Lnp, Leq and TNI 
were shown for different locations from 7am to 9am in figure 4.The L 10 values of noise level varies between 77.67 
to 86.17dB, L90 values varied between 61.82 to 71.93dB, Lnp values varied between 80.77 to 105.55dB, Leq was in 
the range of 70.89 to 82.16dB and TNI values varied between 76.73 to 126.34dB and further same the different 
noise level parameter were showed at different locations for 12pm-2pm.The L 10 was showed noise level values 
varies between 78.52 to 86.25dB, L90 values varies between 62.92 to 73.25dB, Lnp valued varies between 80.13 
to105.64dB and Leq is in the range of 65.73 to 84.52dB and TNI values were varied between 82.96 to 120.68dB and 
also same the different noise level parameters were showed at different locations in 6pm-8pm.The L 10 was showed 
noise level values varies between 74.12 to 89.26dB, L90 values were varied between 62.00 to 73.67dB, Lnp values 
were varied between 83.56 to 102.2dB, Leq was in the range of 71.44 to 85.44dB and TNI values were varied 
between 80.14 to 122.4dB.
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Table 3-Average noise param eters at study locations in the m onth of N ovem ber 2017

Time 7AM-9AM 12PM-2PM 6PM-8PM

^Parameters L10 L90 LAeq LNP TNI L10 L90 LAeq LNP TNI L10 L90 LAeq LNP TNI

Locations ^ ^ ^ dBA dBA dBA dBA dBA dBA dBA dBA dBA dBA dBA dBA dBA dBA dBA

1. CHINNAT
77.69 66.79 71.62 85.3 80.39 82.78 72.72 73.92 85.57 82.96 84.92 73.62 81.82 96.44 88.82

2. RAM
MANOHAR
LOHIA

80.27 66 78.31 92.41 92.57 79.48 67 76.48 88.68 86.08 74.12 62 71.44 83.56 80.48

3.INDRA
NAGAR

84.12 61.82 80.70 103.0 121.02 78.52 64.12 65.73 80.13 91.72 87.56 66.36 81.03 102.2 121.1

4.ALIGANJ
83.29 67.26 77.80 93.83 101.38 84.86 62.92 83.70 105.64 120.68 82.18 72.86 78.42 87.74 80.14

5.KGMC
80.17 66 78.26 92.26 92.17 79.52 67 76.49 88.73 86.24 74.91 62 71.77 84.68 83.64

6. AMAUSI
77.67 67.79 70.89 80.77 77.31 82.78 72.29 75.28 85.77 84.25 84.92 73.67 79.78 91.03 88.67

7. CHARBAGH
83.56 65.23 79.65 97.98 108.55 88.25 74.89 84.52 97.88 98.33 89.26 70.61 83.18 101.8 115.2

8. KAISEBAGH
80.63 71.93 77.95 86.65 76.73 81.95 70.86 80.16 91.25 85.22 85.62 63.35 85.44 107.7 122.4

9.HAZRATGANJ
81 67.52 75 89.07 92.52 83.38 67.81 76.89 92.46 100.09 84.27 67.28 76 93.07 105.2

10.AMINABAD
86.17 62.78 82.16 105.55 126.34 83.68 71.79 78.80 90.69 89.35 89.11 73 81.57 97.68 107.4

Figure 4. Noise map fo r Lucknow m etropolis in the m onth of N ovem ber 2017

In the above figure 4, the noise map of all noise parameters show higher values for Aminabad, Indra nagar at the 
time interval (7AM-9Am), for Aliganj, Amausi at the time interval (12PM-2PM) and for Indra nagar, Charbagh at 
the time interval (6PM-8PM). Now lower values for Aliganj, Ram Manohar Lohia at the time interval (7AM-9Am),
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for Chinnhat, KGMC at the time interval (12PM-2PM) and for Hazratganj, Ram Manohar Lohia at the time interval 
(6PM-8PM).

5 . C o n c l u s i o n

In this study, a noise map o f Lucknow metropolis has been developed based on the noise parameters: equivalent 
noise level (LAeq), background noise level (L90), TNI, noise pollution level (LNP), L10.The noise map shows that 
locations near busy roads/road junctions, commercial places and passengers loading parks have higher background 
noise level and peak noise level than locations near residential areas. This analysis shows that noise levels at 8 of 10 
measurement data exceeded the recommended limit by the standard law of India. Hence, the noise pollution in 
Lucknow metropolis poses a severe health risk to the residents. Even, discomfort and irritation from the pollution 
can drastically reduce productivity, both in public service and private sectors. The most valuable step to decrease 
noise pollution in a big city of Uttar Pradesh like Lucknow is the preparation of noise maps. The noise map itself, 
with the values of noise parameters, provides baseline data for town planners, engineers and others for planning and 
execution of their projects. Most o f the cities in Uttar Pradesh have not produced noise pollution maps. It is 
suggested that noise maps should be developed for every big city in Uttar Pradesh to serve as a noise control 
measure.
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A b s tr a c t

Noise is harsh,disagreeable, irritable and unwanted sound which may causeirritation and annoyance to the public as 
well as to the surroundings. It is a global challenge as it is consider one of the major environmental issues in the 
present era.In this paper studies have been made for finding variations for noise exposure level, noise descriptors 
and the comparative study o f the noise exposure level (Lden), average day night noise levelLdn and other noise 
descriptor such as L 10, L50, L90& Leqat four selected location in metropolitan city Lucknow viz. Aliganj, Jankipuram, 
Indiranagar and Krishnanagar on pre diwali and on diwali day. The sampling was done at four locations on the pre 
diwali day and the diwali day from 06:00 to 10:00(daytime), 18:00 to 22:00(evening time) and 23:00 to 24:00(night 
time). Data was taken at an interval of 15 second continuously for the 15 minutes and again for the next 15 minutes 
with the gap of 15 minutes in successive reading.The results indicates thatLeq was from 55.5dBA on pre diwali to 
62dBA on diwali day at Aliganj while the Lden and Ldnwere 61.7 and 61.1 respectively on pre diwali to 70.5 dBA and
76.3 dBA respectively on the diwali day. At Krishnanagar location, variation was between 59.2dBA on pre diwali to
84.1 dBA on diwali day while the Lden and Ldnwere 65.8 and 65.2 respectively on pre diwali to 90.6 dBA and 91.6 
dBA respectively on the diwali day. Variation at the site o f Indiranagar shows L eq 72.1 dBA on pre diwali to 77.8 
dBA on diwali day while the Lden and Ldn are 82 and 81.9 respectively on pre diwali to 87.5 dBA and 87.4 dBA on 
the diwali day. The variation of Leqat Jankipuram was 56.7 dBA on pre diwali to 76.8 dBA on diwali day while the 
Lden and Ldn are 64.2 and 63.5 respectively on pre diwali to 85.8 dBA and 85.4 dBA on the diwali day. It is observed 
that mostly all the noise parameters at the all study locations are beyond the prescribed limits.

Keywords: Noise pollution, noise exposure level, noise descriptors.

1. In tro d u c tio n

Noise is considered as an environmental issue anda global challenge. Long-term exposure in the form of unwanted 
sound significantly imposes environmental problem to humans and animals. The audible range for human ear is 20 
Hz to 20 KHz. If the frequency is less than 20Hz then it is called sub-sonic while more than 20 KHz it is said to 
ultrasonic range of frequency. Since the sound produced may be liked by one person and may be discarded by other 
person. Environment (Protection) Act, 1986 recognizes noise as an "environmental pollution" and empowers the 
Central Government to frame the laws and regulations prescribing the maximum permissible limits for the noise at 
different locations. The m ain sources of noise pollution are  the  construction activities, traffic  emergence, 
industrialization etc. Noise can affect badly to o u r environm ent and th rea t to hum ans. Long te rm  exposure 
m ay causes perm anent h ear loss, annoying behaviour, headache, fluctuation in blood pressure, m uscular 
stra in  and nervous breakdow n, lowering of concentration and affect on m em ory, insom nia, em otional 
disturbance. Diwali is a Hindu festival o f lighting and full of joy, celebrates using firecracker in the month of 
October or November every year. There is huge use of firecrackers in the diwali festival by the young people, 
children and the fascinated peoples in all over the country. The burn ing  of firecracker induces a lot of a ir 
pollution as well as the noise pollution. The pollution produces by this makes the environm ent m ore polluted 
over the existing pollution.

U ndesirable sounds th a t a re  em itted by various m echanism s are defined as Noise The acoustic noises are  
m ainly categorised into th ree  types:
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>  Steady Noise (industrial m achines, transform ers, a ir  conditioners and tu rb ines etc.)
>  F luctuating Noise (road and rail traffic, aviation, sound and m usic etc.)
>  Im pulse Noise (land mines, am m unition explosion and crackers etc ), so we can say th a t it is a w orst 

type of noise pollution occurs in the  environm ent.

2. L i t e r a tu r e  re v ie w

The motor vehicle is the very significant and important sources of noise pollution in the urban environment it 
contributes to 55% to the total noise pollution (Banerjee et al, 2008). A study based on noise pollution and 
ordinance, proposed the revision in the noise abatement pollution based on the adequate knowledge followed all 
over the world, apart from the standards followed in India (Garg et al, 2005) . Study is conducted in Mumbairesults 
that diwali festival creates a lot o f noise pollution and there is continuous increment in noise level from theprevious 
year (Patel et al, 2014). In Duhok city (Iraq)during Nawruz festival, results showedmeasured noise level was 20% 
higher than the normal days and also beyond the noise standardsso we can say that the festivals are the main cause 
of increase in noise level (Yousif et al, 2014) . In a studyheldduring diwali festival in Chindambaram town 
(Tamilnadu, India), the recorded noise level on the diwali day for 30 sitesit was found that noise level were higher 
than the prescribed limits (Balashanmugam et al, 2014) . Firecracker uses in  enjoying the diwali festival lead to 
generation oflot of air pollution as well as the noise pollution which affects the human health (Sharma et al, 2016).A 
review conducted for ambient air and noise quality in India during diwali festival resulted thatair quality was 
degraded and increase in noise level on diwali day than the normal day which is liable to serious health hazard, the 
study also emphasises on the control on bursting of firecracker to save human health (Chirag et al, 2014) . A study 
was conducted in Raipur city (Chhattisgarh, India) during the diwali festival which resulted that recorded value at 
all the sites were higher than the prescribed limit and the main source of increase in noise level were firecracker and 
traffic emergence after the holidays (Ahirwar et al, 2015). A study was conducted at Mhaswad (Dist. Satara in 
Maharashtra) where ten different sites were taken and it was found that, the residential zone and silence zone had 
higher noise level (Sujeet et al, 2016). Study was conducted in Calabar Municipality during pre-carnival, carnival 
and post carnival indicated that sound level were at a higher edge at morning, afternoon as well as evening. This 
made adverse effect to all aged humans (Alpan et al, 2015). A lot of efforts had been done to apply the noise 
exposure management strategies but resulted less improvements(Tickell, 2012). The DNL (day-night 
average sound level) was selected by EPA as the uniform descriptor of cumulative sound exposure to correlate with 
health and welfare effects. DNL methodology has given consistent results in the national and international literature 
under a wide range of noise conditions (including loud and soft noise levels, and frequent and infrequent numbers of 
discrete aircraft events) (Fidell, 2012).School based study in Italy was done to know the sound exposure effects on 
students (human being) and formulated; Annoyance Index (AI) score, global noise score (GNS) (Fabrizio et al, 
2018).
LAeq: It is the A-weighted equivalent sound pressure level, L 90: It is a good measure of background noise and the 
noise level that exceeded 90% of the time.
L 50: It is median noise, which is necessary, the same thing as LeqL™: It is the noise level that exceeded 10% of the 
time. It is a good measure of intermittent or intrusive noises, such as traffic, aircraft flyover, barking dogs etc.Lden 
(Noise exposure): is defined in terms of the “average” levels during daytime, evening, and night-time. The Lden 
(Day Evening Night Sound Level) or CNEL (Community Noise Equivalent Level) is the average sound level over a 
24 hour period, with a penalty of 5 dB added for the evening hours or 19:00 to 22:00, and a penalty of 10 dB added 
for the night time hours of 22:00 to 07:00.Ldn: The Ldn is the day night average equivalent sound level over a 24 
hour period, with a penalty added for noise during the night time hours of 22:00 to 07:00. During the night time 
period 10 dB is added to reflect the impact of the noise. Ldn measurements are useful for assessing the impact that 
road, rail, air and general industry has on the local population.

Noise exposure is a te rm  w hich shows the exposure of noise pollution to the  population resides in any area  in 
a given tim e period of noise occurrence.Study of noise exposure easily m akescom prehensive about the noise 
pollutionto common people and we can easily educate them  about the pollution created  by the bursting  of 
firecracker which is harm ful to o u r society and the hum an health. This can be fu rth e r  a great help in the 
awareness p rogram , not to b u rn  the huge am ount of firecrackers a t the festival.

3. M a te r ia l  a n d  M e th o d
3.1 Study area
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Lucknow metropolitan city is the capital city of Uttar Pradesh State which is at 80.95oE longitude and 28.70oN 
latitude, selected as a study area at four site for monitoring the noise level at the site considering as an area source 
(Aliganj, Indiranagar, Jankipuram and Krishnanagar) in the city on pre-Diwali day and on Diwali day with the help 
of noise meter (Lutron- SL 4010).

Since noise is considered as a global challenge and it is produced by m any anthropogenic activities. In  the 
same way noise pollution created  by firecracker in the  diwali festival creates a lot of nuisance i.e. 
psychological and physiological living standard  w ith m any health  hazard  problem s. This study is a p a rt of 
awareness program  of noise pollution because of bursting  of firecrackers.

The all locations selected fo r study are  residential areas and contains high population density. These highly 
populated sites taken  to study the noise exposure and would give the be tte r idea of exposure condition.M ap of
study area is shown in figure 1.

Figure 1- M ap of Study A rea

3.2 Experim ental procedures

Instrumentwas installed at 1.5 m above the groundand instrument set up by proper calibration at several meters from 
the firecrackers. The study was carried  in the month of October of year 2017. The interval 15 second was taken for 
successive reading, LA (A-weighted instantaneous sound pressure level) measurements was recorded continuously 
for 15 minutes.There were 120 noise data available for the one hour. The m easurem ent of noise level fo r the areas 
was done at p re  diwali day and on the diwali day in the  form  of A weighted noise level and described in the 
form  of Leq(A). M easurem ent was taken  in an open space using the noise m etre from  the distance of m ore 
th an  15 m etre from  the firecrackers.

Data was collected in morning (6:00-10:00), evening (18:00-22:00) and night (23:00-24:00). Commonly used 
community noise evaluation quantities like the exceedance percentiles such as L 10,L50and L90, the A-weighted 
equivalent sound pressure level LAeq, the noise exposure level Lden, and Ldn, were determined.
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3.3 Exposure lim its fo r noise firew orks

There may be loss of hearing if noise levels exceeds by 90 decibels exposure fo r long periods and may cause 
perm anent loss of hearing  due to 150 decibels o r  g rea ter even w ith a single exposure of such intensity (Noise 
standards fo r fire-crackers as p er Environm ent (Protection) Act, 2000).

4. R e s u lt  a n d  D iscu ss io n

The results are compared graphically. All the sites which were selected for study indicated the higher noise level 
than the prescribed limits by the CPCB, 2000.

In figure 2 the Leq for a whole dayvaries from 55.5dBA on pre diwali to 62dBA on diwali day at Aliganj, which 
increases 18.82% on diwali day from  the p re  diwali day. Minimum Leq for a pre diwali day was recorded 48 dBA 
during 06:00-07:00 while the maximum value recorded was 59 dBA during 09:00-10:00. For the diwali day it was 
seen that the recorded values was minimum during 06:00-07:00 which was 58 dBA and maximum was during 
22:00-23:00 i.e.76 dBA, these are presented in Table 1.

TABLE 1: NOISE DESCRIPTO RS AT A LIG A N J SITE

A LIG A N J SITE Leq L10 L50 L90 Lden Ldn

PR E DIW A LI DAY 55 58 55 48 61.7 62.1

ON D IW ALI DAY 67 65 58 53 76.5 76.3

F igure 2: V ariation of noise param eters at Aliganj

In the figure 3 atKrishnanagar location, variation in Leqwas from 59.2dBA on pre diwali to 84.1 dBA on diwali day 
w hich increases 42%  on diwali day from  the p re  diwali day. This was more concerning place among all the 
selectedlocationstaken for the study purpose, the enormous volume o f traffic and firecracker was the main 
contributor to increase in noise level.Minimum recorded Leqon pre diwali day was 50 dBA during 06:00-07:00 and 
the maximum value recorded was 61 dBA during 07:00-09:00. For the diwali day, minimum reading was 50 dBA 
during 06:00-07:00 and maximum was 89 dBA during 19:00-20:00.
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Figure 3: V ariation  of noise param eters at K rishnanagar

In the figure no 4 the variation at Indiranagar shows Leq 72.1 dBA on pre diwali to 77.8 dBA on diwali day and the 
noise level are the beyond the prescribed limits. T here  was approxim ately 8 %  exceedance in noise level on 
diwali day from  the p re  diwali day. Minimum Leq for a pre diwali day was recorded 51 dBA during 06:00-07:00 
and the maximum value recorded was 79 dBA during 22:00-23:00. On diwali day the minimum values recorded 
during 06:00-07:00 i.e. 50 dBA and maximum valuewas 86 dBA during 23:00-24:00.

F igure 4: V ariation of noise param eters at Ind iranagar.

The figure 5 shows the variation of Leq at Jankipuram was 56.7 dBA on pre diwali to 76.8 dBA on diwali day, this 
shows th a t there  was increase of 35.50%  in noise level at diwali day than  the p re  diwali day. The value of noise 
level at this site was beyond the standard limits. Leqfor a pre diwali day was recorded 48 dBA during 23:00-24:00 
while it was 62 dBAduring 21:00-22:00. For the diwali day the minimum Leq was 50 dBA during06:00-07:00 and 
maximum was 81 dBA during 21:00-23:00..
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Figure 5: V ariation  of noise param eters at Jank ipuram .

In the figure 6 the values of Lden and Ldn were 61.7 and 61.1 respectively on pre diwali to 70.5 dBA and 76.3 dBA 
respectively on the diwali day at Aliganj site. The Lden and Ldnon Krishnanagar were 65.8 and 65.2 respectively on 
pre diwali to 90.6 dBA and 91.6 dBA respectively on the diwali day.At Indiranagar the values of Lden and Ldn are 82 
and 81.9 respectively on pre diwali to 87.5 dBA and 87.4 dBA on the diwali day. The Lden and Ldnat jankipuram are
64.2 and 63.5 respectively on pre diwali to 85.8 dBA and 85.4 dBA on the diwali day. Thefigure 6 shows the noise 
exposure variation at all locations.

Figure 6: C om parative V ariation  of Lden and Ldn at all sites

5. C o n c lu s io n

F irecracker used in diwali festival creates a lot of pollution. B urning of firecracker produces im pact noise 
ra th e r  th an  the o ther type of noise such as continuous and  in term itten t noise. This im pact noise is m ore 
harm ful fo r the hum ans living in nearby place, by the generation of im pact noise from  the firecrackers it will 
be m ore dam aging to hearing loss. So this study helps to b e tter understanding  of exposure of noise pollution 
generated by the bursting  of firecracker at the diwali festival. This study can be used fo r m aking the strategic 
action plan to  b e tte r health  of peoples living in the  residential areas and to curb  the noise pollution.

6. R e c o m m e n d a tio n
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From above all discussion we can say that the firecracker used in the festivals creates a lot of nuisance in the form of 
degraded air quality and noise pollution which is health hazard to all humans as well as to animals. There is need of 
awareness to the people, not to make such level of high noise pollution because of high decibel producing 
firecrackers. Platforms like electronic media, print media, governmental body such as CPCB, state pollution control 
board etc, educational institutes, NGOs and other responsible bodies should make the awareness programme to 
peoples to curb the such pollution during diwali festival. As per the order based on the Supreme Court, prohibition 
of use of firecrackers in residential zone should be strictly followed during the time 22:00 to 06:00. Enforcement of 
legal laws should strictly follow against the unauthorised producers and sellers o f firecracker. Play of firecracker 
should be based on the community or grouped level, not at the individual level so that nuisance can be reduce. 
Government should forcefully interfere in a way so that it can help to promote the good things to mitigate the 
problem by legal procedures.
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A B STR A C T

Disposal of industrial waste is one of the major problems for soil pollution. These pollutants can cause threat to both 
human and the environment. It also affects and alter the chemical and biological properties of soil as well the ground 
water. Depending on its source, the sewage may also contain a range of chemicals and specialized wastes including 
industrial chemicals. The effluent collected from one of the major Industries in Trivandrum was used for the study. 
This paper describes the potential of coir pith and charcoal in eliminating the harmful material from the industrial 
effluent along with different soil media. The column study was conducted by passing the effluent through coir pith, 
charcoal, rock sand and well graded soil in isolation and 10 % by total weight of rock sand and well graded soil is 
replaced by coir pith and charcoal. The quality and properties of the treated effluent water is tested and compared 
with the original. It has been shown that coir pith and charcoal absorbs the harmful contaminants present in the 
industrial effluent.

Keywords - Industrial effluent, Coir pith, Charcoal, Rock sand, well graded soil

1. IN T R O D U C T IO N

Rapid industrialization has led to the generation o f enormous quantity of wastes. These industrial wastes, either 
solid or liquid pose severe disposal problems. Normally, these wastes are disposed on land and water bodies. As a 
result, land becomes unfit for any other activity. Severe would be the case where hazardous waste is disposed 
because the soil in the vicinity becomes environmentally unsafe for human activities. Alternative techniques have 
been developed in order to conserve the available land and water resources. This industrial waste must be treated 
before disposing into environment.

Filtration is one of the water treatment processes to ensure water is safe from physical contamination. The 
present study is to find out the potential of rock sand and well graded soil as a bio filter with addition of natural 
materials like coconut coir pith and charcoal to reduce harmful contaminants in industrial waste. The focus of this 
study is to investigate the filtration efficiency of coir pith, charcoal, and rock sand and well graded soil in isolation 
and also rock sand and well graded soil with 10% of coir pith or charcoal. The parameters analyzed are pH, 
Conductivity, Biological Oxygen Demand (BOD) & Chemical Oxygen Demand (COD).

The use of natural materials for filtration seems so effective and eco friendly. Studies have been reported on the 
use of natural materials as a filter media for the filtration of industrial waste water. Shilpa and Nimisha, (2014) has 
studied the sand filtration process by utilizing activated carbon (AC) derived from coconut shell. It is reported that 
finer grade activated carbon showed the maximum iron removal (95%). It also reported reduction in  COD, BOD and 
to some extent turbidity compared to traditional sand filtration process.
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Azhar et al. (2011) carried out a study on a new composite adsorbent made from rice husk ash. Results indicate 
that the new composite adsorbent is able to absorb both ammonia and COD compared to commercially activated 
carbon.

A study was reported by Siong et al. (2013) about the performance of activated carbon in water filtering system. 
In this paper, two types of granular activated carbon are used. Prototype is being made by using activated carbon 
and ultraviolet radiation system for water treatment. Surface area and porosity analysis is done on two activated 
carbons. The results obtained from the water analysis shows that one of the Granular activated carbon will reduce 
turbidity, total suspended solid, BOD and COD. However the ultraviolet radiation reduced the BOD and COD of the 
water.

2. O BJECTIVES

The main objectives of the study are;

• To study the effectiveness o f coir pith in filtration characteristics in comparison to charcoal.

• To study the effectiveness o f Rock sand and well graded soil in filtering industrial waste.

• To evaluate the effectiveness of Rock sand and well graded soil combined with charcoal and coir pith as a
filter media for treating industrial waste.

3. EX PERIM EN TA L STUDY

3.1 M ATERIALS USED

3.1.1 Well graded soil

Well graded soil passing through 4.75mm sieve is used for the initial filtration process. The soil was collected 
from the campus o f Rajadhani College of Engineering and Technology. Gradation curve of the well graded soil is 
shown in Figure 1.

3.1.2 Rock sand

Rock sand was collected from the campus of Rajadhani College of Engineering and Technology. Rock sand is of 
uniform sized particles of less than 600 micron.

3.1.3 Charcoal

Charcoal was selected as another suitable natural filter media for the filtration purpose. Charcoal is a highly porous 
and brittle material whose properties are determined by the condition of the carbonization processes. In this 
experiment, wooden charcoal is collected by burning wood pieces and crushed them with the help of wooden 
hammer. The crushed powdered charcoal passing through IS 4.75 mm sieve has been used for the experiment. The 
physical properties of charcoal are given in Table 1.

3.1.4 Coir pith
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Coir pith finds better absorption characteristics and eco friendly. Coir pith has got a blackish brown color. It was 
collected from District Government Fertilizer store, Trivandrum. The physical properties of coir pith are presented 
in Table 2.

Particle Size Distribution

o ^ ------------------------
0.01  0.1 1 10 100  1000 

sieve size (mm)

Fig. 1. Gradation curve of well graded soil

Table 1. Physical properties of Coir pith

Sl No. Properties Values
1 Appearance Blackish brown
2 Moisture content 10.1-60.2 %
3 Particle size 0.098-0.925 mm
4 Porosity 0.623-0.862

5 Density 0.939-0.605 gm/cc

Table 2. Physical properties of Charcoal

Sl No Property Values
1 Colour Dark black
2 Surface area/gm of 

Charcoal
500-1400 sqm

3 Density 0.2-0.6 t/m3

3.2 M ETH O D O LO G Y

A square column of 0.30 m x 0.30 m x 1.0 m with bottom enclosed using Perspex sheet (Acrolithic tube) was 
used as the experimental set up. Bottom face is provided with a number of 1cm holes in rectangular arrangement to 
provide drainage of waste water oozing out from filter media. The apparatus is fixed vertically in a stand with 
adequate support. A square piece of stitched blanket of coir fibre layer 0.30 m x 0.30 m and 1cm thick is inserted 
into bottom of tube to prevent runoff of filter media along with filtered industrial waste water. The coir layer is 
shown in Figure 2.

Department of Civil Engineering, MBCET 461



ICID 2018 21-23 June, 2018

Fig 2.Stitched coir blanket

3.3 TESTS PERFO RM ED

3.3.1 Test series 1

The tube is filled with a bed of rock sand or well graded soil up to 0.30 m and weighed accurately to maintain the 
density of fill. An additional layer of Perspex sheet with 1cm holes in rectangular arrangement is placed on top of 
rock sand/soil layer in order to distribute effluent or waste evenly throughout tube and to reduce disturbance in rock 
sand/soil while pouring waste into it. The assembly is shown in Figure 3.

■4

Fig.3.Filter media placed inside column

The industrial waste shown in Figure 5 is evenly poured into the filter column. The waste water coming out from 
the bottom o f the column is collected (Figure 6) and transferred to fresh bottles (Figure 7). Later these samples were 
tested at the Laboratory of Pollution Control Board, Trivandrum.

3.3.2 Test series 2

Next series of filtration is conducted using rock sand/soil mixed with 10% of coir pith. The total weight of filter 
bed is kept constant. The volume of the bed is adjusted so as to keep the relative density of the filter media constant. 
The filter bed is initially soaked well to remove finer impurities. The layer of Perspex sheet was placed on top to 
distribute waste water evenly.
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Fig.5. Industrial waste sample

Fig.6. Filtration and collection

Fig.7. Collected samples

3.3.3 Test series 3

In this series of experiment, the filter media consists of rock sand/soil mixed with 10% charcoal. Here also the 
relative density kept constant. The filtration took much more time than the previous two cases.

3.3.4 Test series 4

In this series of experiment the filter media consists o f coir pith alone, as to know the efficiency of coir pith in 
isolation to absorb suspended particles from the waste water. The coir pith mainly constitutes of fine organic fibre 
particles which may supposed to absorb and retain finer particles from the waste water effectively. The coir pith 
alone consumes more time than the previous tests to get filtered because of the fine organic content.

3.3.5 Test series 5

Department of Civil Engineering, MBCET 463



ICID 2018 21-23 June, 2018

This series of experiment was using wood charcoal powder in isolation to serve as filter media. This experiment 
is conducted to compare the effectiveness o f charcoal in filtering the harmful contaminants from waste and 
efficiency o f that compared with coir pith. This experiment took greater time in  filtration compared to the previous 
experiments.

4. RESULTS AND DISCUSSION

The following parameters of the filtered sample were studied namely, Biological Oxygen Demand 
(BOD),Chemical Oxygen Demand (COD), pH and conductivity. The chemical testing are done at the pollution 
control board (PCB), TVM laboratories. The results from the chemical analyses of filtered water are discussed 
below.

4.1 pH  TEST

All the leachate samples are tested to check the pH of each one with initial sample and are presented in Figures8 
and 9 for rock sand and well graded soil respectively.

Fig. 8. Variation of pH in filtered water in rock sand media, coir pith and charcoal

The pH of the industrial waste was 8.05 which is alkaline. When the leachate is filtered through rock sand it 
comes down to 7.55, whereas in well graded soil it is 5.47. Rock sand brings the leachate much nearer to neutral 
condition. In the case of rock sand/soil along with coir pith and coir pith in isolation, the pH comes to acidic range. 
Since, charcoal being alkaline, addition of charcoal brought the sample to alkaline condition in rock sand, whereas 
in soil it comes near to neutral condition. Further treatments are needed to bring the sample to the neutral level.

Fig. 9. Variation of pH in filtered water in well graded soil, coir pith and charcoal.
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4.2 CONDUCTIVITY TEST

Conductivity of a media/material measures the material's ability to conduct an electric current through it. The 
conductivity test results o f leachate obtained from each sample are presented in Figures10 and 11 for rock sand and 
well graded soil respectively.

The conductivity of initial sample is very high. All the filter medias are effective in reducing the conductivity. 
Charcoal in-isolation or in combination with rock sand or well graded soil is more effective in reducing the 
conductivity than coir pith in-isolation or its combination.

■n Initial sample 

o R S

I RS +  10%CP 

z  RS +  10% CH  

tC P

Fig. 10. Variation in conductivity o f filtered water in various filter medias with rock sand.

Conductivity is reduced by 27% when the leachate is filtered through rock sand, whereas it was only 11% in well 
graded soil. Coir pith in-isolation or in combination with rock sand reduced the conductivity by 38% compared to 
42% in coir pith mixed soil media. Charcoal in isolation or in combination with rock sand reduces the conductivity 
by 47%, as against to 49% in soil media. Well graded soil alone is not ideal in reducing the conductivity.

-inn 187 200 166

5 2 - 1 5 0  N  §  109 1
■5 100 H  ®  92 B

V Initial Sam ple

!3 -  - S W
99

|  _  a  SW + 10% CP

' 8  J  SW  +  10% C H

:: H  i r p
U . ---

D ifferent filter m edias «CH

Fig. 11. Variation in conductivity o f leachate in various filter medias with soil

4.3 BOD

The BOD value is most commonly expressed in milligrams of oxygen consumed per litre o f sample and is used 
as a surrogate o f the degree of organic pollution of water. Most pristine water will have a 5-day carbonaceous BOD 
below 1 mg/L. Moderately polluted water may have a BOD value in the range of 2 to 8 mg/L. Water sample may be 
considered severely polluted when BOD values exceed 8 mg/L. Municipal sewage that is efficiently treated by a 
three-stage process would have a value of about 20 mg/L or more. The BOD of residue of leachate obtained through 
rock sand and soil are presented in Figures 12 and 13.
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Fig.12. Variation of BOD of filtered water in different filter medias with rock sand

Rock sand is found to be better in reducing the BOD compared to well graded soil. In the additive material, coir 
pith in isolation is found to be the best compared to other medias in reducing the BOD. Coir pith reduces the BOD 
by about 48%. Though coir pith in isolation is better, when it is mixed with well graded soil, the reduction in BOD 
is drastically reduced 48% to 22%. This may be due to the organic materials present in the coir pith. This shows a 
better performance of coir pith in filtration aspects. The successful removal of BOD by CP is either due to more 
amount o f oxygen present in the organic fiber content in the coir pith and soil or the abundant presence o f aerobic 
biological organisms in the coir pith.

Fig. 13. Variation of BOD of leachate in different filter medias with soil.

3.4 COD

The result o f a chemical oxygen demand test indicates the amount o f water-dissolved oxygen (expressed as parts 
per million or milligrams per litre o f water) consumed by the contaminants. The most common application of COD 
is in quantifying the amount of oxidizable pollutants found in surface water (e.g. lake sand rivers) or wastewater. 
The COD test results are shown in figures 14 and 15.

Fig. 14. Variation of COD of filtered water in different filter medias with rock sand
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Fig. 15 Variation of COD of leachate in different filter medias with soil

Initial solution had a COD value of 72mg/L. Rock sand and well graded soils in isolation are equally good in 
reducing the COD. COD has been reduced by 9.7% and 11.1% respectively by rock sand and well graded soil. Rock 
sand with 10% CP is the ideal combination for reducing COD, and was found to be 12.5%. Addition o f coir pith in 
well graded soil doesn’t have any influence in controlling the COD. Coir pith alone is ideal for removing the COD 
from the effluent, i.e., nearly 15.2%. Charcoal is not at all effective in controlling the COD. The effect of coir pith in 
removing significant amount of COD might be because of the successive decomposition of organic matter or 
sufficient oxidation of inorganic chemicals present in the leachate or availability of fibrous coir pith material to 
consume excess oxygen.

4. C O N C L U SIO N

Based on the chemical analysis of effluent filtered through various medias, the following conclusions were drawn:

• The use of natural materials like coir pith and charcoal as a filtering material introduces an environmental 
friendly method for filtration and further can reduce the use of chemicals.

• From the column filtration and results obtained, it is observed that Coir pith is very effective in removing 
the BOD, COD and also brings down the conductivity of waste water to a greater amount.

• The use of charcoal as a filter media is also observed to be very effective. The turbidity and conductivity 
seems to be less in the filtered samples.

• The results show a new area of application for coir pith as a filter media which is purely eco friendly and 
very economical.
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OPTIMISATION OF PHOSPHATE REMOVAL FROM FERTILISER 
WASTEWATER USING POLYSULPHONE CHITOSAN NANOSILICA
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A bstract. In this research, response surface methodology (RSM) was applied to model the effect o f main 
operational variables including initial pH, contact time and initial phosphate concentration on phosphate removal 
from fertilizer wastewater by membrane technology. A new membrane was synthesised using Polysulphone, 
Chitosan and nanosilica. It was found that the decrease of initial pH, contact time and initial phosphate 
concentration, and their interactions are beneficial for improving phosphate removal efficiency. According to the 
ANOVA (analysis of variance) results, the model presented high R 2 value of 99.48% for phosphate removal 
efficiency which indicates that the accuracy of the polynomial model is acceptable. According to Minitab output, the 
initial pH of 3, contact time of 1.75 hours and initial phosphate concentration of 30mg/l were obtained as optimum 
experimental parameter. Phosphate removal efficiency o f 67.90% was observed in the experiment at optimum 
conditions and the treated water can be used for domestic reuse purposes. It can be concluded that RSM is a 
powerful tool for evaluation and optimization of membrane process for phosphate removal.

Keywords. Polysulphone Chitosan Nanosilica membrane, Phosphate removal

1. INTRODUCTION

Eutrophication is one of the most important environmental problems which lead to abundant development 
of aquatic plants and growth of algae. Eutrophication is the process by which a water body acquires a high 
concentration of nutrients such as phosphates which promote excess growth of algae. As the algae die and 
decompose, high levels of organic matter and the decomposing organisms deplete the water o f available oxygen, 
causing the death of other organisms, such as fish. Eutrophication, bringing with it high amounts of 
phosphates is a main cause in the destruction of ecosystems. Phosphates are largely discharged into environment 
from waste water from fertilizer industry. Fertilizer industry in India is extremely vital as it manufactures some of the 
most important raw materials required for crop production. The primary objective of this industry is to manufacture 
both primary and secondary elements necessary for crop production. As a result, a variety of wastes are discharged 
from fertilizer plant as water pollutants in the form of processing chemicals such as sulphuric acid, ammonium 
sulphates, ammonium phosphate etc. Wastewaters from chemical fertilizer industry mainly contain organics, 
alcohols, ammonia, nitrates, phosphates, heavy metals such as cadmium and suspended solids. In addition to that, oil 
bearing wastes from compressor houses of ammonia and urea plants, some portion of cooling water and wash water 
from scrubbing towers for purification of gases also come as waste. The main constituent o f fertilizer wastes includes 
nitrates and phosphates in high amount. Because of this problem phosphate removal from fertilizer industry 
wastewater is important.

Removal of anions using membranes is an advanced technology. Membrane process is a technique that uses 
a physical barrier, a porous membrane or filter, to separate particles in a fluid. Particles are separated on the basis of 
their size and shape with the use of pressure and specially designed membranes with different pore sizes. Membrane 
processes are versatile. Commercially used membranes for removal purposes are microfiltration membrane, 
ultrafiltration membrane and nanofiltration membranes. These membranes basically differ according to their pore 
size. Microfiltration membrane has average pore size of 0.1 microns (0.5-5 microns). Ultrafiltration membrane has 
average pore size of 0.02 microns (0.001-0.05 microns). Next range of membrane is the nanofiltration membrane
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with average pore size 0.001 microns (0.008 to 0.01 microns). Among these membranes, nanosized one is most 
suitable for removing anions such as nitrate, nitrites and phosphates, sulphates, etc.

Nanotechnology can be defined as the manipulation of materials at atomic level by a combination of 
engineering, chemical and biological approaches. It is mainly concerned with the synthesis o f nanoparticles of 
variable sizes, shapes and chemical compositions and their potential use for human benefits. Nanomaterials have the 
potential to improve the environment through the development of new solutions to environmental problems. 
Nanotechnology holds great potential in advancing water and wastewater treatment to improve treatment efficiency 
as well as to augment water supply through safe use of unconventional water sources. Nanotechnology-enabled 
water and wastewater treatment promises to not only overcome major challenges faced by existing treatment 
technologies, but also to provide new treatment capabilities that could allow economic utilization of unconventional 
water sources to expand the water supply.

Recently, nanoparticles are widely used for water/wastewater treatment. Nano-based membranes are used 
conveniently for the removal of pollutants. Nanomembrane possesses pore size of typically 1 nm. These membranes 
are synthesized by incorporating nanoparticles into the polymeric matrix or modifying traditionally-used materials 
with different nanocomposites. Nanomembranes are mainly classified into Nano polymer membranes, Inorganic 
substrate contained nanomembrane and nanofunctionalized membranes. Among them, Thin-film nanocomposite 
(TFC) membranes are an important subclass which belongs to the nano polymer membranes. The TFC membranes, 
have a dense, thin, and selective skin layer and a micro- porous support layer prepared from various polymeric 
materials namely polysulfone (PSF), polyether sulfone, polyurethane, polyacrylonitrile, and polyvinyl difluoride
[1]. Polysulfone is the most widely used polymer and are known for their toughness and stability at high 
temperatures. They contain the subunit aryl-SO2 -aryl, the defining feature of which is the sulfone group. 
Mechanically, polysulfone has high compaction resistance, recommending its use under high pressures. It is stable 
in aqueous acids and bases and many non-polar solvents. Dimensional stability, creep resistance, wide pH limit and 
good film forming property are certain other properties which make the polysulfone (PSF) more significant among 
other polymers. Fig. 1 shows the chemical structure of polysulfone [2].

Fig. 1 Structure of polysulfone [2]

Every polymer has its own drawbacks. While in the case of polysulfone, it is its less biodegradability which 
makes disposal difficult and less hydrophilicity. Since it is a synthetic polymer, the membrane decomposes and 
degrades slowly in the environment. Hence, it is advantageous to use certain additives that increase the 
biodegradability of membrane.

Chitosan (CS) is one such additive which is biodegradable as well as biocompatible. It is produced 
commercially by the deacetylation of chitin and have gained wide attention as effective biosorbent due to low cost 
and high contents of amino and hydroxyl functional groups which show significant adsorption potential for the 
removal of various aquatic pollutants [3].It is the only pseudo-natural cationic polymer which is naturally suitable 
for film formation [4]. Chitosan is an antifouling agent that has been shown to remove targeting pollutants such as 
heavy metals, phosphorus, turbidity and natural organic matter[5].

Inorder to improve the hydrophilicity of the membrane specifically, certain fillers are also added. Nanosilica 
is one such filler which can improve the membrane’s hydrophilicity. Nanosilica particles can improve the strength, 
hardness, modulus, creep resistance and adhesion within the framework of thermoplastic polymers due to the 
surface properties of nanoparticles[6][7].

The objective of this study was to fabricate a polysulphone chitosan nanosilica membrane to remove
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phosphates from fertilizer wastewater to reuse the water for domestic reuse purposes (phosphate concentration less 
than 15 mg/l) and to optimize the factors affecting the process by using Response Surface Methodology.

The efficiency of the membrane process is influenced by various factors such as pH, cotact time and initial 
phosphate concentration. Optimization of these factors can be useful in order to achieve better phosphate removal 
efficiency.

2. M ATERIALS AND M ETHODS
2.1. Fabrication of Polysulphone Nanosilica m em brane

For membrane synthesis, chitosan solution was prepared initially by dissolving 1g chitosan (CS) in 50 mL 
1% acetic acid solution. Next, 4.2 g polysulfone (PSF) was dissolved in 16.8 mL of N, N-dimethylacetamide 
(DMAc) solvent at 60°C and stirred for 2 hour. After that, the prepared 1 mL of chitosan solution was added to the 
PSF solution at 70°C. Then, additional 5 mL o f DMAc was added. While chitosan was being added, chitosan gets 
precipitated. The resultant turbid solution was stirred at 70°C for 1 hour to obtain a homogeneous solution of high 
viscosity. After that, 0.5 g of SiO2 nanoparticles was added to the prepared PSF-CS uniform viscous solution and 
stirring was continued for 1 hour to dissolve the nanoparticles completely. After 1 hour of stirring, the solution was 
subjected to ultrasonic irradiation for 1 hour. The prepared solution was molded by pouring onto a flat glass 
rectangular mould. After that, the molded glass surface was immersed in distilled water at 25°C. After 2 hour, the 
membranes were removed from the water bath and washed with distilled water [5].

2.2. Experim ental procedure
Synthetic wastewater having similar characteristics as the fertiliser effluent were prepared using Glucose, 

Ammonium nitrate, Monopotassium phosphate and Nutrient Solution by trial and error method. Composition of the 
synthetic wastewater and its characteristics are given in Table 1 and 2 respectively.

Table 1. Composition of Fertilizer synthetic wastewater [8]
Constituents Concentration

Glucose 200 mg/L

Ammonium nitrate (NH4NO3) 735 mg/L

Monopotassium phosphate (KH2PO4) 30 mg/L

Dipotassium phosphate (K2HPO4) 20 mg/L

Nutrient Solution 10 mL
Composition of Nutrient solution

Magnesium sulphate heptahydrate (MgSO4.7H2O) 90 g/L

Calcium chloride dihydrate (CaCl2.2H2O) 6 g/L

Iron chloride hexahydrate (FeCl3 .6H2O) 1.5 g/L

Manganese chloride tetrahydrate (MnCl2.4H2O 6.5 g/L

Zinc sulphate heptahydrate (ZnSO4.7H2O) 1.7 g/L

Copper chloride dihydrate (CuCl2.2H2O) 0.1 g/L

Cobalt chloride hexahydrate (CoCl2 .6H2O) 1.9 g/L

Nickel sulphate (M SO4 .6H2O) 6.5 g/L

Boric acid (H3BO3) 0.1 g/L

Sodium molybdate (Na2MoO4.2H2O) 0.6 g/L

Yeast extract 1 g/L
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Table 2 Characteristics o f synthetic fertilizer wastewater

Parameters Concentration

pH 5.87

Conductivity (^Siemen/cm) 2460.00

TDS (mg/L) 1480.00

COD (mg/L) 248.00

Nitrate (mg/L) 113.50

Phosphate (mg/L) 76.00

2.3. Batch study
The synthesized PSF-CS and PSF-CS-SiO2 membranes were used as adsorbent materials for the removal of 

nitrates and phosphates from fertilizer wastes. Experiments were conducted in simple batch mode. Batch mode 
studies were carried out by dipping membranes of 3 number of area 4*4 cm2 each in 1000 mL beaker. The 
influencing factors which were considered for the batch study include pH, contact time, initial concentrations of 
phosphate.

Percentage of phosphate removal was calculated by the Eqn.1.
Phosphate removal (%) = (Cr - Ct) x100/Cr (1)

where Cr and Ct are the phosphate concentration in raw and treated solutions, respectively.

2.4. Experim ental design and data  analysis
The most popular class of second -order designs called Box-Behnken design (BBD) was used for the RSM 

in the experimental design. The BBD was first introduced by Box and W ilson in 1951, and is well suited for fitting a 
quadratic surface, which usually works well for the process optimization[9]. Box-Behnken design is a three level 
design in which all the design points are either at the center of the design or centered on the edges o f the cube, 
equidistant from the center. This process involves three major steps: performing the statistically designed 
experiments, estimation of coefficients in the proposed model and predicting the response of process and checking 
the validity o f model [10].

In this study, the experimental plan was implemented as a BBD. The effects of three variables including 
initial pH, contact time and initial phosphate concentration were examined on the membrane process. A total of 15 
experiments were done according to the BBD eqn.2.

N = 2k (k-1) + cp (2)
Where N is the total number of experiments to be repeated, k is the number of factors and cp is the number of centre 
points. Variables, experimental ranges and levels are shown in Table 3.

Table 3. Experimental levels of the test variables
Variables Factors Ranges and levels

-1 0 1

p h X 1 3 6 9
Contact Time(hours) X2 0.5 1.75 3

Initial Phosphate concentration(mg/l) X3 30 90 150

Department of Civil Engineering, MBCET 471



ICID 2018 21-23 June, 2018

The experiments repeated at the center o f domain lead to calculate an independent estimation of the pure 
experimental error variance.
3.RESULTS AND DISCUSSIONS
3.1 Development of Regression model equation and validation of the model

Membrane technology is a process which affected by different operational parameters such as initial pH, 
contact time and initial pollutant concentration. To study the combined effect o f the factors, experiments were 
conducted for different combinations of the parameters using statistically designed experiments. Table 4 presents the 
observed and predicted phosphate removal efficiencies for the 15 experiments. The coefficients of the response 
function (Eq. 3); the P and t values for phosphate removal efficiency are also listed in Table 5.

Table 4. RSM design and its observed and predicted values

Run
Order

pH Contact Time Initial Phosphate 
concentration

Phosphate removal %

Observed Predicted

1 6 3.00 150 49.33 48.16

2 6 1.75 90 54.88 54.07

3 6 0.5 150 22.93 23.294

4 6 0.5 30 18.66 19.00

5 6 3.00 30 59.70 58.76

6 6 1.75 90 54.55 54.07

7 3 1.75 150 58.93 58.76

8 3 3.00 90 59.32 60.73

9 9 3.00 90 42.56 43.082

10 9 1.75 30 50.50 49.66

11 9 0.5 90 17.66 16.15

12 6 1.75 90 53.78 54.07

13 9 1.75 150 50.20 51.346

14 3 1.75 30 67.90 66.754

15 3 0.5 90 24.56 23.017

Table 5. Estimated regression coefficients for phosphate removal efficiency (%) in coded units
Term Coefficient SE coefficient t P
Constant 54.403 0.815 66.74 0.000
X 1 -6.236 0.499 -12.49 0.000
X2 15.900 0.499 31.85 0.000
X3 -1.921 0.499 -3.85 0.012
X !2 0.412 0.735 0.56 0.599
X22 -18.815 0.735 -25.61 0.000
X32 2.067 0.735 2.81 0.037
X 1X2 -2.440 0.706 -3.46 0.018
X 1X3 2.168 0.706 3.07 0.028
X2X3 -3.660 0.706 -5.18 0.004
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The second order polynomial equation for phosphate removal in terms of coded factors is given by the Eq.3

Y=54.403-6.236X i +15.9X2-1.921X3+0.412X i2-18.815X22+2.067X32-2.440X i X2+
2.168X iX3-3.660X2X3 (3)

According to Table 5, low P values for all terms except X i2 (P<0.05 for all) confirms high significance of these 
factors. The adequacy of the model was evaluated through ANOVA (analysis o f variance). The ANOVA results for 
phosphate removal are shown in Table 4. In this case, the P value of 0 (P < 0.05) for regression model equation 
implies that the second order polynomial model fitted to the experimental results well. Additionally, high R 2 value 
of (99.48%) for phosphate removal expresses a high correlation between the observed and predicted values. The 
adequacy of the model was also evaluated by the residuals (difference between the observed and the predicted 
response value). Residuals are thought as elements of variation unexplained by the fitted model and then it expects 
that they occur according to the normal distribution. Normal probability plots are a suitable graphical method for 
judging the normality o f the residuals. The observed residuals are plotted against the expected values, given by a 
normal distribution[11].The satisfaction o f model fit was also examined with the plot o f residuals versus fits in Fig.
2.As seen in Fig. 2(a), the normality assumption is confirmed relatively as the points in the plot formed fairly 
straight line. The satisfaction of model fit was also examined with the plot o f residuals versus fits in Fig. 2(b).For a 
model to be acceptable, no series of increasing or decreasing points, patterns such as increasing residuals with 
increasing fits and domination of positive or negative residuals should be found. Both of plots in this figure revealed 
that model is adequate to describe the phosphate removal by response surface methodology.

(a)

(b)
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Fig 2.(a) Normal probability plot (b) Residual versus fit plot

3.2. M ain effect plots fo r evaluation of operational param eters 
Effect o f  initial p H  on phosphate removal

Initial pH showed a high effect on the phosphate removal. As the pH increased removal efficiency 
decreased as shown in Fig 3. This is because in acidic medium the membranes were found to be more effective at 
acidic pH of 3. At pH 3, there are a lot of H+ ions in solution and hence, -N H 2 groups which are the backbone of 
chitosan are protonated in this environment. Protonated -N H 2 groups (-NH3+) adsorb the anions and thus it enhances 
the electrostatic attraction, thereby results in efficient removal[5].

Main Effects Plot for result
Data Means

54
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50 x .
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Fig 3. Main effect plot o f initial pH for phosphate removal efficiency 

Effect o f  Contact time with phosphate removal
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Fig.4 shows the variation of phosphate removal with contact time. As the time increased the removal 
efficiency increased and then decreased. This is because as the time increases adsorption increases and after a limit 
saturation occurs.

Main Effects Plot for result
Data Means

60

0.50 1.75 3.00

Contact time

Fig 4. Main effect plot o f contact time with Phosphate removal efficiency

Effect o f  Initial phosphate concentration on the Phosphate removal
At lower initial phosphate concentration, the adequate availability o f the active sites of the membranes 

brings the effective adsorption. On further increase in initial phosphate concentration, the percentage removal gets 
decreased due to the saturation of the active sites of the membrane towards the solute molecules during adsorption 
[12].

M ain Effects Plot fo r result
Data Means
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Fig 5. Main effect plot o f initial phosphate concentration for phosphate removal efficiency

3.3 Process optim isation
The main objective of the optimization is to determine the optimum values of variables for

Department of Civil Engineering, MBCET 475



ICID 2018 21-23 June, 2018

phosphate removal with membrane technology using Polysulphone Chitosan Nanocomposite membrane from the 
model obtained using experimental data. In optimization, the desired aim was defined as target to achieve maximum 
phosphate removal efficiency. The optimum amounts for factors obtained with consideration of 3, 1.75 hours and 
30mg/l as starting values for initial pH, contact time and initial phosphate concentration respectively. The 
optimization results of the process variables using response optimizer program are shown in Table 6.

Table 6. Optimum values for phosphate removal from fertilizer wastewater

Variable Unit Optimum values
Initial pH - 3

Contact time Hours 1.75
Initial Phosphate concentration mg/l 30

Phosphate removal 
efficiency(observed)

% 67.90

Phosphate removal 
efficiency(predicted)

% 66.75

4. CONCLUSIONS
In the present study, the effects o f three parameters on phosphate removal by membrane technology were 

investigated using RSM. The results showed that most o f the variables as well as the interactions like affected the 
process performance significantly. According to the ANOVA results, the model presented high R 2 value of 99.48%, 
which exhibits the good accuracy of the polynomial model. From optimization, 67.90% of phosphate removal 
obtained at initial pH, contact time and initial phosphate concentration of 3,1.75 hours and 30mg/l respectively. The 
final phosphate concentration was 9.63 mg/l and thus the water can be reused for domestic reuse purposes. The 
experiment done in optimum conditions confirmed that the model and experimental results are in close agreement. 
Finally, it can be concluded that membrane technology using Polysulphone chitosan Nanosilica membrane is a very 
useful technology for treatment o f highly polluted phosphate fertiliser wastewater to use it for reuse purposes and 
RSM is a powerful statistical technique for evaluation and optimization of this process.
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Abstract. This paper presents the trend and change point analyses of extreme temperature (Tm ax and Tm in) datasets 
of annual and seasonal series of seven homogeneous regions of India for the period 1901-2007. The study used 
Mann-Kendall (MK) test for detection of trend, Cumulative Sum (CUSUM) test for detection of change point and 
Empirical Mode Decomposition (EMD) for extracting non-linear trend of all the 70 time series. The results of 
MK test showed that at all the seven regions except North-West, Tm ax series of winter season showed a significant 
increase at 5 % significance level. The MK test detected a significantly increasing trend on annual and all 
seasonal Tmax series of West Coast (WC) and North East (NE) regions. The CUSUM test detected a change point 
within 1975-77 for minimum temperature series of East Coast (EC) region for all the seasons except monsoon, 
which is in agreement with the well debated climate shift of 1976-77 period. The test detected a change point in 
1950 for Tm ax series of winter season in all homogeneous regions except northwest (NW). The study also found 
that change point year estimated in the non linear trend fitting by EMD may differ from that based on statistical 
estimations.

Keywords: Trend, Change Point, Non-linear, Temperature 

In tro d u c tio n

Temperature is one of the important meteorological variables, which is o f direct influence on the hydrological 
process. The changes in extreme (maximum and minimum) temperature significantly affect the hydrology of the 
geographical domain o f interest. High temperature may affect drought conditions, damage of crops; while low 
temperature may affect the yield of cereal crops. Many studies have been conducted on the changes in temperature 
regime of India in the past, out o f which some studies focused on extreme temperature. For example, Rupakumar et 
al. [1] performed linear trend analysis o f extreme temperature data o f 121 stations over India of the period 1901— 
1987 and it was found that mean temperature trends over India were similar to the global and hemispheric trends. 
They showed that the increase in the mean temperatures over India is mainly contributed by the maximum 
temperatures, with the minimum temperatures were practically trendless. Krishnakumar et al. [2] found the 
association of extreme temperatures in the pre-monsoon season with Indian summer monsoon rainfall. Kothawale 
and Rupakumar [3] reported a significant warming trend o f 0.05oC per decade during the period 1901-2003, and for 
1971-2003 the study noted a relatively accelerated warming of 0.22oC per decade. Kumari et al. [4] analyzed the 
relation between solar radiation and extreme temperature for twelve different locations in India for the period of 
1981-2004 and found that spatial averaged surface extreme air temperatures of India have been increasing, and the 
change in minimum temperature has been doubled while change in maximum temperature is marginal. Kothawale et 
al. [5] found trends in extreme temperature events for the pre-monsoon season using daily data on maximum and 
minimum temperatures from all the seven temperature homogenous regions in India. Pal and Al Tabbaa [6] 
performed a detailed trend analysis study of extreme temperature dataset from different temperature homogeneous 
regions in India, at monthly and seasonal scale. It was found that monthly maximum temperature increased over the 
last century and minimum temperature changes have high variability than maximum temperature changes (both 
temporally and spatially) with lesser degree of significance. Sonali and Nagesh Kumar [7] performed trend analysis 
of temperature records from the temperature homogeneous regions o f India during 1901-2003 using thirteen 
different methods.
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Eventhough many studies were performed for analyzing the trend (mainly by using Mann-Kendall (MK) and 
Sen’s slope methods), studies on estimation of change point is rarely attempted by researchers. Due to the changing 
climate and the induced non-stationarity, it is important to extract the inherent non-linear trend in the datasets [8]. 
For the extraction of inherent non-linear trend, the techniques like singular spectrum analysis, empirical mode 
decomposition (EMD) or its variants, wavelet transform etc. have been used by the researchers [9-13]. The next 
section presents the details o f methodologies used, section 3 presents the study area and data details, section 4 
presents results and discussion and in  the final section important findings are concluded.

2 M e th o d o lo g y

2.1 CUSUM test

CUSUM test originally proposed by E.S. Page (stated in [14]) involves the calculation of cumulative sum of the

differences. After computing the mean (x) of a time series, the cumulative sum Si is computed recursively as
St = Si-i + (xi -  x) ( i)

after assigningSo =0 . Then max (0, Si) is considered as the test statistic. When the values of S  exceed a certain 
threshold value, a change in  values has been found. The above formula only detects changes in  the positive 
direction. When the negative changes need to be found as well, the min operation is used and this time a change has 
been found when the value of S  is below the negative value of the threshold value.

2.2 M ann-K endall Test

Mann-Kendall test [15, 16] is one popular non-parametric test used for the trend analysis and statistical significance. 
In this method, the test statistics is computed directly based on the values of the random variable and the expression

N-1 N

S  = sgn( x i -  x )
for the same is 1=1 1 =i+1 (2)
where N is the number of data points, xj and xi are data values at time j and i (j> i), respectively. This statistics 
represents the number of positive differences minus the number of negative differences for all the differences 
considered.

Denoting (x j  -  x i ) = 8  

I i f  8  > 0
sgn(8) = < 0 i f  8  = 0

-1  i f  8<  0 (3)
For large samples (N>10), the sampling distribution of S is assumed to be normally distributed with zero mean and 
variance as follows:

n
N(N -  1)(2N + 5) -  ̂ tt (tt -  1)(2tk + 5)

Var(S) = ----------------------- k-=------------------
18 (4)

where N  is the number of tied (zero difference between compared values) groups and tk the number of data points in 
the kth tied group.
The Z-statistic or standard normal deviate is then computed by using equation:

S -1  if S > 0

Z =
yJVar(S )

0 if S = 0 
S +1

y]Var(S )
if S < 0 (5)
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Z >
Here, if  the computed value of /2 , then the null hypothesis o f no trend is rejected at a level o f significance
in a two-sided test (i.e., the trend is significant). A positive value o f Z  indicates an increasing trend and a negative 
value o f Z  indicates a decreasing trend.

2.3 Em pirical M ode Decomposition

Empirical Mode Decomposition (EMD) is a non-parametric signal decomposition method proposed by Huang et al. 
[17], which decomposes a time series signal X(t) into different oscillatory modes in purely empirical and data 
adaptive manner. The flow chart o f EMD is provided below:

Fig. 1 Flowchart o f EMD algorithm [18]

3 S tu d y  A re a  a n d  D a ta

Indian Institute of Tropical Meteorology (IITM) Pune grouped different parts o f India into seven temperature 
homogenous regions as shown in Fig. 2. The maximum and minimum temperature (Jmax and Tmin) data for the 
period 1901-2007 for the seven regions are collected from IITM Pune (http://www.tropmet.res.in) and used for trend 
and change point analysis.
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Fig. 2 Map showing temperature homogeneous regions of India. EC-East Coast; WC-West Coast; IP-Interior 
Peninsula; NE-North East; NC-Noth Central; NW-North West; WH-Western Himalaya

4 R e su lts  a n d  D iscu ss io n
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First the trend analysis o f Tmax and Tmn series at annual and seasonal temporal scale are performed using MK test by
considering significance level of 5 %. The results are presented in Table 1. Then the CUSUM method is used for the
detection of change point. The results o f CUSUM test are presented in Table 2.

Table 1. Results of MK test of different temperature time series (A-Annual; M-Monsoon PoM-Post Monsoon;W-Winter; 
PrM-Pre Monsoon) the bold and italic figures show that trend is staistically significant at 5 % level

Region Maximum Temperature
A M PoM W Pr M

EC 0.791 0.11 1.018 5.586 1.02
IP 1.042 -0.002 1.053 4.554 1.042
NC 0.065 -0.097 2.312 2.711 3.61
NE 2.143 2.377 5.19 4.148 2.121
NW -1.3 -0.555 1.236 1.734 -0.67
WC 5.75 3.613 6.2 7.551 5.75
WH -0.371 -0.323 2.337 3.551 0.495

Minimum Temperature
EC 2.781 1.922 3.042 1.551 4.046
IP -0.116 4.294 2.167 1.02 4.216
NC 2.086 -0.783 3.726 0.215 1.976
NE 0.703 -3.268 4.272 0.1 1.195
NW -1.171 0.027 -0.345 -1.971 0.961
WC 0.215 3.766 1.769 -0.53 1.715
WH 2.983 1.225 2.872 2.42 2.415

Table 2 Change points of extreme temperature datasets by CUSUM method. The bold figures show temperature change 
happened at climate shift of 1976/77 period

Region________ Type_________W_______ PrM_______M_________ PoM_______A is noticed that
cases, the 
extreme
time series show 
trend. Many of 
show
significant 
significant 
noted only for 
minimum 
NE region and 
temperature of 
None of the Tmax 
region displayed 
trend. Annual 
four seasonal 
temperature 
statistically

significant increasing trend for the WC and NE regions. In the minimum temperature series of WH region annual 
series and seasonal series except monsoon showed an increasing trend. This study found that winter maximum 
temperature series of all regions except NW showed a statistically significant increasing trend. The CUSUM method 
helped in detecting the change point year of different temperature series and Table 2 show that there is no definite 
pattern or uniqueness in change point years of different series. However it is noted that in  winter maximum 
temperature series, the change point is 1950 for all series except that of EC and WH regions. One can notice the 
possible harmony of the well debated climate shift year 1976/77[20] (with a deviation of 1 year) in the change point 
years of certain series. Interestingly, all the regions except NW and NE, the change point year of minimum 
temperature series coincides with the climate shift year. Also all the four seasonal minimum series and annual 
minimum series of EC region showed a change point year between 1975 and 1977.

From Table 1 it 
except for few 
different the 
temperature 
an increasing 
the Tmax series 
statistically 
change while a 
reduction is 
monsoon 
temperature of 
winter minimum 
NW region. 
series of NW 
a significant 
and all o f the 
maximum 
series showed a

EC Max 1965 1995 1995 1977 1983
Min 1977 1976 1985 1975 1977

WC Max 1950 1968 1961 1959 1968
Min 1992 1919 1991 1956 1991

IP Max 1950 1982 1963 1963 1982
Min 1978 1968 1994 1977 2006

WH Max 1991 1949 1996 1930 1996
Min 1978 1940 1986 1976 1978

NW Max 1950 1962 1986 1962 1962
Min 1932 1983 1994 1999 1932

NC Max 1950 1933 1969 1962 1962
Min 1976 2000 1961 1975 1978

NE Max 1950 1949 1963 1963 1978
Min 2003 1917 1963 1984 1952
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The linear trend fitting is done for all the 70 time series and the non-linear trend of different series is determined 
by EMD method. The plots of trend analysis of maximum temperature series for winter season o f all regions except 
NW  are presented in  Fig. 3.

Fig. 3 Linear fitting and EMD of winter maximum temperature series of different homogeneous regions

From Fig.3 it is clear that the non- linear trend is increasing and it resembles with the character noticed by MK 
test. However on recollecting the fact that the change point year was ~1950s, the change point year is expected 
around ~ 1950s in non-linear trend, which is found to be absent in all these series. The non-linear trend of Tmin series 
of EC region captured by EMD are presented in Fig. 4. It shows a diametric change in the winter series about 1950s 
with an increase in  the latter half and an opposite nature for monsoon series with a difference in change point years 
(1950s). For rest of the series the trend is monotonically increasing in practice. Further, the trends of Tmin series of 
WH region are presented in Fig. 5. The EMD analysis detected an increasing trend for all the seasonal and annual 
series. Here the increasing trend starts during the beginning of last century for all of the time series except that of 
winter season. Thus from different analysis it is noticed that the change point year (in non-linear trend) is not 
coinciding with the climatic shift year which again signifies the importance of capturing non-linear trends in series. 
Capturing the true shape of non-linear trend and the changing year by EMD method is helpful in non-stationary 
modeling of hydrological variables under the changing climate scenario, which eventually help for sustainable 
management of water resources of the country.
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Fig. 5 Linear fitting of annual and seasonal Tmin series of Western Himalaya

5 C o n c lu s io n s

This paper performed the trend and change point analyses of extreme temperature (Tmax and Tmin) datasets of 
annual and seasonal temperature of seven homogeneous regions o f India for the period 1901-2007. The major 
conclusions of the study are:

• The results of MK test showed that Tmax series of WC and NE region displays an increasing trend 
irrespective of season

• The MK test showed that at all the seven regions except NW, maximum temperature of winter season is 
significantly increasing

• The CUSUM test detected a change point within 1975-77 for minimum temperature series o f East Coast 
(EC) region for all the seasons except monsoon, which is in agreement with the well debated climate 
shift of 1976-77 period.

• The CUSUM test detected a change point in 1950s for maximum temperature series of winter season in 
all homogeneous regions except Western Himalaya (WH)

• The CUSUM test detected a change point during 1975-77 in the Tmin series of winter season in all 
regions except the coastal belts of EC, EC and the NE

•The non-linear trend need not be in agreement with the linear trend of the time series and it may comprise a 
change point year about which an asymmetric change may be present

• The change point year estimated in the non- linear trend fitting may differ from that based on statistical 
estimations.
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Abstract. Pollution of groundwater resources is one of the major challenges faced by rapidly developing 
countries like India. Population explosion, large scale industrialization and urbanization have led to rapid 
decline in groundwater quality. Traditional methods of assessing groundwater quality like random 
sampling and analysis has become ineffective and obsolete in providing a comprehensive, complete and 
accurate picture of the pollution levels in large areas. In this paper, groundwater quality in the industrial 
belt of Eloor in Ernakulum district of Kerala is evaluated using Geographical Information System based 
geostatistical methods. Ordinary Kriging method based on spatial autocorrelation is used for predicting 
the groundwater physico-chemical parameters at unmeasured locations.

Keywords: Geostatistical methods, Groundwater pollution, Geographical information system, Ordinary kriging

I n tro d u c tio n

Water is one of the most important natural resources required for sustaining life on Earth. Water in its many forms is 
required for human health, social and economic well being and development o f a nation. It is a vital resource that is 
becoming increasingly scarce due to rapid increase in population, industrialization, urbanization, climate change and 
various other anthropogenic activities [9]. Water is present on Earth in many forms; as surface water in rivers, lakes 
and oceans; as snow and glacial water; as groundwater stored in aquifers and as water vapor in atmosphere. Out of 
these many sources of water, groundwater is considered as the most dependable source because it is widely available 
and reliable especially in arid climates and in times of drought and scarcity [6]. About a third of the world’s 
population depends on groundwater for meeting their basic necessities. However, unchecked exposure to large scale 
pollution and over use has lead to depletion in quality o f groundwater resources. This is encountered especially in 
regions o f high population density and industrialization [8].

There are many sources from which groundwater can get polluted. These include natural sources like dissolution 
of minerals found in soil and rocks and manmade sources like leaching from landfills, application of chemical 
insecticides and pesticides, industrial discharges and spills etc.The contamination of groundwater leads to ecological 
degradation, loss o f vegetation, pollution of surface water sources and causes adverse effects on human and animal 
health. Once an aquifer gets contaminated, it is arduous and unfeasible to reverse the effect.Polluted groundwater 
can cause negative health impacts in humans. Kidney, liver, nerve damages, miscarriages, developmental 
abnormalities, cancer, poisoning by toxins etc are a few health effects o f polluted water. Thus, better management, 
quality control and monitoring is required to preserve groundwater resources [8].

Conventional methods of monitoring groundwater quality involve construction of monitoring wells and random 
sampling from bore wells or open wells. These methods are time consuming, expensive and tedious. Alternative 
methods like spatial mapping of groundwater quality using Geographical Information System has gained momentum 
in recent years. Since groundwater quality is a spatially varying parameter, mathematical models and spatial analysis 
can be used to manage groundwater problems. With limited observations or data, manpower, expense and time, GIS 
based geostatistical methods can be used as an effective tool for obtaining accurate pollution profiles [3] [9].

Eloor is a river island formed by the tributaries of Periyar river in Ernakulam District of Kerala in India. It is 
home to the largest industrial belt in Kerala with over 247 small, medium and large scale industries involved in the 
production of chemicals, fertilizers, insecticides, leather, rubber, metal plating etc. Most of these industries are 
several decades old and employ the most polluting manufacturing methods. This has lead to widespread pollution of 
land, water and air in the area. Eloor is considered as one of the most polluted toxic hotspots in India by Greenpeace. 
A study conducted by Greenpeace in 2003 found that pollution in Eloor has caused harmful effects in health of local 
population. Eloor ranks 24th in the list of Critically Polluted Areas(CPA) in the country. There has been a significant
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increase in  respiratory diseases, birth defects, cancer and many other illnesses in  the Eloor community. A study 
conducted in 2007 on the quality o f groundwater in Eloor, found that the groundwater quality was poor [2]. Since 
the detection of alarming levels o f pollutants in  the wells o f Eloor, a large number of people have abandoned their 
wells or use it for purposes other than drinking, cooking and bathing.

This study aims to study the status o f groundwater pollution in Eloor using GIS based geostatistical methods.

M e th o d s  a n d  D a ta

Study A rea

Eloor is a river island occupying an area of 14.21 square kilometers in Ernakulam District o f Kerala in India 
between north latitudes 9° 3 ' and 10° 6 ' and east longitudes 76° 20' and 76° 28'. It is formed between two 
distributaries of the Periyar river [2].

Sample collection and physico-chemical analysis

Thirty groundwater samples were collected from open wells in Eloor from January 2018 to February 2018. Physico 
-  chemical parameters of the collected samples such as pH, temperature, TDS, Chloride, sulphate, iron,nitrate, 
hardness, COD and lead were analyzed as per APHA methods. Portable pH meter and TDS meter was used to 
determine pH and TDS respectively. The coordinates of sample points were obtained using handheld GPS.

G eostatistical Analysis

Geostatistical methods such as kriging are widely used in  fields such as geology, mining, meteorology and earth 
sciences for mapping spatial variation of parameters based on spatial autocorrelation. Geostatistics uses both 
mathematical and geostatistical methods to generate continuous surfaces. It can be used not only to predict values at 
unmeasured locations, but also to determine the uncertainty in the prediction [2].

A GIS database was created to store the analyzed water quality parameters. Geostatistical wizard tool in GIS was 
used for interpolation of parameters. Before using kriging for interpolation, exploratory data analysis was done to 
determine the suitability o f data for prediction [1]. Kriging method works best if  the data is normally distributed. 
Histograms and Q-Q plots were used to assess the normality o f the data. Parameters which did not show a normal 
distribution were transformed using transformations such as logarithmic and arcsine transformations to make them 
conform more closely to a normal distribution. Analysis o f normal Q-Q plots and histograms showed that all the 
parameters exhibited normal distribution. However, logarithmic transformation was applied to parameters that 
showed a decrease in skewness after transformation. Thus, pH, chloride, nitrate and sulfate data were transformed 
before predictions.

Ordinary Kriging was used for prediction since it was the easiest and most accurate of all the interpolation 
methods.Semivariograms were used to study the spatial correlation in data and to fit mathematical models for 
prediction [7]. The semivariogram parameters such as nugget, sill and range were studied to determine the degree of 
spatial correlation [6]. Three types of models; spherical, exponential and Gaussian were used to for prediction of 
parameters at unmeasured locations. The best fitting model was selected after cross-validation based on the lowest 
root mean square error (RMSE). The smallest RMSE value indicates the most accurate prediction [5].This model 
was then used to generate the output surface or thematic map.

R e su lts  a n d  D iscu ss io n s

The results of physico-chemical analysis conducted on thirty groundwater samples are given in Table 3.1. The 
parameters analyzed include pH, temperature, TDS, chloride, nitrate, hardness, iron, and sulfate.
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Table 3.1 Results o f physico-chemical analysis

Sample No pH
TDS

(ppm)
Temperature

C
Hardness

(mg/L)
1 6.7 200 29.2 186.2
2 6.2 214 28.3 194.3
3 6.0 206 28.8 211.8
4 6.1 211 27.7 205.1
5 6.2 198 27.8 209
6 5.9 185 28.2 214.2
7 6.0 170 28.4 210.8
8 6.9 173 28.7 223.6
9 6.2 198 29 246.6
10 6.3 230 30 243
11 6.2 229 28.1 245.1
12 6.3 225 27.6 268.6
13 6.5 227 29.6 276.5
14 6.9 216 28 267.7
15 7.2 213 26 263.1
16 6.5 205 26.3 269.8
17 6.3 219 26.6 271
18 6.1 223 28 246.4
19 5.7 220 29.2 242.7
20 5.6 236 29.4 255.6
21 5.2 242 28.3 304.2
22 5.6 243 28 311.6
23 5.5 238 28.2 309.9
24 5.4 246 28.2 301.8
25 5.9 242 27.8 283.4
26 5.8 236 28 278.9
27 6.4 227 27.3 248
28 6.1 231 29 251.5
29 6.3 186 28 225

30 6.2 226 29 234.5

Sample No Cl-
(mg/L)

Fe
(mg/L)

NO3-
(mg/L)

SO42-
(mg/L)

1 198.6 0.23 16.5 134.2
2 202.3 0.15 19.4 136.4
3 200.1 0.32 16.8 139
4 210.4 0.29 15.5 145.6
5 211.9 0.27 19.3 143.2
6 206.6 0.33 20.1 149.6
7 220.8 0.18 24.3 150.3
8 232.5 0.22 23.8 153.6
9 228.6 0.26 25 149.2
10 240.8 0.31 33.3 156.1
11 252.3 0.36 38.6 163.3
12 228 0.33 37.3 166.1
13 226.1 0.3 36.5 168.8
14 228.3 0.28 44.3 177.6
15 225.1 0.23 50.3 173.8
16 211.5 0.25 48.9 174.2
17 213.8 0.32 52.5 176.5
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18 224.8 0.36 48.7 173.6
19 230.2 0.35 46.2 186
20 248.4 0.33 39.6 183.8
21 259.8 0.37 36.7 195.6
22 260.1 0.41 29.5 204.2
23 266.5 0.47 26.6 207.8
24 271.8 0.49 24.7 211.9
25 261.2 0.33 27.3 216.6
26 264.8 0.38 28.3 225
27 258.6 0.3 26.6 203.6
28 238.6 0.32 24.2 223.8
29 216.2 0.28 25.6 164.6
30 235.7 0.33 39.9 145.8

Semivariograms were plotted and best fitting model was selected based on lowest RMSE value. Spherical model 
was found to be best fitting model for TDS, nitrate, hardness and iron. Gaussian model was found to be best fitting 
model for temperature, chloride and sulphate. Exponential model was found to be best fitting model for pH. The best 
fitting semivariogram models for the eight groundwater quality parameters are shown in Fig. 3.1 to Fig. 3.8.

Fig. 3.1 Best fit semivariogram model for pH

Fig. 3.2 Best fit semivariogram model for temperature

y -10’3

0 0.296 0.592 0.S87 1.183 1.479 1.775 2.07 2.366 2.662 2.953 3.253
Model • Binned +  Averaged Distance (Meter), h 10~3

Fig. 3.3 Best fit semivariogram model for TDS
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v -10-3

0 0.648 1.297 1.945 2.594 3.242 3.891 4.539 5.188 5.836 6.485 7.133
Model ♦ Binned +  Averaged Distance (Meter), h -10_3

Fig. 3.4 Best fit semivariogram model for hardness

Fig. 3.5 Best fit semivariogram model for chloride

Fig. 3.6 Best fit semivariogram model for nitrate

Fig. 3.7 Best fit semivariogram model for sulfate
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Fig. 3.8 Best fit semivariogram model for iron
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The predicted output surface based on the best fitting models for each of the eight parameters is shown in Fig 3.9
to 3.16.

Fig 3.9 Predicted map of spatial variation in pH

Spatial D istribution o f  T em perature  in Eloor, 
E rnaku lam  District, Kerala

0 0.20.4 0.8 1.2

Legend

T em peratu re  (°C)
I 126.41435051 -26.98857809 
r~~1 26.9885781 - 27.70636256 
H  27.70636257 - 28.26954729 

28.2695473 - 28.6781323 
■ I  28.67813231 - 29.2302742

76°19'30"E

Fig. 3.10 Prediction map of spatial variation in temperature
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Fig. 3.11 Prediction map of spatial variation in TDS

Fig. 3.12 Prediction map of spatial variation in chloride
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Fig. 3.13 Prediction map of spatial variation in nitrate

Spatial D istribution Prediction M ap o f H ardness 
in Eloor, E rnaku lam  District, Kerala

H ardness (m g/L as C a C O j)
I I 185.5479736 - 218.1925415 
WM 218.1925416 - 238.4717428 
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Fig. 3.14 Prediction map of variation in hardness

Department of Civil Engineering, MBCET 492



ICID 2018 21-23 June, 2018

Fig. 3.15 Prediction map of variation in sulfate

Spatial D istribution Prediction M ap o f Iron 
in Eloor, E rnakulam  District, Kerala

0 0.20.4 0.8 1.2 1.6

Legend

Iron Concentration (mg/L)
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□  0.269938691 - 0.302265125 
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■  0.34769687 - 0.396623364
■  0.396623364 - 0.45166567
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Fig. 3.16 Prediction map of variation in iron

Groundwater showed high acidity in north eastern parts o f Eloor and acidity decreases towards the western and 
southern regions. Temperature shows irregular variations with higher temperature in the central, southern and 
eastern parts. TDS showed higher values in the eastern region. However, TDS was within limits in the whole area. 
Chloride concentration exceeded the desirable limit of 250 mg/L in most o f the eastern parts of Eloor. Nitrate 
concentration was found to be high in the north-western regions of Eloor. The desirable limit o f 45 mg/L was 
exceeded in this area. Hardness exceeded the limit of 200 mg/L in almost all the regions with the highest 
concentration observed in the eastern and northern regions. Sulfate concentration was found to be within limits 
except in some parts of the eastern region. The concentration of iron exceeded the desirable limit of 0.3 mg/L in 
almost all regions.
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From the above observations, it can be inferred that the groundwater in northern and eastern parts o f Eloor are 
more polluted and unfit for human consumption than the southern regions. This variation may be attributed to the 
higher density of industries in this region. Using geostatistical methods was found to be a suitable method for 
predicting concentration of groundwater parameters at unmeasured locations.
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Abstract. Waste utilization is an essential component of sustainable development and waste shells are rarely used to generate 

practical products and processes. Most waste shells are CaCO3 rich, once calcined at 950 °C for 2 hour and can be employed as 
inexpensive and green catalysts for the synthesis of biodiesel. Herein, utilization of mussel shell as green catalysts for the 
transesterification of substrate as feedstock into biodiesel. Waste cooking oil is used in the study which is easily available and 
sustainable, thus reduces the price of biodiesel to make it competitive with petroleum diesel. Transesterification was done in the 
presence of waste cooking oil, methanol and the prepared mussel shell catalyst depending on different parameter. The catalysts 
from waste shells were characterized by Scanning electron microscope (SEM), X-ray diffraction (XRD) and Fourier transformed 
infrared (FTIR) spectroscopy. The SEM image of catalyst showed the “rod like particle” structures. Different transesterification 
reaction are done based on the effects of methanol to oil ratio ( 1:5, 1:10, 1:15), reaction time ( lh, 2h) and reaction temperature ( 
55 °C, 60 °C, 65 °C) and catalyst loading ( 0.1%, 0.2%, 0.3%, 0.4%, 0.5%, 0.6%) and finally being optimized based on density. 
And then analyzing for Kinematic visocity, Flash point and Fire point

Keywords:Biodiesel; mussel shell; tranesterification; petroleum diesel

I n t ro d u c t io n

The search for alternative energy resources to supplement or replace fossil fuels has been intensifying in the recent 
years because of the increase in environmental concern, energy security and fast depletion of fossil fuel resources. In 
this respect, biodiesel is an emerging alternative to diesel fuel derived from renewable and locally available 
resources which is biodegradable, nontoxic and environmentally friendly.[1]Biodiesel production is carried out 
through the process of transesterification reaction. The reaction is carried out with a suitable catalyst either 
homogeneous or heterogeneous. The selection of an appropriate catalyst depends on the amount of free fatty acids in 
the oil. Recently, homogeneous catalysts are widely chosen for biodiesel production in  large scale operation. 
However, they are toxic, highly flammable and corrosive in nature. Furthermore, the use of homogeneous catalyst 
produced soaps as by-product and large amount of wastewater that required additional processing technologies and 
therefore increases the cost for proper disposal. On the other hand, heterogeneous catalysts are capable to overcome 
the problems faced by the former ones. [2]. Transesterification is the process of converting the vegetable oil or 
animal fats to biodiesel. Reaction are often carried through an acid or base catalyst.Transesterification of triglyceride 
using homogeneous and heterogeneous catalyst produces biodiesel[4,5]

The primary aim of the study is to produce biodiesel from raw materials such as waste cooking oil and 
mussel shell. So as to produce less environment polluting biodiesel as compared to petroleum diesel.

E x p e r im e n ta l  D e ta ils  

Materials

Mussel shells were collected from a nearby fishmarket in kollamkerala, India. Waste frying oil was collected from 
bakeries and restaurants in  kollam, India. The collected waste oil from different bakery was filtered using a filter 
paper to remove the comtamination from it. Anhydrous methanol of analytical grade are taken from the laboratory 
of BIOVENT-Solution for Research, were used in the transesterification reaction.
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C a t a l y s t  P r e p a r a t i o n

M u s s e l  s h e l l  w a s  in i t i a l ly  r i n s e d  w i th  d i s t i l l e d  w a te r  to  r e m o v e  a n y  u n w a n te d  m a te r ia l s  o n  i t s  s u r f a c e .  T h e  w a s h e d  

m u s s e l  s h e l ls  w e r e  t h e n  d r i e d  i n  h o t  a i r  o v e n  a t  1 0 5  ° C  f o r  2 4  h . T h e  d r i e d  m u s s e l  s h e l ls  w e r e  c a lc in e d  i n  a  m u f f le  

f u r n a c e  u n d e r  s ta t ic  a i r  c o n d i t io n s  a t  9 5 0  ° C  f o r  2  h  to  t r a n s f o r m  t h e  c a l c iu m  s p e c ie s  i n  th e  s h e l l  in to  C a O  p a r t ic le .

1 .3  C a t a l y s t  C h a r a c t e r i s a t i o n

• S c a n n in g  E le c t r o n  M ic r o s c o p y  ( S E M )  a n a ly s i s  w a s  p e r f o r m e d  to  c o n f i r m  th e  m o r p h o lo g y  o f  th e  c a t a ly s t  u s in g  a  
H i g h  R e s o lu t io n  S c a n n in g  E le c t r o n  M ic r o s c o p e .

• F o u r i e r  T r a n s f o r m e d  I n f r a r e d  ( F T I R )  s p e c t r o s c o p y  w a s  u s e d  to  s tu d y  th e  f u n c t io n a l  g r o u p s  a t t a c h e d  to  th e  
c a ta ly s t s  w i t h  N ic o le t  i s 5 0 F T - I R  a t  w a v e  n u m b e r  5 0 0 0 - 4 0 0  c m -1

O p t i m i s a t i o n  f o r  B io d i e s e l  P r o d u c t i o n

B io d ie s e l  h a s  b e e n  p r o d u c e d  b y  th e  t r a n s e s t e r i i c a t i o n  o f  d i f f e r e n t  r a t io s  o f  w a s te  c o o k in g  o i l ,  m e th a n o l  a n d  c a ta ly s t  
s u c h  a s  1 :5 , 1 :1 0 , 1 :1 5  m e th a n o l  to  o i l  r a t io  a n d  f o r  d i f f e r e n t  c a t a ly s t  lo a d in g  r a te s  s u c h  a s  0 .1 % , 0 .2 % , 0 .3 % , 0 .4 % ,

0 .5 % , 0 .6 % . V a r y in g  r e a c t io n  t im e  a s  1h , 2 h ,  a n d  r e a c t io n  t e m p e r a tu r e  a s  5 5  ° C , 6 0  ° C , 6 5  ° C  w a s  a ls o  o p t im iz e d  

a c c o r d in g  to  th e  n e e d .

1 .4  T r a n s e s t e r i f i c a t i o n  p r o c e s s

I n  F ig .  1 ,T r a n s e s te r i f ic a t io n  r e a c t io n  w a s  d o n e  u s in g  a  r e a c to r  a t  . A f t e r  r e a c t io n  th e  p r o d u c t  w a s  t r a n s f e r r e d  to  a  

1 0 0 0 m l s e p a r a t in g  f u n n e l  f o r  a n  o v e r n ig h t  to  p r o d u c e  a  c l e a r  s e p a r a t i o n  b e t w e e n  th e  la y e r s .  I n  th e  s e p a r a t in g  f u n n e l ,  

i t  a p p e a r  i n  2  la y e r s  w h e r e  b o t t o m  l a y e r  is  g ly c e r o l  a n d  th e  t o p  l a y e r  is  f o u n d  to  b e  b io d ie s e l  a s  s h o w n  i n  F ig .  2 . 

A f t e r  s e p a ra t io n ,  b io d i e s e l  w i t h  d e n s i ty  0 .8 7  i s  b a c k  w a s h e d  w i th  d i s t i l l e d  w a t e r  to  r e m o v e  a n y  c o n ta m in a t io n ,  

u n r e a c t e d  m e th a n o l  c o n te n t  a n d  g ly c e r o l .  F ig .  3 s h o w s  w h i le  b a c k  w a s h in g  w i t h  d i s t i l l e d  w a t e r  i t  a p p e a r s  i n  tw o  

la y e r s  w h e r e  b o t t o m  l a y e r  is  w a t e r  a n d  t o p  l a y e r  b e i n g  b io d ie s e l .  B a c k  w a s h in g  is  d o n e  2  to 3  t im e s

F ig .  1 T r a n s e s t e r i f ic a t i o n  i n  r e a c t o r  F ig .  2  T r a n s e s t e r i f ie d  p r o d u c t  i n  s e p a r a t i n g  f u n n e l

Department of Civil Engineering, MBCET 496



ICID 2018 21-23 June, 2018

F ig .  3 T r a n s e s t e r i f ie d  p r o d u c t  b a c k w a s h e d  w i th  d i s t i l l e d  w a t e r

2 Result and Discussion

2 .1  P r o p e r t i e s  o f  W a s t e  c o o k i n g  o i l

T h e  p h y s ic o c h e m ic a l  p r o p e r t i e s  o f  w a s te  c o o k in g  o i l  w a s  a n a ly s e d  a n d  s h o w n  i s i n  t h e  t a b l e  l .  F r o m  th e  t a b l e  i t  is  

c l e a r  t h a t  f r e e  f a t ty  a c id  is  t h e  h a l f  o f  a c id  v a lu e .  A n d  th e  b io d ie s e l  y i e l d  i s  in v e r s e ly  p r o p o r t i o n a l  to  th e  f r e e  f a t t y  

a c id  t h a t  i s  a s  f r e e  f a t ty  a c id  v a lu e  d e c r e a s e s ,  b io d i e s e l  y i e l d  in c r e a s e s .

T a b l e  1 . P h y s i c o c h e m ic a l  p r o p e r t i e s  o f  w a s te  f r y in g  o i l  u s e d  i n  th e  p r e s e n t  s tu d y .

P r o p e r t i e s

D e n s i ty  a t  2 5  ° C  ( k g /m 3 ) 9 1 2

A c id  v a lu e  ( m g  o f  K O H /g m . o f  o i l ) 4 .4 8 8

F r e e  f a t ty  a c id  ( m g  o f  K O H /g m . o f  o i l ) 2 .2 4 4

2 .2  C h a r a c t e r i z a t i o n  o f  c a t a l y s t  u s i n g  S E M

F ig .  4  s h o w s  th e  S E M  im a g e  o f  th e  c a t a ly s t  a f t e r  c a l c in a t io n  p r o c e s s  f o r  d i f f e r e n t  m a g n i f ic a t i o n  r a n g e .  H o w e v e r  th e  

c a lc in a te d  m u s s e l  s h e l l  s h o w s  a  r o d  l ik e  p a r t i c le  w a s  o b s e r v e d .  I t  in d i c a t e d  a  r e g u la r  m ic r o  m o r p h o lo g y  o f  a  r o d  l ik e  

p a r t i c l e  b y  N i ju e t .  a l  [8]
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2 .3  C h a r a c t e r i z a t i o n  o f  c a t a l y s t  u s i n g  F T I R

F ig u r e  5 s h o w s  th e  F T I R  s p e c t r o s c o p y o f  th e  p r e p a r e d  c a ta ly s t  o b s e r v e d  a t  a  r a n g e  o f  5 0 0  -  4 0 0 0 c m -1.F T I R  

a n a ly s i s  i s  c a r r ie d  o u t  to  id e n t i f y  th e  p o s s ib le  f u n c t io n a l  g r o u p s .  A n d  i t  s h o w s  t h a t  t h e  p e a k s  a r e  i n  f i n g e r p r in t  

p o r t io n .  P e a k s  a t  1 3 9 0  c m -1 i n d ic a te s  C O  b o n d .  W a v e n u m b e r s  o f  8 7 3 ,  1 4 5 0 , 1 6 4 0  c m -1  c o r r e s p o n d s  to  C O 2-3 
a n d w a v e n u m b e r s  o f  3 5 7 0  a n  3 4 2 0  c m -1  a r e  O H  g r o u p s  [1 ].

F i g u r e  5 : F T I R  s p e c t r o s c o p y  o f  p r e p a r e d  c a ta ly s t

2 .4  O p t i m i z a t i o n  R e s u l t s

A f t e r  o p t im iz a t io n ,  i t  is  s e e n  t h a t  d e n s i ty  w a s  c o n c u r r e n t ly  o p t im iz e d  a t  th e  m e th a n o l  to  o i l  r a t io  o f  1 :5 . A n d  f r o m  

t h a t  r a t io ,  th e  c a t a ly s t lo a d in g  w a s  o p t im iz e d  a t  0 .5 %  a t  a  t e m p e r a tu r e  o f  6 0  ° C  a n d  a  r e a c t io n  t im e  o f  1 h o u r .

3  C o n c lu s i o n s

I n  th i s  s tu d y ,  w a s te  c o o k in g  o i l  a n d  m u s s e l  s h e l l  a f t e r  c a l c in a t io n  h a s  b e e n  u s e d  a s  th e  r a w  m a te r ia l  f o r  th e  

p r o d u c t io n  o f  b io d ie s e l .  T h e r e b y  e n h a n c in g  c o s t  e f f e c t iv e  a n d  g r e e n  c a t a ly s t  f o r  th e  p r o d u c t io n  p r o c e s s .  F u r th e r  

c h a r a c t e r i s a to n  o f  c a ta ly s t  s u c h  a s  S E M  a n d  F T I R  w a s  a n a ly s e d .  T r a n s e s t e r i f ic a t i o n  r e a c t io n  w a s  c a r r ie d  o u t  w i th
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w a s te  o i l ,  c a t a ly s t  a n d  m e th a n o l  a t  1 :5  m e th a n o l  to  o i l  r a t io ,  0 .5 %  c a ta ly s t  lo a d in g  a t  l  h o u r  a n d  6 0 ° C  r e a c t io n  

t e m p e r a tu r e  c o n d i t io n s  a n d  o p t im iz e d  b a s e d  o n  d e n s i ty .
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A B S T R A C T :

O n e  o f  t h e  s e r io u s  a n d  g r o w in g  p o te n t i a l  p r o b le m s  i n  T r iv a n d r u m  i s  t h e  s h o r ta g e  o f  l a n d s  f o r  w a s te  d i s p o s a l .A n  

in a p p r o p r ia te  l a n d f i l l  s i te  m a y  h a v e  n e g a t iv e  e n v i r o n m e n ta l ,  e c o n o m ic  a n d  e c o lo g ic a l  im p a c t .  T h e r e f o r e  i t  s h o u ld  b e  

s e le c te d  c a r e f u l ly  b y  c o n s id e r in g  b o t h  r e g u la t i o n s  a n d  c o n s t r a in t s  o n  th e  s o u r c e s .  M a n y  c r i t e r i a  l ik e  d i s ta n c e  f r o m  

th e  r e s id e n t ia l  a r e a s ,  p r e s e n c e  o f  w a t e r  b o d ie s  e t c . . .a r e  t a k e n  in to  c o n s id e r a t i o n  w h i le  p l a n n in g  f o r  s u i ta b le  s i te s .  

S p a t ia l  A n a ly s t  T o o l  l ik e  G I S  [G e o g ra p h ic  I n f o r m a t io n  S y s te m ]  a lo n g  w i th  A H P  [ A n a ly t ic  H ie r a r c h y  P ro c e s s ]  

m o d e l  i s  e x t r e m e ly  u s e f u l  i n  s u c h  m u l t i - c r i t e r i a  d e c i s io n  m a k in g  p r o c e s s .

Keywords: Trivandrum, Landfill site, GIS, AHP.

1. I N T R O D U C T I O N

S o u rc e  r e d u c t io n ,  r e c y c l in g  a n d  w a s te  t r a n s f o r m a t io n  

m e th o d s  a r e  w id e ly  u s e d  to  m a n a g e  s o l id  w a s te ,  

h o w e v e r  i n  a l l  o f  t h e s e  m e th o d s ,  th e r e  i s  a lw a y s  

r e s id u a l  m a t t e r  e v e n  a f t e r  t h e  r e c o v e r y  p r o c e s s  to  

d is p o s a l .  T h e  n e c e s s i ty  o f  g e t t i n g  r i d  o f  th e s e  w a s te s  

y ie ld s  i n  a n  e c o n o m ic  a p p r o a c h  w h i c h  i s  c a l l e d  a s  

L a n d  f i l l in g .

H o w e v e r ,  m u n ic ip a l  l a n d f i l l  s i t in g  is  b e c o m in g  

in c r e a s in g ly  d i f f i c u l t  d u e  to  g r o w in g  e n v i r o n m e n ta l  

a w a r e n e s s ,  d e c r e a s e d  g o v e r n m e n t  a n d  m u n ic ip a l  

f u n d in g  a n d  e x t r e m e  p o l i t i c a l  a n d  s o c ia l  o p p o s i t io n .  

T h e  in c r e a s in g  p o p u la t i o n  d e n s i t i e s ,  p u b l i c  h e a l th  

c o n c e r n s ,  a n d  le s s  l a n d  a v a i l a b le  f o r  l a n d f i l l  

c o n s t r u c t io n s  a r e  a ls o  th e  d i f f i c u l t i e s  to  o v e r c o m e .

L a n d f i l l  s i t in g  i s  a n  e x t r e m e ly  d i f f i c u l t  t a s k  to  

a c c o m p l i s h  b e c a u s e  th e  s i te  s e l e c t i o n  p r o c e s s  

d e p e n d s  o n  d i f f e r e n t  f a c to r s  a n d  r e g u la t io n s .  

E n v i r o n m e n ta l  f a c to r s  a r e  v e r y  im p o r t a n t  b e c a u s e  th e  

l a n d f i l l  m a y  a f f e c t  th e  s u r r o u n d in g  b io p h y s i c a l  

e n v i r o n m e n t  a n d  th e  e c o lo g y  o f  th e  a re a .

E c o n o m ic  f a c to r s  m u s t  b e  c o n s id e r e d  i n  th e  s i t in g  o f  

l a n d f i l l s  a s  w e l l .  E c o n o m ic  f a c to r s  o f  l a n d f i l l  s i t in g  

o f t e n  i n c lu d e  th e  c o s t s  a s s o c i a t e d  w i t h  a c q u is i t io n ,  

d e v e lo p m e n t ,  a n d  o p e r a t i o n  o f  e a c h  s i te .  T h e s e  c o s t s  

m u s t  b e  w e ig h e d  a g a in s t  th e  a m o u n t  o f  c a p i t a l  

in v e s tm e n t  p u t  in to  th e  la n d f i l l ;  o th e r w is e  th e  

d e v e lo p m e n t  w i l l  n o t  b e  s u c c e s s fu l .  S o c ia l  a n d  

p o l i t i c a l  o p p o s i t i o n  to  l a n d f i l l  s i t in g  h a s  b e e n  

in d i c a t e d  a s  th e  g r e a t e s t  o b s ta c le  f o r  s u c c e s s fu l ly  

lo c a t in g  w a s te  d i s p o s a l  f a c i l i t ie s .

I t  i s  e v id e n t  th a t ,  m a n y  f a c to r s  m u s t  b e  in c o r p o r a t e d  

in to  l a n d f i l l  s i t in g  d e c i s io n s  a n d  G I S  is  id e a l  f o r  th i s  

k i n d  o f  p r e l im in a r y  s tu d ie s  d u e  to  i t s  a b i l i ty  to  

m a n a g e  la r g e  v o lu m e s  o f  s p a t ia l  d a ta  f r o m  a  v a r ie ty  

o f  s o u r c e s .  I t  e f f i c ie n t ly  s to r e s ,  r e t r i e v e s ,  a n a ly z e s  

a n d  d i s p la y s  in f o r m a t io n  a c c o r d in g  to  u s e r  d e f in e d  

s p e c i f ic a t io n s .

T r i v a n d r u m  i s  f a c in g  a  s e r io u s  p r o b l e m  o f  s o l id  

w a s te  m a n a g e m e n t  a n d  i t s  e f f e c t iv e  d i s p o s a l .  I t  i s  th e  

d e n s e s t  d i s t r i c t  i n  K e r a l a  w i t h  1 ,5 0 9  in h a b i ta n t s  p e r  

s q u a re  k m .I t  i s  d iv id e d  in to  s ix  t a lu k s :  

T h i r u v a n a n th a p u r a m ,

C h i r a y in k e e z h ,N e y y a t t in k a r a ,N e d u m a z g a d u ,  V a r k a la
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a n d  K a t ta k a d a .  T h i r u v a n a n th a p u r a m  d i s t r i c t  is  

s i tu a te d  b e t w e e n  n o r th  l a t i t u d e s  8 ° 1 7 ' a n d  8 ° 5 4 ' a n d  

e a s t  l o n g i tu d e s  7 6 ° 4 1 ' a n d  7 7 ° 1 7 '.T h e  d i s t r i c t  h a s  3 

m a j o r  r iv e r s ,  f r e s h w a te r  l a k e s  a n d  m o r e  t h a n  3 0 0  

p o n d s .  T r i v a n d r u m  d i s t r i c t  h a s  a  r e s e r v e  f o r e s t  a r e a  

o f  4 9 5 .1  s q u a re  k m .A b o u t  5 5 %  o f  p o p u l a t i o n  r e s id e s  

i n  u r b a n  a r e a s .A c c o r d in g  to  th e  c e n s u s  o f  2 0 1 1 ,  th e  

T h ir u v a n a n a th a p u r a m  c o r p o r a t io n  g e n e r a te s  a b o u t  

2 4 0  to n s  p e r  d a y .

2 . S O L I D  W A S T E  M A N A G E M E N T

S o l id  w a s te  m a n a g e m e n t  m a y  b e  d e f in e d  a s  th e  

d i s c ip l in e  a s s o c i a t e d  w i t h  th e  c o n t r o l  o f  g e n e r a t io n ,  

s to r a g e ,  c o l l e c t io n ,  t r a n s f e r  a n d  t r a n s p o r t ,  p r o c e s s in g  

a n d  d i s p o s a l  o f  s o l id  w a s te s .  I n te g r a te d  s o l id  w a s te  

m a n a g e m e n t  in c lu d e s  t h e s e l e c t io n  a n d  a p p l i c a t i o n  o f  

s u i t a b le  t e c h n iq u e s ,  t e c h n o lo g ie s  a n d  m a n a g e m e n t  

p r o g r a m s  to  a c h ie v e  s p e c i f i c  w a s te  

m a n a g e m e n to b je c t iv e s  a n d  g o a ls .

C u r r e n t  s o l id  w a s te  m a n a g e m e n t  te c h n o lo g ie s  c a n  b e  

s u m m a r i z e d  a s :

1) S o u rc e  r e d u c t io n

2 )  R e c y c l in g

3 )  W a s te  t r a n s f o r m a t io n

4 )  L a n d  f i l l i n g

2.1 Land filling

I t  is  th e  p r o c e s s  b y  w h i c h  th e  s o l id  w a s te s  t h a t  c a n n o t  

b e  r e c y c le d  n o r  f u r t h e r  u s e d ;  th e  r e s id u a l  m a t te r  

r e m a in in g  a f t e r  th e  r e c o v e r y  f a c i l i ty  a n d  a f te r  

th e r e c o v e r y  o f  c o n v e r s io n  p r o d u c t s  a n d  e n e r g y  is  

p l a c e d  i n  a  la n d f i l l .  A l th o u g h  th e r e  is  a  p u b l ic  

o p p o s i t i o n  to  l a n d f i l l s ,  i t  is  n e c e s s a r y  a n d  th e r e  is  n o  

c o m b in a t io n  o f  w a s te  m a n a g e m e n t  t e c h n iq u e  th a t  

d o e s  n o t  r e q u i r e  l a n d  f i l l i n g  to  m a k e  t h e m  w o rk .  

L a n d  f i l l i n g  in c lu d e s  m o n i to r in g  o f  th e  i n c o m in g  

w a s te  s t r e a m , p l a c e m e n t  a n d  e n v i r o n m e n ta l  th e  

c o m p a c t io n  m o n i to r in g  a n d  o f  w a s te ,  c o n t r o l  a n d  

f a c i l i t ie s .

I n  th e  p a s t ,  th e  t e r m  s a n i ta r y  l a n d f i l l  is  u s e d  to  

d e s c r ib e  a  l a n d f i l l  i n  w h ic h  th e  w a s te  p l a c e d  i n  th e  

l a n d f i l l  w a s  c o v e r e d  a t  th e  e n d  o f  e a c h  d a y . T o d a y ,  

s a n i ta r y  l a n d f i l l  r e f e r s  to  a n  e n g in e e r e d  f a c i l i ty  f o r

th e  m u n ic ip a l  s o l id  w a s te  d e s ig n e d  a n d  o p e r a t e d  to  

m in im iz e  p u b l ic  h e a l th  a n d  e n v i r o n m e n ta l  im p a c ts

T a b le  1: A d v a n ta g e s  a n d  D is a d v a n ta g e s  o f  L a n d f i l l  

( s o u r c e :  T h e s is ,  B a s a k  S e n e r )

A d v a n ta g e s D is a d v a n ta g e s

I n d e p e n d e n c e  f r o m  o th e r  
f a c i l i t ie s .

L a n d  D e p r e c ia t io n .

P o s t - c lo s u r e  l a n d  
d e v e lo p m e n t ( e g :p a r k s )

W in d  b o r n e  p a p e r ,  
p l a s t i c s  e tc . . .

T ip p in g  f e e s  f r o m  im p o r te d  
w a s te s .

I m p o r t e d  w a s te  
r e d u c in g  l a n d f i l l  
l i f e s p a n .

L o c a l  e m p lo y m e n t  
o p p o r tu n i t i e s .

P u b l i c /p o l i t i c a l
o p p o s i t io n .

P o te n t i a l  t a x  f r o m  la n d f i l l . T r a f f ic  o f  la r g e  
v e h ic le s .

D i s p o s a l  s t r a te g y  u p to  3 0  
y e a r s .

E r o s i o n  o f  w a s te  
a n d /o r  s o i l  c o v e r .

3 . L A N D F I L L  S IT E  S E L E C T I O N

T h e  m a jo r  g o a l  o f  th e  l a n d f i l l  s i te  s e l e c t i o n  p r o c e s s  is 

to  e n s u r e  t h a t  t h e  d i s p o s a l  f a c i l i ty  is  l o c a t e d  a t  th e  

b e s t  l o c a t i o n  p o s s ib le  w i th  l i t t le  n e g a t iv e  i m p a c t  to  

th e  e n v i r o n m e n t  o r  to  th e  p o p u la t io n .  F o r  a  s a n i ta r y  

l a n d f i l l  s i t in g ,  a  s u b s t a n t i a l  e v a lu a t io n  p r o c e s s  is  

n e e d e d  to  id e n t i f y  th e  b e s t  a v a i l a b le  d i s p o s a l  lo c a t io n  

w h i c h  m e e t s  th e  r e q u i r e m e n ts  o f  g o v e r n m e n t  

r e g u la t io n s  a n d  b e s t  m in im iz e s  e c o n o m ic ,  

e n v i r o n m e n ta l ,  h e a l th ,  a n d  s o c ia l  c o s ts .  E v a l u a t io n  

p r o c e s s e s  o r  m e th o d o lo g ie s  a r e  s t r u c tu r e d  to  m a k e  

th e  b e s t  u s e  o f  a v a i l a b le  in f o r m a t io n  a n d  to  e n s u re  

t h a t  th e  r e s u l t s  o b t a in e d  a r e  r e p r o d u c ib le  s o  t h a t  

o u tc o m e s  c a n  b e  v e r i f i e d  a n d  d e f e n d e d .

G e o g r a p h ic  I n f o r m a t io n  S y s te m s  ( G IS )  a r e  id e a l  f o r  

p r e l im in a r y  s i te  s e l e c t i o n  s tu d ie s  b e c a u s e  i t  c a n  

m a n a g e  l a r g e  v o lu m e s  o f  s p a t ia l ly  d i s t r i b u t e d  d a ta  

f r o m  a  v a r i e ty  o f  s o u r c e s  a n d  e f f i c ie n t ly  s to r e ,  

r e t r i e v e ,  a n a ly z e  a n d  d i s p la y  in f o rm a t io n .  U s in g  G IS  

f o r  s i te  s e l e c t i o n  n o t  o n ly  in c r e a s e s  th e  o b je c t iv i ty  

a n d  f l e x ib i l i t y  b u t  a ls o  e n s u r e s  t h a t  a  l a r g e  a m o u n t  o f  

s p a t ia l  d a t a  c a n  b e  p r o c e s s e d  i n  a  s h o r t  t im e .
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R e la t iv e ly  e a s y  p r e s e n ta t i o n s  o f  G IS  s i t in g  r e s u l t s  a r e  

a ls o  o n e  o f  th e  a d v a n ta g e s .

3 . l  C r i t e r ia  f o r  L a n d f i l l  S i t in g

T h e r e  a r e  a  n u m b e r  o f  c r i t e r i a  f o r  l a n d f i l l  s i te  

s e le c t io n .  T h e s e  a r e  e n v i r o n m e n ta l  c r i t e r i a ,  p o l i t i c a l  

c r i t e r i a ,  f i n a n c i a l  a n d  e c o n o m ic a l  c r i te r ia ,  h y d r o lo g ic  

a n d  h y d r o  g e o lo g ic  c r i t e r i a ,  t o p o g r a p h ic a l  c r i te r ia ,  

g e o lo g ic a l  c r i t e r i a ,  a v a i l a b i l i ty  o f  c o n s t r u c t io n  

m a te r ia l  a n d  o th e r  c r i te r ia .  T h e  H ig h w a y s  a n d  s u r f a c e  

w a te r s  s h o u ld  b e  2 0 0 m  a w a y  f r o m  s u c h  a  s ite .

4 . G IS  P H A S E

4 .1  M a p  C o l le c t io n

T h e  B a s e  m a p  o f  T r i v a n d r u m  d i s t r i c t  i s  c o l le c te d .

4 .2  A n a ly s i s  b y  G IS  S o f tw a re

F i g l :  D ig i t i z e d  m a p  o f  s tu d y  a r e a

C o l l e c t e d  m a p s  a r e  g e o r e f e r e n c e d ,  d ig i t i z e d  a n d  

a n a ly z e d  so  a s  to  o b t a i n  th e  s u i t a b le  c a n d id a te  s i te s ,  

a s  p e r  th e  c r i t e r i a  g iv e n .  H e r e  th e  Q G I S  S o f tw a re  is  

u s e d  f o r  th e  a f o r e m e n t io n e d  p u r p o s e .

4 .2 .1  Q G I S  S o f tw a re

Q G I S  ( p r e v io u s ly  k n o w n  a s  Q u a n tu m  G IS )  i s  a  f r e e  

a n d  o p e n - s o u r c e  c r o s s  p l a t f o r m  d e s k to p  G e o g r a p h ic  

I n f o r m a t io n  S y s te m  (G IS )  a p p l i c a t i o n  th a t  s u p p o r ts  

v ie w in g ,  e d i t i n g  a n d  a n a ly s i s  o f  g e o s p a t i a l  d a ta .

F ig 2 :  B u f f e r  m a p  o f  s tu d y  a r e a
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5 . E N V I R O N M E N T A L  P H A S E

5 .1  D E S I G N  P H A S E

T h e  f o l lo w in g  t e s ts  a r e  to  b e  c a r r ie d  o u t  to  d e te r m in e  th e  s u i ta b i l i ty  o f  t h e  c a n d id a te  s i te s .  P e r m e a b i l i t y  t e s ts ,  C a u s e s  

o f  p o t e n t i a l  s lo p e  f a i lu r e  a n d  p r o b a b le  s e t t le m e n t ,  D e te r m in a t io n  o f  W a t e r  ta b le  le v e l .

5 .2 L A N D F I L L  D E S I G N

T h e  s i te  s e l e c t i o n  o f  a  l a n d f i l l  s i te  d e p e n d s  o n  th e  d e s i g n  o f  a  la n d f i l l .  T h e r e  a r e  tw o  m a jo r  t y p e s  o f  l a n d f i l l  d e s ig n :

( 1 )  S a n i ta r y  l a n d f i l l s  ( 2 )  N a tu r a l  a t t e n u a t io n  la n d f i l l s .  T h e  m a in  d i f f e r e n c e  b e t w e e n  th e s e  tw o  ty p e s  i s  t h e  c o n t r o l  o f  

t h e  e n t r a p m e n t  a n d  r e le a s e  o f  th e  le a c h a te  g e n e r a t e d  b y  a  la n d f i l l .  A  s a n i ta ry  l a n d f i l l  u s e s  a r t i f i c ia l  l in e r s  to  c o n t r o l  

t h e  r e le a s e  o f  le a c h a te  w h i le  a  n a tu r a l  a t t e n u a t io n  l a n d f i l l  u t i l i z e s  th e  s u r r o u n d in g  e n v i r o n m e n ta l  c h a r a c t e r i s t i c s  i n  

o r d e r  to  d e c o m p o s e  r e l e a s e d  f lu id s .

5 .2 .1  S a n i ta r y  L a n d f i l l s

S a n i ta r y  l a n d f i l l s  a r e  d e s ig n e d  to  p r o t e c t  h u m a n s  a n d  th e  e n v i r o n m e n t  f r o m  h a r m f u l  g a s e s  a n d  f lu id s  b y  u s in g  

m e th a n e  c o l l e c t i o n  v e n t s  a n d  l e a c h a te  l in e r s  a n d  c o l l e c t i o n  p ip e s .  M a n y  la n d f i l l s  a r e  d e s ig n e d  f o r  2 0  o r  3 0  y e a r  

l i f e s p a n  a n d  s t i l l  r e q u i r e  p o s t  c lo s u re  m o n i to r in g  u p  to  3 0  y e a r s  to  e n s u r e  t h e  e n v i r o n m e n ta l  h e a l th .  T h e  la n d f i l l  is  

u s u a l ly  d o u b le - l in e d  to  t r a p  l e a c h a te .  S y n th e t ic  l in e r s  in c lu d e  p la s t i c  g e o m e m b r a n e s ,  g e o m a ts ,  g e o g r id s ,  a n d  

g e o te x t i l e s  t h a t  c o m m o n ly  c o n ta in  b e n to n i t e  c la y s .  I n  a  s a n i ta ry  la n d f i l l ,  w a s te  is  c o n ta in e d  i n  a  c e l l  w h ic h  is  c o v e r e d  

w i t h  a  l a y e r  o f  s o i l  a n d  c o m p a c te d  a t  th e  e n d  o f  e a c h  w o r k in g  d a y .  T h e  d im e n s io n s  o f  th e  c e l l  d e p e n d  o n  th e  v o lu m e  

o f  w a s te  r e c e iv e d  a n d  th e  a v a i l a b i l i ty  o f  c o v e r  m a te r ia l .  T h e  c e l l  t h ic k n e s s  m a y  r a n g e  f r o m  8  to  3 0  f t  ( 2 .4  -  9 .1  m )  

b u t  t y p ic a l ly  i t  i s  15 f t  ( 4 .6 m ) .  T h e  u s u a l  s lo p e  o f  t h e  w o r k in g  f a c e  i s  3 h o r iz o n ta l  to  1 v e r t i c a l  ( 3 :1 )  w h ic h  a l lo w s  

r e a s o n a b le  c o m p a c t io n  a n d  e a s i e r  c a p p in g  a n d  v e g e ta t iv e  g r o w th  o n  th e  s id e  s lo p e s  o f  t h e  l a n d f i l l .  T h e  w i d t h  o f  th e  

w o r k in g  f a c e  i s  u s u a l ly  l im i te d  to  2  f t  ( 0 .6  m ) . T h e  f i r s t  l i f t  o f  th e  w a s te  i s  u s u a l ly  5 f t  (1 .5  m )  o r  le s s  w i t h  c a r e f u l  

r e m o v a l  o f  th e  o v e r s iz e  p i e c e s  to  p r e v e n t  d a m a g e  o f  t h e  u n d e r ly in g  le a c h a te  c o l l e c t i o n  s y s te m . T h e  c o m p a c t i o n  

e q u i p m e n t  m o v e s  f r o m  t h e  b o t t o m  t o  t h e  t o p  o f  t h e  w o r k i n g  f a c e .  T h e  t h i c k n e s s  o f  t h e  d a i l y  c o v e r  i s  6 - 1 2  

i n  ( 1 5 0 -  3 0 0  m m ) . I f  a  l i f t  s u r f a c e  is  e x p e c t e d  to  b e  e x p o s e d  o v e r  3 0  d a y s  t h e n  a n  in t e r m e d ia te  c o v e r  is  a p p l ie d .  T h e  

in t e r m e d ia te  c o v e r  i s  ty p i c a l ly  1 f t  t h i c k  a n d  m o re  r e s i s t a n t  t o  e r o s io n  th a n  th e  d a i ly  c o v e r .

5 .2 .2  N a tu r a l  A t t e n u a t io n  L a n d f i l l s

A  n a tu r a l  a t t e n u a t io n  l a n d f i l l  w h i c h  a l lo w s  th e  l iq u id  w a s t e s  to  m ig ra te  f r o m  th e  l a n d f i l l  u s e s  th e  n a tu r a l  g e o lo g ic a l  

a n d  h y d r o  g e o lo g ic a l  c h a r a c te r i s t i c s  o f  th e  s u b s u r f a c e .  I t  t a k e s  th e  a d v a n ta g e  o f  th e  n a tu r a l  s u b s u r f a c e  p r o c e s s e s  o f  

b io d e g r a d a t io n ,  f i l t r a t io n ,  s o r p t io n ,  a n d  i o n  e x c h a n g e  w h i c h  h e lp  t h e  p u r i f i c a t i o n  o f  t h e  g r o u n d w a te r .  T h e  o th e r  

a d v a n ta g e s  o f  u s in g  n a tu r a l  in s i t u  g e o lo g ic a l  a n d  h y d r o  g e o lo g ic a l  b a r r i e r s  a r e  t h a t  n a tu r a l  b a r r i e r s  d o  n o t  e n c a p s u la te  

w a s te  a n d  in h ib i t  i t s  d e g r a d a t io n ,  a n d  th e  n a tu r a l  i n f i l t r a t i o n  a n d  p e r c o l a t i o n  c h a r a c te r i s t i c s  o f  th e  s u b s u r f a c e  a r e  n o t  

d is r u p te d .  I n  a d d i t io n ,  th i s  m e th o d  h a s  r e la t iv e ly  m in o r  c o s t  o f  c o n s t r u c t io n ,  o p e r a t i o n  a n d  m a in t e n a n c e c o m p a r e d  to  

t h e  s a n i ta ry  l a n d f i l l s .  A t t e n u a t io n  l a n d f i l l s  a r e  b a s e d  o n  th e  d i lu te  a n d  d i s p e r s e  p r in c ip le  o f  l e a c h a te  m a n a g e m e n t .  

N a tu r a l  l o w  p e r m e a b i l i t y  a n d  a t t e n u a t io n  c h a r a c t e r i s t i c s  o f  g e o lo g ic a l  b a r r i e r s  i n  th e  s u b s u r f a c e ,  e s p e c ia l ly  lo w  

p e r m e a b i l i t y  c la y  r i c h  o v e r b u r d e n  a n d  to  a  l e s s e r  e x t e n t  c o n s o l id a te d  m u d r o c k s  a r e  p r e f e r a b l e  f o r  th i s  m e th o d  to  

p r e v e n t  g r o u n d w a te r  p o l lu t io n .
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Influence of Nano-Silica on Unconfined Compressive Strength of Marine 
Clay with Curing Time
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A b s tr a c t .  This paper presents the influence of nano-silica on unconfined compressive strength of soft marine clay 
with curing time.Soft marine clay is highly problematic regarding to engineering projects due to high 
compressibility, low shear strength and low permeability. Marine clay used for the study was collected from 
Vyppin Island, Cochin. Nanoparticles are one of the recent materials that can be used in soil stabilization. Drastic 
growths have been taken in the field of nanotechnology, and much nanotechnology-based advancement has been 
made in geotechnical engineering. Nano-silica possess higher surface area to volume, this enhances cation 
exchange capacity and reaction with particles of clay. Nano-silica contents varied from 0.5% to 1%. The 
unconfined compressive strength of treated soil increased with curing time. Curing time taken for the study of 
variation in UCS were 3, 7, 14, 28 days. Nano-silica gel increased the cohesion between particles there by 
improvement of unconfined compressive strength. Minute quantity is just sufficient for noticeable changes in 
properties of soil in the case of nano-silica particles. Nano-silica as recent chemical additive also showed a rapid 
development in engineering properties of marine clay. So the modifications by chemical additive in marine clay 
had shown better improvement in UCS of soil.

K e y w o r d s :  Marine clay, Nanotechnology, Nano-silica,Unconfined Compressive Strength

Introduction

M a r in e  c la y s  a r e  h ig h ly  c o m p r e s s ib le  f in e  g r a in e d  s o i ls .  H ig h e r  c o m p r e s s ib i l i t y  a n d  lo w e r  s h e a r  s t r e n g th  a r e  th e  

m a i n  e n g in e e r in g  p r o b le m s  r e la te d  to  th i s  s o il .  S o  m o d i f i c a t i o n  o f  p r o p e r t i e s  o f  s o i l  is  n e c e s s a r y  f o r  im p r o v in g  th e  

e n g in e e r in g  b e h a v io u r .  M o d i f i c a t i o n s  o f  e n g in e e r in g  p r o p e r t i e s  a r e  d o n e  b y  s t a b i l i s a t i o n  t e c h n iq u e  b y  d i f f e r e n t  

m e th o d s .

C o c h in  m a r in e  c la y  f r o m  V y p p in  I s l a n d  w a s  t a k e n  f o r  s tu d y . C o c h in  in d u s t r i a l  c a p i ta l  o f  K e r a la ,  w h ic h  i s  u n d e r  

g o in g  r a p id  i n d u s t r i a l i z a t io n ,  c o n s i s t s  o f  e x t r e m e ly  s o f t  m a r in e  c la y  p o s e s  s e r io u s  p r o b l e m  i n  th e  g e o te c h n ic a l  

e n g in e e r in g  p r a c t i c e s .  M a i n ly  th i s  e f f e c t  c a n  b e  o b s e r v e d  i n  th e  f o u n d a t io n  r e l a t e d  i s s u e s  w h i le  c o n s t r u c t io n  o f  

s t r u c tu r e s ,  B r id g e s ,  H ig h w a y s  a n d  D a m s . V a r io u s  s t a b i l i s a t i o n  t e c h n iq u e s  a r e  u s in g  to  o v e r c o m e  th i s  s e r io u s  i s s u e  

r e g a r d in g  e n g in e e r in g  p r a c t i c e s .

A s  p e r  r e s e a r c h e s  l iq u id i ty  i n d e x  is  a s  h ig h  a s  0 .8 7 ,  a n d  m a r in e  c la y s  a r e  m o d e r a te ly  a c t iv e  c la y s .T h e  c o m p r e s s io n  

in d ic e s  o f  c la y  a r e  h ig h  f o r  u n d i s tu r b e d  s a m p le s  a n d  a r e  h ig h e r  t h a n  th o s e  o b t a in e d  f o r  r e m o u ld e d  s a m p le s .  A ls o  

s h e a r  s t r e n g th  o f  c la y  i s  m u c h  lo w e r .  [ B a b u  e t .a l .  1 9 8 8 ] . V a r io u s  s t a b i l i s i n g  a g e n t s  s u c h  a s  l im e ,  f ly a s h ,  c e m e n t  e tc . . .  

a r e  u s in g  f o r  e n h a n c e m e n t  o f  p r o p e r t i e s  o f  m a r in e  c la y .  N a n o m a te r i a l s  a r e  r e c e n t  i n  th e  g r o u n d  im p r o v e m e n t  f i e ld  

o f  g e o te c h n ic a l  e n g in e e r in g .

T h e  i d e a  o f  n a n o te c h n o lo g y  w a s  f i r s t  in t r o d u c e d  b y  R ic h a r d  F e y n m a n  i n  h i s  l e c tu r e  e n t i t l e d  “ T h e r e ’s P le n ty  o f  

R o o m  a t  th e  B o t to m ” i n  1 9 5 9 .N u m e r o u s  s tu d ie s  h a v e  b e e n  c o n d u c te d  r e g a r d in g  u s e  o f  n a n o  p a r t i c l e s  f o r  

i m p r o v e m e n t  o f  s o i l  s t r e n g th  p a r a m e te r s  [ K a d iv e r  e t .a l .2 0 1 1 ] .R e c e n t ly  n a n o - s i l i c a ,  b e c a u s e  o f  i t s  s u i ta b le  

p e r f o r m a n c e  c o m p a r e d  w i th  m ic r o - s i l i c a ,  h a s  f r e q u e n t ly  b e e n  u s e d  i n  s o i l  im p r o v e m e n t  p r o je c t s .

A  s e r ie s  o f  t e s t s  o n  c la y e y  s o i l s  b y  a d d in g  n a n o - s i l i c a  a n d  f o u n d  th a t  t h e  a d d i t i o n  o f  n a n o - s i l i c a  l e a d s  to  a  r e d u c t io n  

i n  th e  s w e l l in g  i n d e x  o f  c la y .  A d d i t i o n  o f  n a n o - s i l i c a  in c r e a s e s  th e  s h e a r  s t r e n g th  a n d  A t t e r b e r g  l im i ts  o f  c la y  a n d  

d e c r e a s e s  i t s  p e r m e a b i l i t y  [ P h a m  e t .a l .  2 0 1 4 ] .  I n c r e a s e  i n  n a n o - s i l i c a  c o n te n t  im p r o v e d  th e  u n c o n f in e d  c o m p r e s s iv e  

s t r e n g th  a n d  e la s t ic  m o d u lu s  o f  s o f t  c l a y  [ C h a n g iz i  e t .a l .  2 0 1 5 ] .  N a n o - s i l i c a  d e v e lo p s  a  s t r o n g e r  c o n n e c t io n  b y  

v i s c o u s  g e l  l e a d in g  to  a n  in c r e a s e  i n  f r i c t io n a l  s t r e n g th  a n d  a ls o  r e d u c e s  th e  d i s ta n c e  b e t w e e n  c la y  p a r t i c le s .  T h is  

im p r o v e s  th e  s h e a r  s t r e n g th  o f  s o f t  c l a y  [ G a r c ia  e t .a l .  2 0 1 7 ] .
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M o r e o v e r ,  r e s e a r c h  o n  p o z z o la n i c  a c t iv i ty  o f  s i l i c a  n a n o p a r t i c le s  i n d ic a te d  a  h i g h  p o z z o la n i c  a c t iv i ty  o f  n a n o 

s i l i c a  c o m p a r e d  to  m ic r o  s i l ic a ,  f ly a s h .  S in c e  s i l i c a  n a n o p a r t i c le s  a c t  a s  a n  a c c e le r a to r ,  s t r u c tu r e  o f  c e m e n t i t io u s  

m a te r ia l s  b e c o m e s  d e n s e r  a n d  m o r e  u n i f o r m  e v e n  i n  a  s h o r t  t im e  o f  c u r in g  [ C h a n g iz i  .e t. a l . 2 0 1 7 ] .

T h is  p a p e r  e v a lu a te s  th e  i m p r o v e m e n t  o f  u n c o n f in e d  c o m p r e s s iv e  s t r e n g th  ( U C S )  b y  n a n o - s i l i c a  a d d i t i o n  i n  

m a r in e  c la y  w i t h  c u r in g  t im e .  S tu d y  o n  th e  e f f e c t  o f  n a n o - s i l i c a  o n  m a r in e  c la y  w a s  n o t  p e r f o r m e d .  E f f e c t  o f  n a n o 

m a te r ia l  w i l l  c h a n g e  a c c o r d in g  to  t h e  b e h a v i o u r  o f  c la y .T h e  u n c o n f in e d  c o m p r e s s iv e  s t r e n g th  o f  c la y  s a m p le s  w a s  

im p r o v e d  w i t h  c u r in g  t im e  b y  th e  in c r e a s e  i n  n a n o - s i l i c a  c o n te n t .

Materials Used

T h e  m a in  a d d i t iv e s  u s e d  f o r  s t a b i l i z a t i o n  o f  m a r in e  c la y  f r o m  C o c h in  a r e  n a n o - s i l i c a .M a r in e  c la y  w a s  s a m p le d  f r o m  

V y p p in ,  E r n a k u lu m . T a b le  1 sh o w s  th e  p ro p e r t ie s  o f  m a r in e  c la y . N a n o  -  S i l i c a  w a s  o b ta in e d  f r o m  A S T R A  

c h e m ic a l s ,  C h e n n a i .T a b le  2  s h o w s  th e  c h e m ic a l  c o m p o s i t io n  o f  n a n o -s i l ic a .

T a b le l .P r o p e r t ie s  o f  so il sam ple

P roperties M arin e  clay
S pecific G ravity 2.65
L iq u id  lim it 80%
P lastic  lim it 34%
S hrinkage lim it 14%
F re e  sw ell 50%
C lay  frac tio n 49 .2 5 %
S oil c lassifica tion C H
O M C 32 .37%
D ry  density 1.42g/cc
U C C 97.07 k P a

T a b le  2 . C h e m ic a l  C o m p o s i t io n  o f  n a n o - s i l ic a

C o nstituen t %
S ilico n  d iox ide 99.7
T itan iu m 0.012
C alc ium 0.007
S odium 0.005
Iro n 0.002

Methodology

T o  e v a lu a te  t h e  e f f e c t  o f  n a n o - s i l i c a  o n  s t r e n g th  o f  s o f t  c la y  s a m p le ,  tw o  g r o u p s  o f  s p e c im e n s  n e e d  to  b e  t a k e n .  O n e  

g r o u p  o f  n a tu r a l  s p e c im e n ,  n e x t  g r o u p  o f  th r e e  s e t  o f  s p e c im e n s  s ta b i l i s e d  w i th  n a n o - s i l i c a .  U C S  a r e  t e s te d  to  f i n d  

th e  v a r i a t i o n  i n  p r o p e r t i e s  o f  s o i l .S o i l  s a m p le  w a s  a i r  d r i e d  f o r  a  w e e k ,  p u lv e r i z e d  m a n u a l ly  u s in g  w e ig h t s ,  s ie v e d  

t h r o u g h  4 2 5  m ic r o n  s ie v e  a n d  p r e s e r v e d  i n  l a r g e  c o n ta in e r s  i n  a n  e n c lo s e d  r o o m .S o i l  s p e c im e n s  w e r e  m ix e d  w i th  

n a n o - s i l i c a  i n  th e  r a n g e s  0 .5 % , 0 .8 % , 1 %  c u r e d  u p  to  f o u r  w e e k s  i n  a i r - t i g h t  b a g s .  A  s e r ie s  o f  u n c o n f in e d  c o m p r e s s iv e  

s t r e n g th  t e s t s  w e r e  c o n d u c te d  o n  c la y  t r e a t e d  w i t h  d i f f e r e n t  c o n te n t s  o f  n a n o - s i l i c a .T h e  O p t im u m  n a n o - s i l i c a  C o n te n t  

w a s  d e t e r m in e d  f r o m  th e  t e s t  r e s u l t s .  T h e  r e a s o n  f o r  th e  m a x im u m  l im i t  o f  1 %  o f  n a n o - s i l i c a  is  d u e  to  t h e  f a c t  t h a t  

t e s t s  w e r e  p e r f o r m e d  u n d e r  c o n s ta n t  m o is tu r e  c o n te n t  a n d  d u e  to  th e  a b s o r p t i o n  o f  w a t e r  b y  n a n o - s i l i c a ,  m ix in g  o f  

s o i l  w i th  m o r e  t h a n  1 %  n a n o - s i l i c a  c o n te n t  l e d  to  a  l a c k  o f  w a t e r  i n  th e  s o i l  / n a n - s i l i c a  m ix tu r e ;  th i s  w i l l  r e s u l t s  i n  

t h e  b a d  w o r k a b i l i ty  o f  a m e n d e d  c la y  [ C h a n g iz i  e t  a l . 2 0 1 7 ] .
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Results & Discussions

U n c o n f i n e d  C o m p r e s s i v e  S t r e n g t h  o f  N a t u r a l  M a r i n e  C l a y

T h e  r e s u l t s  o f  u n c o n f in e d  c o m p r e s s io n  t e s t  o f  m a r in e  c la y  s a m p le  a r e  s h o w n  i n  F ig u r e  1. T h r e e  t r ia ls  a r e  p e r f o r m e d  

to  f o u n d  o u t  th e  U C S  o f  c la y  s a m p le .  T h e  p e a k  v a lu e  o b ta in e d  f o r  th e  n a tu r a l  c la y  is  9 7 .0 7 k P a  a n d  c o h e s io n  is  

4 8 .2 k P a .  M a r in e  c la y  s a m p le  b e lo n g s  to  t h e  m e d iu m  s t r e n g th  c la s s  b a s e d  o n  U C S .

F ig .1 . Unconfined Compressive Strength of natural sample.

F r o m  th e  f ig u r e  1 i t  c a n  b e  i n f e r r e d  t h a t  th e  p e a k  in c r e a s e  i n  r e s i s t a n c e  i s  o b t a in e d  a f t e r  a  d r a s t i c  s t r a in  in c r e a s e  i n  
s o i l  s a m p le .  F r o m  th e  th r e e  t r ia ls  n e a r ly  e q u a l  s t r a in  w a s  o b s e r v e d .  M e d iu m  c o n s i s te n c y  o f  c la y  a n d  h ig h  
c o m p r e s s ib i l i ty  o f  c la y  c a n  b e  f o u n d  o u t  f r o m  th e  U C S  t e s t  o f  n a tu r a l  s a m p le .

V a r i a t i o n  i n  U n c o n f i n e d  C o m p r e s s i v e  S t r e n g t h  o f  0 . 5 %  N a n o - S i l i c a  A m e n d e d  M a r i n e  C l a y

T h e  r e s u l t s  o f  u n c o n f in e d  c o m p r e s s io n  t e s t  o f  m a r in e  c la y  s ta b i l i z e d  w i th  0 .5 %  n a n o - s i l i c a  a r e  s h o w n  i n  F ig u r e  2 . 

T h e  p e a k  v a lu e  o f  U C S  in c r e a s e s  w i t h  in c r e a s e  i n  c u r in g  t im e .  A t  th e  e n d  o f  1 4 , 2 8  d a y s  p e a k  r e s i s ta n c e  o f  s t r e s s -  

s t r a in  c u r v e  h a d  s h o w n  c lo s e n e s s  i n  s t r e n g th .  A d d i t i o n  o f  n a n o - s i l i c a  im p r o v e d  s t r e n g th  c o m p a r e d  to  th e  n a tu r a l  

m a r in e  c la y  s a m p le .
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Strain

F ig .2. Unconfined Compressive Strength of 0.5% nano-silica amended clay

V a r i a t i o n  i n  U n c o n f i n e d  C o m p r e s s i v e  S t r e n g t h  o f  0 . 8 %  N a n o - S i l i c a  A m e n d e d  M a r i n e  C l a y

T h e  r e s u l t s  o f  u n c o n f in e d  c o m p r e s s io n  t e s t  o f  m a r in e  c la y  s t a b i l i z e d  w i t h  0 .8 %  n a n o - s i l i c a  a r e  s h o w n  i n  F ig u r e  3.

3 DAY 

■  7 DAY

14 DAY 

28 DAY

F ig .3 .  U n c o n f in e d  C o m p r e s s iv e  S t r e n g th  o f  0 .8 %  n a n o - s i l i c a  a m e n d e d  c la y

T h e  f ig u r e  3 i n d ic a te s  t h a t  in c r e a s e  i n  n a n o - s i l i c a  c o n te n t  im p r o v e d  th e  U C S  c h a r a c t e r i s t i c s  o f  n a n o - s i l i c a  a m e n d e d  
c la y .  0 .8 %  n a n o - s i l i c a  a m e n d e d  c la y  im p r o v e d  U C S  b e t t e r  t h a n  0 .5 %  n a n o - s i l i c a  a m e n d e d  c la y .  A t  th e  e n d  o f  2 8 d a y s  
U C S  a t t a in e d  p e a k  s t r e n g th  o f  3 0 0 k P a .

V a r i a t i o n  i n  U n c o n f i n e d  C o m p r e s s i v e  S t r e n g t h  o f  1 %  N a n o - S i l i c a  A m e n d e d  M a r i n e  C l a y

T h e  f ig u r e  4  p r e s e n te d  th e  v a r i a t i o n  o f  U C S  o f  1 %  n a n o - s i l i c a  a m e n d e d  c la y  w i th  c u r in g  t im e . T h e  p e a k  v a lu e  o f  
U C S  e x h ib i t e d  a n  in c r e a s in g  t r e n d  w i th  c u r in g  t im e .  B u t  th e  0 .8 %  a n d  1 %  s h o w e d  n e a r ly  e q u a l  p e a k  v a lu e  o f  
r e s i s t a n c e .  1 %  n a n o - s i l i c a  a m e n d e d  c la y  h a d  s h o w n  a  p e a k  r e s i s t a n c e  o f  3 0 5 k P a .  W h i le  c o n s id e r in g  th e  c o s t  o f  
s t a b i l i z a t i o n  0 .8 % n a n o - s i l i c a  c o n te n t  c a n  b e  t a k e n  a s  o p t im u m  c o n te n t .
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3 DAY
■  7 DAY

14 DAY 
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F ig .4 . U n c o n fin e d  C o m p ressiv e  S tre n g th  o f  1%  n a n o -s ilic a  am e n d e d  clay

T h e  r e s u l t s  o f  u n c o n f in e d  c o m p r e s s io n  t e s t  o f  m a r in e  c la y  s ta b i l i z e d  w i t h  0 .5 % , 0 .8 %  &  1 %  n a n o - s i l i c a  a r e  d e p ic t e d  

i n  F ig u r e  5 . T h e  p e a k  v a lu e  o f  U C S  in c r e a s e s  w i t h  in c r e a s e  i n  c u r in g  t im e  f o r  a l l  p e r c e n ta g e s  o f  n a n o - s i l i c a  c o n te n t .

^ ^ ^ 0.5%nano-silica 

^ ^ ^ 0.8% nano-silica 

^ ^ ^ 1% nano-silica 

Untreated Soil

X ----------------------- * -------------------------------Curing Period (Days)

F ig .5 . V a r ia tio n  o f  U C S  fo r  n a n o -s ilic a  am e n d e d  clay

T a b le  3 .U C S  v a r ia t io n  o f  n a n o - s i l ic a  a m e n d e d  c la y  w i th  c u r in g  t im e

Curing
Time

(Days)

Untreated
Soil

0.5%
nano-silica

0.8%
nano-silica

1%
nano-silica

3 97.07 176.80 216.03 228.51
7 97.07 228.83 226.38 235.37
14 97.07 268.45 265.32 270.45
28 97.07 276.81 300.87 305.74

T h e  m ic r o s t r u c tu r a l  e v a lu a t io n  o f  th e  s t a b i l i z e d  c la y  w i t h  n a n o - s i l i c a  ( C h a n g iz i  e t .a l .2 0 1 7 )  i n d ic a te d  th a t  th e  n a n o 

s i l ic a  c o v e r s  th e  c la y  p a r t i c l e  s u r f a c e s ,  th e  in t e r lo c k  f o r c e  b e t w e e n  s o i l  p a r t i c le  in c r e a s e s .  T h e  p o r e s  b e t w e e n  c la y  

p a r t i c l e s  a r e  f i l l e d  w i t h  th e  n a n o - s i l i c a  v i s c o u s  g e l .  T h e  c o h e s io n  b e t w e e n  c la y  p a r t i c l e s  d u e  to  th e  v i s c o u s  g e l  is  

s t r o n g e r  t h a n  th e  c o h e s io n  b e t w e e n  p a r t i c l e s  o f  c la y  d u e  to  a b s o r b e d  w a te r .  V i s c o u s  g e l  l e a d s  to  a n  in c r e a s e  i n  th e  

f r i c t io n a l  s t r e n g th  b e t w e e n  th e  c la y  p a r t i c le s .  T h e  p e a k  U C S  r e s i s ta n c e  c h a n g e d  w i t h  c u r in g  t im e . S o , th e  v a r i a t i o n  

o f  u n c o n f in e d  c o m p r e s s iv e  s t r e n g th  d e p e n d s  o n  th e  c u r in g  p e r io d .  D u e  to  la r g e  s u r f a c e  a r e a  f o r  n a n o - s i l i c a ,  i t  is  

h ig h ly  r e a c t iv e ,  a n d  th i s  i s  s u i t a b le  i n  i m p r o v in g  th e  p r o p e r t i e s  o f  so il .  T h is  l e a d s  to  a n  in c r e a s e  i n  s t r e n g th  o f  so il .

Department of Civil Engineering, MBCET 509



ICID 2018 21-23 June, 2018

Conclusion

T h e  p e a k  U C S  o f  n a tu r a l  c la y  e n h a n c e d  f r o m  9 7 k P a  to 3 0 0 k P a  f o r  0 .8 %  n a n o - s i l i c a  a n d  f o r  0 .1 %  n a n o - s i l i c a  

i n c r e a s e d  to  3 0 5 k P a .  S t r e n g th  v a r i a t i o n  s h o w n  m o r e  p r o x im i ty  f o r  th e s e  c o n te n ts .  T h e  v a r i a t i o n  o f  U C S  f o r  0 .8 %  &  

1 %  a r e  c lo s e  e n o u g h .  F r o m  th e  e c o n o m ic  p o i n t  o f  v i e w  0 .8 %  c a n  b e  c o n s id e r e d  a s  o p t im u m  c o n te n t .  T h e  

im p r o v e m e n t  o f  s t r e n g th  a t  2 8  d a y s  f o r  0 .8 %  n a n o - s i l i c a  a m e n d e d  c la y  w a s  m o r e  t h a n  2 1 0 %  t h a n  n a tu r a l  c la y .  S h o r t  

t e r m  s t r e n g th  f o r  th e  a m e n d e d  c la y  w a s  a ls o  n o t ic e a b le .  S p e c im e n s  t r e a t e d  w i th  n a n o - s i l i c a  s h o w n  b r i t t l e  b e h a v io u r  

C o m p a r e d  w i t h  t h e  s t r a in  r a te  o f  n a tu r a l  c la y ,  a f t e r  t h e  a d d i t i o n  o f  n a n o - s i l i c a  th e  s t r a in  r a te  w a s  d e c r e a s e d .  A m e n d e d  

c la y  s h o w n  in c r e a s e  i n  U C S  a t  l o w e r  s t r a in  l e v e l s  c o m p a r e d  to  n a tu r a l  c la y .
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A b s tr a c t .Traditional stabilizers like lime, cement, fly ash, rice husk ash, and combinations of these have been 
widely used to improve the properties of problematic soil. Considering the environmental impacts of these 
stabilizers, researchers come up with an ecofriendly method called enzymatic stabilization. Recently combination 
of enzyme and lime known as enzymatic lime found to be effective in improvement of strength of soft soils. In 
the present work, the effect of enzymatic lime on engineering behaviour of clay is analysed. The purpose of this 
research is to verify the efficacy of enzymatic lime in soft clays. An extensive study was carried out on a soil 
sample using different dosages lime, enzyme and combination of lime and enzyme. The variation in liquid limit, 
plastic limit, plasticity index and unconfined compressive strength were investigated after 3,7,14 and 28 days of 
curing. The optimum dosage of the stabilizers was inferred from obtained results. Addition of 120ml/m3 of enzyme 
and 2 %lime by weight of soil will impart significant improvement of properties. Sufficient improvement of 
strength obtained after 14 days of curing indicates accelerated strength improvement by enzymatic lime. 
Utilization of enzyme and lime in combination can reduce the percentage of lime for soil treatment making the 
proposed method environmental-friendly.

K e y  w o rd s :  Lime, enzyme, enzymatic lime, strength improvement

1. Introduction
S o i l  s t a b i l i z a t i o n  a im s  th e  e n h a n c e m e n t  o f  t h e  s t r e n g th  a n d  d u r a b i l i ty  o f  p r o b le m a t ic  s o i l  b y  c o n t r o l l e d  c o m p a c t io n  

o r  b y  th e  a d d i t i o n  o f  a d m ix tu r e s  a n d  s ta b i l i z e r s .S t a b i l i z a t i o n  m a y  r e s u l t  i n  i n c r e a s e d  s ta b i l i ty ,  s h e a r in g  r e s i s t a n c e  

a n d  b e a r in g  c a p a c i ty ,  r e d u c e d  v o lu m e  c h a n g e s  a n d  s e t t l e m e n t  a n d  c o n t r o l  o f  th e  u n d e s i r a b le  e f f e c t s  a s s o c i a t e d  w i th  

c la y .  T h is  m e th o d  is  w id e ly  a p p l i e d  i n  th e  f i e ld  o f  c o n s t r u c t io n  o f  r o a d s  a n d  p a v e m e n ts .  S e v e r a l  t e c h n iq u e s  h a v e  

b e e n  a d o p te d  f o r  th e  im p r o v e m e n t  o f  e n g in e e r in g  p r o p e r t i e s  o f  s o ils .  T h e s e  m e th o d s  in c lu d e  i n c o r p o r a t io n  o f  l im e , 

c e m e n t ,  f ly a s h ,  r ic e  h u s k  a s h ,  c r u m b  r u b b e r ,  b io e n z y m e ,  g e o s y n th e t ic s ,  b i o p o l y m e r  a n d  d i f f e r e n t  c o m m e r c ia l  

a v a i l a b le  c h e m ic a l s  f o r  s t a b i l i z a t i o n .A m o n g  th e s e  te c h n iq u e s ,  l im e  s t a b i l i z a t i o n s  a  c o s t  e f f e c t iv e  a n d  c o m m o n ly  

u s e d  m e th o d  o f  s o i l  im p ro v e m e n t .

T h e  s u c c e s s  o f  l im e  s t a b i l i z a t io n le a d s  to  u t i l i z a t i o n  o f  v a r io u s  a d d i t iv e s  a lo n g  w i t h  s o i l - l im e  t r i e d  o v e r  th e  p a s t  

f e w  d e c a d e s .T h e  e f f e c t  o f  c l im a t ic  c h a n g e ,  e n v i r o n m e n ta l  c o n c e r n s  a n d  in c r e a s e  i n  c o s t  o f  m a te r ia l s  n e c e s s i t a te s  a n  

in n o v a t iv e  e c o f r ie n d ly  m e th o d  o v e r  th e s e  t r a d i t i o n a l  m e th o d s .  A n  e c o n o m ic a l ly  f e a s ib le  s o lu t io n  f o r  o v e r c o m in g  

th i s  p r o b l e m  i s  t h e  in t r o d u c t io n  o f  e n z y m a t ic  s o i l  s t a b i l iz a t io n .

E n z y m e s  a r e  b io lo g ic a l  c a t a ly s t  o b t a in e d  f r o m  p la n t s  a n d  a n im a ls  in c lu d in g  m ic r o o r g a n i s m s  b y  e x t r a c t io n  u s in g  

s u i t a b le  s o lv e n t.  T h e s e  a r e  l a r g e  p r o t e i n  m o le c u le s  w h i c h  a r e  m o r e  e f f i c i e n t  t h a n  in o r g a n ic  c a ta ly s t .  E n z y m e  c a n  

in c r e a s e  th e  r e a c t io n  r a te  b y  a  f a c t o r  o f  1 0 6  to  1 0 1 2 . T h e y  u s u a l ly  c a ta ly z e  u n iq u e  r e a c t io n s  t h e r e f o r e  e n z y m e s  d o  

n o t  p r o d u c e  s id e  r e a c t io n .  E n z y m e s  a r e  t e m p e r a tu r e  s e n s i t iv e  a n d  w o r k  a r o u n d  te m p e r a tu r e  ( 3 5 o C )  a n d  lo s s  t h e i r  

e f f e c t iv e n e s s  a t  h ig h e r  t e m p e r a tu r e .  A ls o ,  th e y  a r e  p H  s e n s i t iv e  to o  a n d  w o r k  g o o d  a t  p H  v a lu e  7  [1 ].

B io - E n z y m e  is  a  n a tu r a l ly  o b ta in e d ,  n o n to x ic ,  n o n f la m m a b le ,  n o n c o r r o s iv e  l iq u id  e n z y m e  f o r m u la t io n  f e r m e n te d  

f r o m  v e g e t a b l e  e x t r a c t s .  T h e y  c a ta ly z e  th e  r e a c t io n s  b e t w e e n  th e  c la y  a n d  th e  o r g a n ic  c a t - i o n s  b y  a c c e le r a t i n g  th e  

c a t - io n ic  e x c h a n g e .  E n z y m e  p r o v id e s  h ig h e r  s o i l  c o m p a c t io n  d e n s i t i e s  a n d  e n h a n c e s  s t r e n g th  a n d  s ta b i l i ty  o f  th e  

s o i l [ 2 ] .U t i l i z a t i o n  o f  B io  E n z y m e  i n  c o m b in a t io n  w i t h  l im e  w i l l  a l s o  g iv e  e n h a n c e d  im p r o v e m e n t  i n  s t r e n g th .T h e  

c a ta ly t i c  a c t i o n  o f  e n z y m e s  i n  th e  p r e s e n c e  o f  l im e  b r o u g h t  a  s ig n i f i c a n t  im p r o v e m e n t  o f  s t r e n g th  [ 3 ] .T h e  e n z y m a t ic  

l im e  i s  m o r e  e f f e c t iv e  i n  s o i l  s a m p le s  w i t h  h ig h e r  c la y  f r a c t i o n  [4 ].

A  v e r y  f e w  r e s e a r c h e s  h a v e  b e e n  c o n d u c te d  u s in g  e n z y m a t ic  l im e  a n d  s c o p e  o f  d e t a i l e d  s tu d y  o n  i t s  in f lu e n c e  o n  

s o i l  p r o p e r t i e s  is  th e r e .  I n  th e  p r e s e n t  w o r k  th e  v a r i a t i o n  o f  p r o p e r t i e s  o f  a  n a tu r a l  s o i l  w i t h  th e  a d d i t i o n  o f  e n z y m a t ic  

l im e  i s  s t u d i e d  i n  d e ta i l .
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2. Materials Used and Methodology

S o i l  u s e d  f o r  t h e  p r e s e n t  s tu d y  is  c o l l e c t e d  f r o m  V y t i l la ,  E r n a k u la m . T h e  b io - e n z y m e  u s i n g  i s  a n  e x t r a c t  f r o m  s u g a r  

m o la s s e s ,  a n d  w a s  o b ta in e d  f r o m  A v i je e t  A g e n c ie s  i n  C h e n n a i ,  T a m il  N a d u u n d e r  th e  c h e m ic a l  n a m e  

T e r r a Z y m e .L im e  u s in g  f o r  th e  s tu d y  is  p u r c h a s e d  f r o m  lo c a l  a g e n t  a t  K u n n a m a n g la m ,  C a lic u t .  T h e  p r o p e r t i e s  o f  s o i l  

a n d  e n z y m e  a r e  g iv e n  i n  T a b le  1  a n d  2 .

T h e  c o l l e c t e d  s o i l  i s  h ig h ly  p la s t i c  a n d  o f  m e d iu m  c o n s i s te n c y  i n  n a tu r e .F r o m  U C S  i t ’s f o u n d  th a t  th e  s o i l  h a s  g o t  
m e d iu m  s t r e n g th  a n d  so  t h e  s t r e n g th  c a n  b e  im p ro v e d .  a c c o r d in g  to  IS  C la s s i f i c a t i o n  th e  s o i l  is  h ig h ly  c o m p r e s s ib le  

c la y .

A l l  s p e c im e n s  u s in g  i n  th i s  s tu d y  w e r e  p r e p a r e d  a n d  t e s te d  u s in g  s ta n d a r d  p r o c e d u r e s  d e s c r ib e d  b y  th e  B u r e a u  o f  

I n d i a n  S ta n d a r d s .  S o i l  s a m p le  u s e d  f o r  th e  t e s t  w a s  a i r  d r ie d ,  p u lv e r i z e d  m a n u a l ly ,  s i e v e d  th r o u g h  4 2 5 m i c r o n  s ie v e  

a n d  p r e s e r v e d  i n  la r g e  c o n ta in e r s .T e r r a Z y m e  w a s  p r e s e r v e d  i n  a n  a i r t ig h t  b o t t l e  i n  i t s  o r ig in a l  l iq u id  f o r m .L im e w a s  
s ie v e d  u s in g  a  4 2 5 m ic r o n  s ie v e  a n d  p r e s e r v e d  i n  a n  a i r t ig h t c o n ta in e r

T a b le  1.Properties of soil

P ro p e r t ie s O b ta in e d  V a lu e s
Specific gravity 2.62
Liquid Limit (LL) 76 %
Plastic Limit (PL) 30 %
Shrinkage Limit 13 %
Plasticity Index (PI) 46%
Free Swell 14.3 %
pH 7.74
Bulk Density (kN/m3) 17.82
Max. Dry Density (kN/m3) 13.86
Optimum Moisture Content (%) 27
Unconfined compressive strength (kN/m2) 106.61
Cohesion (kN/m2) 53.31
Clay Fraction 38.76 %
Silt 34.52 %
Sand 26.72%
Soil Classification CH

T a b le  2 .Properties of Enzyme[3]

P r o p e r t i e s  O b ta in e d  V a lu e s
Boiling point 1000C
pH 2.8-3.5
Vapour pressure: mmHg As water
Melting point Liquid
Vapour density (air=1) 1
Solubility in water Infinite
Evaporation rate As water
Appearance and odour Light gold liquid, characteristic odour
Production Extracted from sugar molasses
Major constituents Rhodasurf B1, Calcium Chloride

L ite r a tu r e  r e v e a l s  t h a t  th e  o p t im u m lim e  c o n te n t  f o r  s o i l  s t a b i l i z a t i o n  v a r ie s  f r o m  2 %  to  6 %  b y  w e ig h t  w h e r e a s  

h ig h e r  p e r c e n ta g e  m a y  r e q u i r e  f o r  s o i l  h a v in g  h ig h e r  c la y  f r a c t io n .T h e  r a n g e  o f  d o s a g e  o f  l im e  to  b e  u s e d  w a s  

d e t e r m in e d  f r o m  L iq u id  l im i t  te s ts .  T h e n ,  t h e  s o i l  i s  t r e a t e d  w i t h  2 % -  3 .5 %  l im e  c o n te n t  a n d  u n c o n f in e d  c o m p r e s s iv e  

s t r e n g th  t e s ts  w e r e  c o n d u c te d  to  v e r i f y  a n d  c o n f i r m  th e  a c tu a l  o p t im u m  l im e c o n te n t .  3 s a m p le s  o f  th e  s a m e  m ix  ty p e  

w e r e  t e s te d  a f t e r  3 ,7 ,1 4 ,2 1 ,2 8  d a y s  a n d  th e  a v e r a g e  o f  th e  v a lu e s  w e r e  r e c o r d e d .

A  d i lu t i o n  r a t io  c h a r t  p r o v id e d  b y  m a n u f a c tu r e r  ( th a t  c a l c u l a t e d  th e  r e q u i r e d  d o s a g e  o f  T e r r a Z y m e  f o r  a  s o i l  b a s e d  

o n  p a r t i c le  s iz e  a n d  p l a s t i c i ty  in d e x )  is  u s e d  to  d e te r m in e  th e  r a n g e  o f  o p t im u m  E n z y m e  c o n te n t .  S o i l  s a m p le s  w e r e  

m ix e d  w i t h  T e r r a  Z y m e  d o s a g e s  b e t w e e n  1 1 0  m l/m 3  to  1 3 0  m l /m 3 ,  c u r e d  u p  to  f o u r  w e e k s  i n  a i r - t i g h t  b a g s .  T h e
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s a m e  te s t s  w e r e  r e p e a t e d  o n  th e  s a m p le s  a n d  th e  v a r i a t i o n  i n  p r o p e r t i e s  w e r e  s tu d ie d .  F r o m  th e  r e s u l t s  th e  a c tu a l  

o p t im u m  e n z y m e  c o n te n t  i s  d e te r m in e d .

T h e  d o s a g e  o f  e n z y m e  is  f i x e d  a t  o p t im u m  e n z y m e  d o s a g e  a n d  th e  l im e  c o n te n t  i s  v a r ie d .  T h e  c o m b in a t io n s  

i n v o lv e  1 .5 % , 2 % , 2 .5 %  o f  l im e  w i t h  1 2 0 m l/m 3 o f  e n z y m e .  T h e  v a r i a t i o n  o f  p r o p e r t i e s  o n  th e  s o i l  l im e  e n z y m e  

s y s t e m  is  s tu d i e d  f o r  3 ,7 ,1 4  a n d  2 8  d a y s . F r o m  th e  o b ta in e d  r e s u l t s  th e  o p t im u m  e n z y m a t ic  l im e  c o n te n t  i s  f ix e d .

3. Results and Discussions

B a s e d  o n  th e  v a lu e s  o f  t e s te d  p a r a m e te r s  th e  o p t im u m  d o s a g e  o f  a d d i t i v e s  w a s  f ix e d .  A d d i t i o n  o f  3 %  l im e  im p a r t  

m a x im u m  i m p r o v e m e n t  i n  s t r e n g th  a s  w e l l  a s  r e d u c t io n  i n  p la s t i c i ty .  S o , th e  o p t im u m  d o s a g e  o f  l im e  is  f i x e d  a s  3 %  

b y  w e ig h t  o f  so il .  T h e  o p t im u m  d o s a g e  o f  e n z y m e  w a s  f o u n d  a s  1 2 0  m l /m 3 b a s e d  o n  th e  a n a ly s i s  o f  r e s u l t s .  I t  w a s  

o b s e r v e d  t h a t  a d d i t i o n  o f  2 %  o f  l im e  w i t h  1 2 0 m l/m 3o f  e n z y m e  w i l l  im p a r t  m a x im u m  im p r o v e m e n t  o f  p r o p e r t i e s .  S o , 
t h e  o p t im u m  e n z y m e  a n d  l im e  c o n te n t  f o r  e n z y m a t ic  l im e  t r e a tm e n t  is  f o u n d  a s  1 2 0  m l /m 3 o f  e n z y m e  a n d  2 %  o f  

l im e . T h e  r e s u l t s  o b t a in e d  w h e n  s o i l  is  t r e a t e d  w i t h  e n z y m a t ic  l im e  is  g iv e n  in  T a b le  3 .

T a b le  3 .Properties of Enzymatic lime treated soil after 28 days

L L P L P I U C S

% % % (k N /m 2)

U n t r e a te d 76 30 45 106.61
1 2 0 m l/m 3  E n z y m e  +  1.5 %  lim e 61 40 21 293.11
1 2 0 m l/m 3  E n z y m e  +  2  %  lim e 57 43 14 397.20
1 2 0 m l/m 3  E n z y m e  +  2 .5  %  lim e 60 41 19 330.56

F r o m  th e  r e s u l t s  i t  w a s  f o u n d  th a t  t h e  a d d i t i o n  o f  e n z y m a t ic  l im e  to  s o i l  w i l l  im p ro v e  th e  s t r e n g th  a n d  p la s t i c i ty  

o f  so il .  T h e  p e r f o r m a n c e  b o t h  c h e m ic a l s  i n  c o m b in a t io n  w a s  m o r e  s u c c e s s f u l  t h a n  th e  i n d iv id u a l  p e r f o r m a n c e .  

U t i l i z a t i o n  o f  e n z y m e  a n d  l im e  i n  c o m b in a t io n  c a n  im p r o v e  th e  s t r e n g th  o f  v i r g in  s o i l  s u b s ta n t i a l ly .F ig u r e  1, 2 , 3 

s h o w s  th e  v a r i a t i o n  o f  A t t e r b e r g  l im i ts  w i t h  t h e  a d d i t i o n  o f  e n z y m a t ic  l im e .

♦ Untreated 

— 120 ml/m3 + 1.5 % 

120 ml/m3 + 2 %

■  120 ml/m3 +2.5 %

Curing Period (Days)

F ig .1  .Variation of liquid limit of soil treated with varying percentages of enzymatic lime

B y  th e  a d d i t i o n  o f  o p t im u m  d o s a g e  o f  e n z y m a t ic  l im e , t h e  l iq u id  l im i t  o f  t h e  s o i l  i s  r e d u c e d  to 5 7  w h i le  t h e  p la s t i c  

l im i t  o f  s o i l  h a s  g o t  in c r e a s e d to  4 3  T h e  p l a s t i c i ty  o f  s o i l  is  r e d u c e d  to  14 . T h e  p l a s t i c i ty  o f  s o i l  is  r e d u c in g  w i th  

in c r e a s e d  c u r in g  p e r io d .  E n z y m e  a c t s  a s  c a t a ly s t  f o r  t h e  s o i l  l im e  r e a c t io n  a n d  in c r e a s e d  c a t io n  e x c h a n g e  w i l l  t a k e  

p la c e  b e t w e e n  c la y  a n d  l im e . T h e  a c c e le r a t e d  c a t io n  e x c h a n g e  im p a r ts  s i g n i f i c a n t  r e d u c t io n  o f  d i f f u s e d  d o u b le  l a y e r  

th i c k n e s s  a n d  th u s  r e d u c e s  th e  l iq u id  l im i t  o f  so il .
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♦ Untreated

rn 120 ml/m3 + 1.5 %

* 120 ml/m3 + 2 %

■  120 ml/m3 + 2.5 %

Curing Period (Days)

F ig .2 . Variation of plastic limit of soil treated with varying percentages of enzymatic lime

T h e  p la s t i c  l im i t  s h o w s  a n  in c r e a s in g  t r e n d  w h ic h  m a y  b e  d u e  to  th e  r e d u c t io n  i n  th i c k n e s s  o f  d i f f u s e d  d o u b le  

la y e r .  D e c r e a s e  i n  th e  l iq u id  l im i t  a n d  in c r e a s e  i n  th e  p la s t i c  l im i t  l e a d s  to  a n  o v e r a l l  r e d u c t io n  o f  p la s t i c i ty  

i n d e x .A d d i t i o n  o f  e n z y m a t ic  l im e  r e d u c e s  th e  p l a s t i c i ty  o f  th e  s o i l  a n d  s u f f i c ie n t  c u r in g  c a u s e s  s ig n i f i c a n t  r e d u c t io n  

i n  p r o p e r t i e s  to o .

* Untreated

•  120 ml/m3 + 1.5 % 

— A— 120 ml/m3 + 2 %

■  120 ml/m3 + 2.5 %

Curing Period (Days)

F ig .3 . Variation of plasticity index of soil treated with varying percentages of enzymatic lime

F r o m  th e  o b s e r v e d  d a t a  i t ’s  f o u n d  th a t  th e  im p r o v e m e n t  i n  p r o p e r t i e s  o f  s o i l  a f t e r  14  d a y s  o f  c u r in g  i s  s ig n i f i c a n t  

w h e n  c o m p a r in g  w i t h  th e  u n t r e a t e d  so il .  A ls o ,  n o t  m u c h  im p r o v e m e n t  i n  p r o p e r t i e s  w e r e  o b t a in e d  a f t e r  14  d a y s  o f  

c u r in g .  T h e  g r a p h  b e c o m e  f l a t te n e d  a f t e r  14  d a y s  i n d ic a te s  t h a t  c u r in g  a f t e r  14  d a y s  w i l l  n o t  im p a r t  m u c h  

im p r o v e m e n t  i n  p r o p e r t i e s .  T h u s ,  th e  s tu d y  r e v e a l s  th e  p o t e n t i a l  o f  e n z y m a t ic  l im e  f o r  a c c e le r a t e d  im p r o v e m e n t  i n  

i n d e x  p r o p e r t ie s .

F ig u r e  4  s h o w s  th e  v a r i a t i o n  o f  U C S  w i t h  th e  a d d i t i o n  o f  e n z y m a t ic  l im e  to  th e  u n t r e a t e d  so il .  T h e  s t r e n g th  w a s  

i n c r e a s e d  to  3 6 7 .9  k N /m 2 a n d  3 9 7 .2  k N /m 2 a f t e r  a  c u r in g  p e r io d  o f  14  d a y s  a n d  2 8  d a y s .  A n  im p r o v e m e n t  3 .4 5  %  

w a s  o b ta in e d  a f t e r  14  d a y s  a n d  3 .7  %  in c r e a s e  a f t e r  2 8  d a y s .  T h e  a d d i t i o n  o f  1 2 0  m l /m 3 e n z y m e  a n d  2 %  l im e  g iv e  

m a x im u m  s t r e n g th  i m p r o v e m e n t  a f t e r  2 8  d a y s ,  w h i c h  is  c o n s id e r e d  a s  th e  o p t im u m  e n z y m a t ic  l im e  c o n c e n t r a t io n .
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♦ Untreated 

9 120 ml/m3 + 1.5 %

120 ml/m3 + 2 %

■  120 ml/m3 + 2.5 %

Curing Period (Days)

F ig .4 . Variation of UCSof soil treated with varying percentages of enzymatic lime

N o  s ig n i f i c a n t  s t r e n g th  im p r o v e m e n t  i s  o b t a in e d  a f t e r  14 d a y s  in d i c a t in g  t h a t  2  w e e k s  o f  c u r in g  is  s u f f i c i e n t  f o r  

th e  t r e a tm e n t .  T h e  e n z y m e  c a ta ly z e s  th e  r e a c t io n  b e t w e e n  l im e  a n d  s o i l  a n d  th i s  im p a r t  a n  a c c e le r a t e d  im p r o v e m e n t  

i n  s t r e n g th  a f t e r  14  d a y s . W i t h  th e  a d d i t i o n  o f  e n z y m e  a n d  l im e  to  th e  s o i l ,  th e  e n z y m e  w i l l  m o d i f y  th e  c la y  a n d  th i s  

m o d i f i e d  c la y  i s  r e a c t in g  w i t h  t h e  l im e  [ 5 ] . I n  a d d i t io n ,  l im e  r e a c t s  w i t h  th e  c a l c iu m  a lu m in a t e  a n d  th e  c a lc iu m a lu m in a  

s i l ic a te  b y  r e p l a c in g  th e  e x i s t i n g  a lu m in iu m  c a t io n s w i th  th e  c a l c iu m  c a t io n s  i n  th e  p r e s e n c e  o f  e n z y m e  ( R h o d a s u r f  

- R ( O C 2 H 4 ) nO H )  a n d  f o r m  c o m p o u n d s  w h ic h  c a n  im p a r t  h i g h  s t r e n g th  to  s o i l [ 4 ] .

4. Results and Discussions

L im e  i s  c o m m o n ly  u s e d  f o r  s t a b i l i z a t i o n  o f  s o f t  s o ils .  U t i l i z a t i o n  o f  e n z y m e  a n d  l im e in  c o m b in a t io n  a ls o  f o u n d  to  

b e  v e r y  e f f e c t iv e  i n  s o i l  t r e a tm e n t .  B y  a d d i t i o n  o f  e n z y m a t ic  l im e  to  s o i l  b o t h  s t r e n g th  a n d  p l a s t i c i ty  c h a r a c te r i s t i c s  

h a s  b e e n  im p ro v e d .  T h e  l iq u id  l im i t  o f  th e  s o i l  is  r e d u c e d  b y  2 5 %  w h i le  th e  p l a s t i c  l im i t  o f  s o i l  h a s  g o t  a n  in c r e a s e  

o f  4 0 % . T h e  p l a s t i c i ty  o f  s o i l  is  r e d u c e d  to  6 7 %  o f  o r ig in a l  v a lu e .  T h e  e n z y m e  a c t  a s  c a ta ly s t  f o r  l im e  s o i l  r e a c t io n  

a n d  e n h a n c e  th e  p r o p e r t i e s .T h e  r e s u l t s  s h o w  t h a t  b y  a d d i t i o n  o f  2 %  l im e  a n d  1 2 0  m l /m 3 o f  e n z y m e  w i l l  im p r o v e  th e  

s t r e n g th  w i t h i n  1 w e e k  i t s e l f  b y  s u b s ta n t i a l  a m o u n t .  A f t e r  14  d a y s  t h e  s o i l  a t t a in e d  3 .4  t im e s  th e  i n i t i a l  s t r e n g th  a n d  

a lm o s t  9 0  %  o f  th e  s t r e n g th  w a s  a t t a in e d  b y  14  d a y s  o f  c u r in g .T h e  e n z y m e  c a t a ly z e s  th e  r e a c t io n  b e t w e e n  l im e  a n d  

s o i l  a n d  th i s  im p a r t  a n  a c c e le r a t e d  im p r o v e m e n t  i n  s t r e n g th .T h e  l im e  c o n te n t  i n  o p t im u m  c o n c e n t r a t i o n  o f  e n z y m a t ic  

l im e  i s  l e s s  t h a n  o p t im u m  l im e  c o n te n t .  T h is  i s  s i g n i f i c a n t  r e s u l t  b e c a u s e  th e  r e d u c t io n  i n  l im e  c o n te n t  c a n  r e d u c e  

th e  im p a c t  o f  l im e  to  th e  e n v i r o n m e n t .  T h u s ,  th e  o b t a in e d  r e s u l t s  s h o w  t h a t  th e  e n z y m e  u s e d  w i th  l im e  w i l l  im p ro v e  

th e  p r o p e r t i e s  a s  w e l l  a s  w e  c a n  r e d u c e  th e  l im e  c o n te n t  a n d  c u r in g  p e r io d  m a k in g  m e th o d  m o r e  e c o n o m ic a l  a s  w e l l  

a s  e c o f r ie n d ly .T h e  t e c h n iq u e  o f  a d d i t i o n  o f  e n z y m a t ic  l im e  in to  t h e  s o i l  i s  a n  i n n o v a t iv e  t e c h n iq u e  t h a t  p r o m is e s  to  

im p a r tb e t t e r  a n d  q u ic k e r  s t a b i l i z a t i o n  a c c o r d in g  to  th e  l a b o r a to r y s tu d ie s  c o n d u c te d  i n  th i s  w o rk .
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E m a i l  : g a n e s h s jd e v ik a @ g m a i l .c o m  1 , d r k b a l a n @ g m a i l .c o m  2

A b s tr a c t .  S to n e  co lu m n  is a  m o d e rn  re in fo rc in g  m e th o d  w h ic h  is  u se d  in  so ft so ils  to su p p o rt iso la te d  fo o tin g s , em b an k m en ts  a n d  ra ft 

fo u n d a tio n s . In tro d u c tio n  o f  sto n e  co lu m n  to th e  so ft so il im p ro v e s  th e  lo a d  ca rry in g  c ap ac ity  a n d  red u ces  th e  se ttle m e n t. G ra n u la r  

m a te ria ls  p re se n t in  co lu m n  w ill  re d u c e s  th e  p o s t  co n so lid a tio n  se ttlem en t b y  im p ro v in g  co n so lid a tio n  se ttlem en t ra te . D u rin g  lo ad  

ap p lica tio n  sto n e  co lu m n  b u lg e s  d u e  to la te ra l th ru s t a n d  is  o n e  o f  th e  m a in  re a so n  fo r  th e  fa ilu re . P ro v id in g  h o r iz o n ta l an d  v e rtica l 

en c a se m e n t to  sto n e  co lu m n  is b e s t m e th o d  to p re v e n t la te ra l b u lg in g . In  th is  p a p e r  q u arry  w a s te  is  u se d  as f illin g  m a te ria l, h ig h  stiffn ess 

b a m b o o  s tr ip s a s  lo n g itu d in a l re in fo rc e m e n t a n d  lo w  s tiffn ess c o ir  y a rn  as th e  la te ra l re in fo rc e m e n t. S tra in  c o n tro lle d  te s t w as  d o n e  to 

in v es tig a te  th e  e ffe c t o f  sp ac in g  b e tw e e n  lo n g itu d in a l an d  la te ra l e n casem en t in  s to n e  co lum n . E x h u m a tio n  te c h n iq u e  w a s  d o n e  to  id en tify  

th e  b u lg in g  o f  co lu m n  a fte r  lo a d  ap p lic a tio n . T e s t re su lts  sh ow s th a t  lo n g itu d in a l en c a se m e n t w ith  b a m b o o  an d  la te ra l en c a se m e n t w ith  

c o ir  y a rn  in c rease s  th e  lo a d  carry in g  cap ac ity  o f  so ft so il a n d  re d u c e s  th e  la te ra l b u lg in g .

K e y w o rd s :  S to n e  co lu m n , E n c a se m e n t, B am b o o

1. Introduction
T h e  c o n s t r u c t io n  i n  s o f t  c l a y s  w e r e  a lw a y s  e x p e r i e n c e s  s e v e r a l  p r o b le m s  l ik e  e x c e s s iv e  s e t t l e m e n t  a n d  lo s s  o f  g lo b a l -  

lo c a l  s ta b il i ty .  F o r  o v e r c o m in g  th i s  th e  c o n s t r u c t io n  in  s o f t  c la y  w e r e  d o n e  a f t e r  s u i t a b le  g r o u n d  im p r o v e m e n t  

m e th o d s .  U s e  o f  s to n e  c o lu m n  a s  a  t e c h n iq u e  o f  s o i l  r e in f o r c e m e n t  is  f r e q u e n t ly  im p le m e n te d  i n  s o f t  so il .  S to n e  

c o lu m n  a r e  n o th in g  b u t  v e r t i c a l  c o lu m n a r  e le m e n ts  c o n s t r u c t e d  b e l o w  th e  g r o u n d  le v e l  w i t h  c o m p a c te d  a n d  

u n c e m e n te d  s to n e  f r a g m e n t s  o r  g r a v e l s  o r  s a n d . T h e  c o n s t r u c t io n  o f  s to n e  c o lu m n  in c r e a s e s  th e  l o a d  b e a r i n g  c a p a c i ty  

a c c o m p a n ie d  b y  th e  s ig n i f i c a n t  r e d u c t io n  i n  s e t t le m e n t .

2. Literature review

D u r in g  lo a d  a p p l i c a t i o n  th e  s to n e  c o lu m n  a r e  s u b je c t e d  to  s ig n i f i c a n t  v e r t i c a l  c o m p r e s s io n  c a u s e d  b y  th e  la te r a l  

b u l g in g  o f  a g g r e g a te s .  T h e  g r a n u la r  m a te r ia l s  p r e s e n t  i n  th e  c o lu m n  p e n e t r a te  in to  t h e  s o i l  a n d  t r a n s f e r  th e  s t r e s s  to  

s o i l  th e  s o i l  [1 , 2 , 3 ] . T h e  e x t r a  s t r e s s  w i t h i n  th e  s o f t  s o i l  p r o v id e  a d d i t i o n a l  c o n f in e m e n t  to  t h e  c o lu m n  m a te r ia l .  T h e  

t o t a l  p a s s iv e  p r e s s u r e  d e v e lo p e d  o n  s o f t  s o i l  h a s  a  s ig n i f i c a n t  r o l e  in  r e s i s t in g  th e  v e r t i c a l  lo a d s  a c t in g  o v e r  th e  

c o lu m n s  [4 ]. S tu d ie s  f o u n d  t h a t  th e  l a t e r a l  b u lg in g  o f  s to n e  c o lu m n  w i l l  c a u s e  l a r g e r  s u r f a c e  s e t t l e m e n t  a n d  r e d u c e s  

l o a d  b e a r i n g  c a p a c i ty .  T h e  lo w  c o n f in e m e n t  f r o m  th e  s u r r o u n d in g  c la y  c a u s e  th e  d e f o r m a t io n  o n  s to n e  c o lu m n  a n d  

r e d u c e s  th e  e f f i c ie n c y  o f  i t  [5 , 9 ] . I n  s u c h  s i tu a t io n s  s u i t a b le  m e th o d s  w a n ts  to  b e  im p le m e n te d  to  im p ro v e  th e  c o lu m n  

e n c a s e m e n ts .

W r a p p in g  e a c h  s to n e  c o l u m n  w i th  e n c a s e m e n ts  w i l l  im p r o v e  th e  p r o p e r t i e s  d u r in g  lo a d  a p p l ic a t io n .  G e o s y n th e t i c  

e n c a s e m e n t  p r o v id e  a n  a d d i t i o n a l  c o n f in e m e n t  to  th e  s to n e  c o lu m n  [6 , 7  , 8 ] . T h e  e f f e c t iv e  w o r k in g  o f  e n c a s e m e n t  

is  d e p e n d s  u p o n  th e  s t i f f n e s s  o f  th e  m a te r ia l  u s e d .

P l a c in g  h o r iz o n ta l  r e in f o r c e m e n t  a lw a y s  r e d u c e s  th e  la te r a l  b u lg in g  a n d  s e t t l e m e n t  d u r in g  l o a d  a p p l i c a t i o n  [3 , 11]. 

T h e r e  is  a l s o  a  s ig n i f i c a n t  r o le  f o r  th e  f i l l i n g  m a te r ia l  in  th e  p e r f o r m a n c e  o f  s to n e  c o lu m n .  U s in g  s m a ll  s i z e d  s to n e  

f i l l i n g  m a te r ia l  p r o v id e  b e tte r  l o a d  c a r r y in g  c a p a c i ty  a n d  d r a in a g e  a s  c o m p a r e d  to  f i n e r  m a te r ia l s  [3 ].

L i te r a tu r e  r e v i e w e d  s h o w s  t h a t  s y n th e t i c  m a te r ia l s  c a n  b e  u s e  a s  th e  r e in f o r c e in g  m a te r ia l s  f o r  th e  e n c a s e m e n t s  o f  

c o lu m n .  L im i t e d  w o r k s  h a s  b e e n  d o n e  i n  th e  f i e ld  o f  h o r iz o n ta l  r e in f o r c e m e n t  f o r  th e  c o lu m n s .  T h is  p a p e r  i s  a im s  to
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f i l l  u p  th i s  g a p  b y  s tu d y in g  th e  e f f e c t  o f  h ig h  s t i f f n e s s  b a m b o o  s t r ip s  a s  l o n g i tu d in a l  r e in f o r c e m e n t  a n d  lo w  s t i f f n e s s  

c o i r  y a r n  a s  th e  l a t e r a l  r e in f o r c e m e n t  o n  s in g le  q u a r r y  w a s te  c o lu m n  o n  b e a r i n g  c a p a c i ty  i m p r o v e m e n t  o f  s o f t  c la y .

3. Experimental programme

3 .1  M a t e r i a l  p r o p e r t i e s

S o f t  s o i l  f o r  th e  t e s t  w a s  b r o u g h t  f r o m  th e  K u t t a n a d u  r e g io n  a n d  i t s  p r o p e r t i e s  w e r e  d e t e r m in e d  a n d  l i s t e d  i n  T a b le

1. Q u a r r y  w a s te  m a te r ia l  p a s s i n g  th r o u g h  4 .7 5 m m  a n d  r e t a in e d  o n  4 2 5 ^  w a s  u s e d  a s  c o lu m n  f i l l i n g  m a te r ia l .  

P r o p e r t i e s  o f  q u a r r y  w a s te  a ls o  d e t e r m in e d  a n d  l i s t e d  i n  T a b le  2 . A i r  d r i e d  b a m b o o  s t r ip s  o f  2 0 0 m m  lo n g  a n d  1 1 m m  

w i d t h  w a s  c u t  f r o m  b a m b o o  t r e e s  a n d  u s e d  a s  e n c a s e m e n t  m a te r ia l  w h ic h  w e r e  p l a c e d  a t  lo n g i tu d in a l  s p a c in g  o f  

7 .9 5 ,  6 .6 2  a n d  5 .3 . N a tu r a l l y  a v a i l a b le  c o i r  y a r n s  w e r e  u s e d  f o r  th e  l a t e r a l  r e in f o r c e m e n t s  w i t h  a  s p a c in g  o f  7 .2 7 ,5 .8 8  

a n d  4 .5 7 .  S e p a r a te  t e s t s  w e r e  d o n e  f o r  d i f f e r e n t  c o m b in a t io n s .

T a b le  1. P ro p e r t ie s  o f  so f t  so il T a b le  2. P r o p e r t i e s  o f  q u a r r y  w a s te

P r o p e r t y V a l u e P r o p e r t y V a l u e

S p e c i f i c  g r a v i t y 2 .3 2 S p e c i f i c  g r a v i t y 2 .5 1

L i q u i d  l i m i t  ( % ) 1 2 5 P e r c e n t a g e  o f  s i l t  ( % ) 5

P l a s t i c  l i m i t  ( % ) 7 2 P e r c e n t a g e  o f  c l a y  ( % ) 4

P l a s t i c i t y  I n d e x 5 3 P e r c e n t a g e  o f  f i n e  s a n d  ( % ) 3 5

O p t i m u m  M o i s t u r e  C o n t e n t  ( % ) 3 7 P e r c e n t a g e  o f  m e d i u m  s a n d  ( % ) 1 6

M a x i m u m  d r y  d e n s i ty  ( g /c c ) 1 .2 2 P e r c e n t a g e  o f  c o a r s e  s a n d  ( % ) 3 8

3 .2  P h y s i c a l  m o d e l i n g

M o d e l  t e s t  w a s  d o n e  i n  a  m i ld  s t e e l  t a n k  o f  7 5 0  x  7 5 0  x  7 5 0  m m  s iz e . A f t e r  p r e p a r a t io n  o f  d r a in a g e  b e d  th e  s o f t  s o i l  

w a s  f i l l e d  to  a  d e p t h  o f  5 0 0 m m . D e s ig n e d  c o lu m n  o f  s iz e  1 0 0 m m  d i a m e t e r  a n d  2 0 0  m m  lo n g  a r e  i n s e r t e d  in to  th e  

s o f t  so il .  F o o t in g  lo a d  w a s  a p p l i e d  to  th e  s to n e  c o lu m n  a n d  s u r r o u n d in g  s o f t  s o i l  b y  u s i n g  lo a d in g  p la te .  S c h e m a t ic  

v i e w  o f  m o d e l  q u a r r y  w a s te  c o lu m n  is  s h o w n  i n  F i g  1.

F ig  1. T e s t  s e tu p  F ig  2. E x h u m e d  c o lu m n s  in  in v e r te d  p o s it io n

3 .3  P r e p a r a t i o n  o f  s o f t  s o i l

T h e  s o f t  s o i l  f o r  th e  t e s t i n g  w a s  o b ta in e d  f r o m  th e  r i v e r  b e d s  o f  K u t t a n a d u  r e g io n .  I n i t i a l ly  th e  s o f t  s o i l  w a s  m ix e d  

w i t h  w a te r  e q u a l  to  1 .2 5  t im e s  l iq u id  l im it .  P r e p a r e d  s lu r r y  t h a t  a r e  f r e e  f r o m  a n y  lu m p s  a r e  t r a n s f e r r e d  to  a  b u c k e t  

o f  w h ic h  w a s  p r o v id e d  w i th  s u f f i c ie n t  d r a in a g e  h o le s .  T h e  h o le s  w a s  b lo c k e d  b y  f i l t e r  p a p e r s  a n d  a  l o a d  o f  1 0 k g  w a s  

a p p l i e d  o v e r  th e  t o p  o f  c la y  b e d .  T h e  p r o c e s s  o f  c o n s o l id a t io n  w a s  c o n t in u e d  f o r  a  p e r i o d  o f  10  d a y s .  B y  th i s  m e th o d  

th e  u n i f o r m  m o is tu r e  c o n te n t  a n d  c o n s i s te n c y  w e r e  o b t a in e d  th r o u g h o u t  th e  te s t .

3 .4  C o l u m n  I n s t a l l a t i o n
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P V C  p ip e  o f  1 0 c m  e x te r n a l  d ia m e te r  w a s  p l a c e d  in s id e  th e  ta n k .  A r o u n d  th i s  p ip e  th e  c la y  b e d  w a s  f o rm e d .  S p e c ia l  

c a r e  w a s  d o n e  to  e x p e l  t h e  a i r  d u r in g  f i l l in g .  T h e  c la y  b e d  f o r m e d  w a s  c o v e r e d  w i t h  n o n  w o w e n  c o i r  g e o te x t i l e s  f o r  

2 4 h r s  to  a t t a in  th ix o t r o p ic  g a in .  T h e  P V C  p ip e  w a s  r e m o v e d  c o m p le te ly  w i th o u t  d i s tu r b in g  s u r r o u n d in g  s o i l  b e d .  

T h e n  th e  q u a r r y  w a s te  r e q u i r e d  to  f i l l  u p  th e  c o lu m n  w a s  c a r e f u l ly  f i l l e d  b y  f u n n e l  in to  th r e e  la y e r s .  E a c h  l a y e r  w a s  

c o m p a c te d  u s i n g  t a m p in g  r o a d s  o f  1 2 m m  d ia m e te r .  E n c a s e d  c o lu m n s  a r e  a ls o  c o n s t r u c t e d  i n  th e  s a m e  m a n n e r  o f  

u n c a s e d  c o lu m n  e x c e p t  th e  l o n g i tu d in a l  a n d  la te r a l  r e in f o r c e m e n t .

3 .5  L o a d  a p p l i c a t i o n

T h e  p r e p a r e d  s o f t  s o i l  b e d  a n d  q u a r r y  w a s te  s to n e  c o lu m n  t o g e th e r  lo a d e d  w i t h  a  s q u a re  s t e e l  p l a t e  o f  1 2 5 m m  s iz e  

w i t h  a  1 2 m m  th ic k n e s s .  T h e  t e s t  w a s  c o n d u c te d  u p to  a  m a x im u m  s e t t l e m e n t  o f  5 0 m m . S e t t l e m e n t  w a s  m e a s u r e d  

u s i n g  d ia l  g a u g e  a n d  t o t a l  a p p l i e d  l o a d  w a s  m e a s u r e d  u s in g  p r o v in g  r i n g  o f  c a p a c i ty  3 0 k N . T h e  a p p l i e d  s t r e s s  a t  a  

g iv e n  s e t t l e m e n t  w a s  c a l c u l a t e d  b y  d iv id in g  t o t a l  l o a d  b y  a r e a  o f  th e  p la te .

3 .6  E x h u m a t i o n  o f  c o l u m n

A f te r  f a i lu r e  o f  c o lu m n  th e  q u a r r y  w a s te  w a s  r e m o v e d  f r o m  th e  c o lu m n  u s i n g  p r o n g s .  U s in g  p la s t i c  tu b e s  t h e  w a te r  

f r o m  th e  h o le  w a s  r e m o v e d .  A  t h i n  c e m e n t  s a n d  g r o u t  w a s  p r e p a r e d  i n  1 :3  r a t io  a n d  p o u r e d  in to  t h e  h o le  u s i n g  f u n n e l  

t o  e s t a b l i s h  th e  d e f o r m e d  s h a p e  o f  th e  c o lu m n .  T h e  d e f o r m e d  s h a p e  w a s  r e t r i e v e d  f r o m  th e  b e d  b y  s c o o p in g  

s u r r o u n d in g  s o il .  F r o m  th e  e x h u m e d  c o l u m n  th e  d e p t h  a n d  d i a m e te r  o f  b u l g i n g  w a s  s tu d ie d .  F i g  2  s h o w s  th e  e x h u m e d  

c o lu m n .

4. Results and discussions

4 .1  E f f e c t  o f  q u a r r y  w a s t e  c o l u m n

L o a d  p e n e t r a t i o n  c u r v e  o f  s o f t  s o i l  w i th  a n d  w i th o u t  q u a r r y  w a s te  c o l u m n  is  s h o w s  i n  F i g  3 . I n s t a l l a t i o n  o f  s to n e  

c o lu m n  h ig h ly  i n f lu v a n c e  th e  l o a d  p e n e t r a t i o n  c u r v e  a n d  s h i f t  th e  c u r v e  to  r ig h t ,  i t  s h o w s  i n s t a l l a t i o n  o f  s to n e  c o lu m n  

d e n s i f y  s o f t  s o i l  d u r in g  l o a d  a p p l ic a t io n .

Load (N)

• Unreinforced —x— Uncased

F ig  3. Load penetration curve for soft soil with uncased and without quarry waste column

U p to  2 0 c m  s o i l  b e d  s e t t l e m e n t  th e  l o a d  c a r r y in g  c a p a c i ty  o f  s o f t  s o i l  w i t h  q u a r r y  w a s te  c o lu m n  a n d  w i th o u t  c o lu m n  

w a s  p r o p o r t i o n a l  w i th  h i g h e r  v a lu e  o n  e n c a s e d  q u a r r y  c o lu m n .  A f t e r  2 0 c m  s e t t l e m e n t  i t  i s  f o u n d  t h a t  th e r e  i s  a  s u d d e n  

f a l l  d o w n  o f  u n r e in f o r c e d  s o i l  c u r v e  to  l e f t  a n d  s h i f t i n g  o f  s o i l  w i th  r e in f o r c e m e n t  to  r ig h t ,  i t  is  d u e  to  th e  d e n s i f i c a t i o n  

o f  s o f t  s o i l  w i t h  q u a r r y  w a s te  c o lu m n . T h e  u l t im a te  b e a r i n g  c a p a c i ty  o f  th e  u n  r e in f o r c e d  s o f t  s o i l  i s  f o u n d  a s  2 2 0 N  

a n d  w i th  u n c a s e d  c o lu m n  i s  3 2 5 N , so  th e  c o lu m n  i n c lu s io n  in c r e a s e s  th e  l o a d  c a r r y in g  c a p a c i ty  b y  3 2 .3 % . S tu d ie s  

o n  e x h u m e d  m o d e ls  o f  c o l u m n  s h o w e d  th e r e  is  a  b u lg in g  s ta r te d  a t  1 .5 d  f r o m  to p  o f  th e  c o lu m n  a n d  th e  d i a m e te r  o f  

b u l g in g  w a s  a b o u t  1 5 c m . T h e  h ig h e r  d e p t h  o f  b u lg e  c o m p a r e d  to  t h a t  r e p o r t e d  b y  [2 ] ( 5 0 m m )  i s  d u e  to  lo a d in g  o f  

s o f t  s o i l  a n d  c o lu m n  b e d  to g e th e r .

4 .2  E f f e c t  o f  l o n g i t u d i n a l  b a m b o o  e n c a s e m e n t  o n  s t o n e  c o l u m n

H i g h  s t i f f n e s s  b a m b o o  e n c a s e m e n t  w a s  g iv e n  a s  th e  l o n g i tu d in a l  r e in f o r c e m e n t  f o r  th e  c o lu m n ,  F i g  4 . I t  is  f o u n d  t h a t  

th e  i n t r o d u c t io n  o f  lo n g i tu d in a l  r e in f o r c e m e n t  im p r o v e s  th e  l o a d  c a r r y in g  c a p a c i ty  o f  s to n e  c o lu m n  a n d  r e d u c e s  th e  

s e t t le m e n t .  A n  in c r e a s in g  l e n g th  to  s p a c in g  (L /S )  r a t io  in c r e a s e s  t h e  l o a d  c a r r y in g  c a p a c i ty .  T h e  r e a s o n  f o r  i t  is
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in c r e a s in g  l e n g th  to  s p a c in g  r a t io  r e d u c e s  th e  s p a c e  b e t w e e n  r e in f o r c e m e n ts  a l s o  th e  p e r c e n ta g e  o f  s o i l  r e p l a c e d  b y  

e n c a s e m e n t  i s  m o re .  M a x i m u m  lo a d  c a r r y in g  c a p a c i ty  s to n e  c o lu m n  i s  w i t h  L /S  r a t io  7 .9 2  w i th  a n  i n c r e a s e  o f  6 2 %  

w i t h  u n r e in f o r c e d  s o f t  b e d  a n d  5 2 %  w i th  u n c a s e d  s to n e  c o lu m n . D u e  to  th e  c lo s e d  s p a c in g  o f  L /D  r a t io  7 .9 2  th e  

d i a m e te r  o f  b u lg in g  f o u n d  to  b e  r e d u c e d  to  1 3 .5 c m  a n d  i t  i s  s h i f t e d  to  1 .8 d  d e p t h  f r o m  th e  to p  F ig  8.

Load (N)

0 200 400 600 800

F ig  4. Load penetration curve for stone column with and without longitudinal reinforcement 

4 .3  E f f e c t  o f  l o n g i t u d i n a l  a n d  l a t e r a l  e n c a s e m e n t  i n  c o l u m n

C o i r  y a r n  o f  5 m m  th i c k n e s s  w a s  u s e d  f o r  th e  la te r a l  r e in f o r c e m e n t  o f  th e  s to n e  c o lu m n .  F o r  th e  d i f f e r e n t  l o n g i tu d in a l  

r e in f o r c e m e n t  s p a c in g  a n d  th e  s p a c in g  b e tw e e n  th e  l a t e r a l  r e in f o r c e m e n t  w a s  e v a lu a te d .  F ig  5 . S h o w s  th e  s p a c in g  o f  

la te r a l  r e in f o r c e m e n t  h a s  s ig n i f i c a n t  r o l l  i n  l o a d  b e a r in g .  B y  in c r e a s in g  th e  la te r a l  L /S  r a t io  th e  m e s h  s iz e  o f  th e  

c o lu m n  g e t s  r e d u c e d  a l s o  th e  p e n e t r a t i o n  o f  q u a r r y  w a s te  m a te r ia l .  F o r  lo n g i tu d in a l  r e in f o r c e m e n t  L /S  r a t io  7 .9 2  

w i t h  l a te r a l  L /S  r a t io  7 .2 7  g iv e s  7 2 %  m o r e  l o a d  b e a r i n g  c a p a c i ty  a s  c o m p a r e d  to  th e  u n r e in f o r c e d  c o n d i t io n .  B y  

u s i n g  b o t h  lo n g i tu d in a l  a n d  l a t e r a l  e n c a s e m e n t s  t h e  d i a m e te r  o f  b u l g i n g  r e d u c e d  b y  1 6 %  a n d  a ls o  d e p t h  o f  b u lg in g  

t r a n s f e r r e d  to  1 .8 d  f r o m  th e  to p .  T h e  p e r c e n ta g e  o f  e lo n g a t io n  o f  c o i r  y a r n  a t  th e  b o t t o m  o f  th e  c o lu m n  i s  2 1 %  i t  is  

w i t h i n  th e  p e r m is s ib l e  l im i ts  3 2 %  [3] so  th e  l a te r a l  r e i n f o r c in g  c o i r  y a r n  m a te r ia l  is  g o o d  f o r  c a r r y in g  l o a d  a n d  

r e d u c in g  l a t e r a l  b u lg in g .

Laod (N)

0 500 1000

F ig  5. Load penetration curve for stone column with longitudinal L/S = 7.92
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F ig  6. Load penetration curve for stone column with longitudinal L/S = 6.66

L o a d  (N )
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F ig  7. Load penetration curve of stone column with L/S = 5.33
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5

F ig  8 . Depth and diameter of bulging of different combinations

4 .4  E f f e c t  o f  s t i f f n e s s  o f  e n c a s e m e n t  o n  l o a d  c a r r y i n g  c a p a c i t y

F i g  9 . s h o w s  th e  p e r c e n ta g e  im p r o v e m e n t  o f  l o a d  c a r r y in g  c a p a c i ty  s to n e  c o lu m n  w i t h  a n d  w i th o u t  e n c a s e m e n ts .  I t  

h a s  b e e n  s e e n  t h a t  i f  th e  s t i f f n e s s  o f  e n c a s e m e n t  in c r e a s e s  t h e  lo a d  c a r r y in g  c a p a c i ty  o f  c o lu m n  a ls o  in c r e a s e s .  T h e  

c o m b in a t io n  o f  h i g h  s t i f f n e s s  b a m b o o  e n c a s e m e n ts  a n d  lo w  s t i f f n e s s  c o i r  y a r n  im p r o v e s  th e  l o a d  c a r r y in g  c a p a c i ty  

7 2 %  a s  c o m p a r e d  to  th e  u n r e in f o r c e d  s o i l  b e d  c o n d i t io n s .  T h is  a g r e e s  th e  c o n d i t io n s  s u g g e s te d  b y  [1 0 ].
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F ig  9. V a r ia tio n  o f  lo a d  carry in g  cap ac ity  w ith  s tiffn ess o f  re in fo rc e m e n t

5. Conclusion

B a s e d  o n  th e  p r o j e c t  s tu d y  i t  c a n  b e  c o n c lu d e d  t h a t  th e  q u a r r y  w a s te  m a te r ia l  p a s s in g  th r o u g h  4 .7 5 m m  a n d  r e ta in e d  

o n  4 2 5  m ic r o n  c a n  b e  u s e d  a s  a  g o o d  c o lu m n  f i l l i n g  m a te r ia l  to  im p r o v e  th e  l o a d  c a r r y in g  c a p a c i ty .  T h e  in c lu s io n  o f  

s to n e  c o lu m n  e n h a n c e s  t h e  l o a d  c a r r y in g  c a p a c i ty  b y  i m p r o v in g  c o n s o l id a t io n  s e t t le m e n t .  P r o v id in g  b o t h  l a t e r a l  a n d  

lo n g i tu d in a l  e n c a s e m e n t s  to  th e  c o lu m n  w i l l  in c r e a s e s  t h e  s t i f f n e s s  o f  th e  c o lu m n  a n d  e n h a n c e s  t h e  l o a d  c a r r y in g  

c a p a c i ty .  S to n e  c o lu m n  w i t h  h ig h  s t i f f n e s s  b a m b o o  lo n g i tu d in a l  s t r ip s  a t  L /S  7 .9 2  a n d  lo w  s t i f f n e s s  c o i r  y a r n  a t  L /S  

7 .2 7  g iv e s  b e t t e r  l o a d  c a r r y in g  c a p a c i ty  a n d  r e d u c e s  t h e  la te r a l  b u lg in g .
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Paper Id: HE 501

TREND AND CHANGE POINT ANALYSIS OF ANNUAL 
MAXIMUM STREAMFLOWS OF KRISHNA BASIN USING NON- 

PARAMETRIC TESTS AND EMPIRICAL MODE DECOMPOSITION

A th u l  M M 1, N a n d h u  A R 2 a n d  A d a r s h  S 3 

'M .T e c h .  N a t io n a l  I n s t i tu te  o f  T e c h n o lo g y  W a r a n g a l ,  a th u lm m a d h u @ g m a i l .c o m  

2B .T e c h .  T K M  C o l le g e  o f  E n g in e e r in g ,  K o l la m , I n d ia  

3T K M  C o l l e g e o f  E n g in e e r in g  K o l la m , I n d ia

A b s tr a c t :  T h is  p a p e r  p re se n ts  th e  tre n d  an d  ch a n g e  p o in t an a ly s is  o f  th e  an n u a l m a x im u m  stream flo w s o f  4 2  s ta tio n s  o f  K rish n a  

b a s in  fo r 1 9 7 1-2013  period . F irs t  th e  n o n -p a ra m e tric  M a n n -K e n d a ll (M K ) te s t  a n d  S p e a rm a n ’s R h o  a re  u se d  fo r  d e te c tio n  o f  

t re n d s  o f  th e  d iffe re n t se ries  a n d  th e ir  s ta tis tica l s ig n if ican ce . T h e  tre n d  an a ly s is  re v e a le d  a  s ig n if ican t re d u c tio n  in  9 o u t o f  42  

s ta tio n s  o f  K r ish n a  b a s in .T h e  ch an g e  p o in t an a ly s is  u s in g  C U S U M  m e th o d  d e te c te d  a  ch a n g e  p o in t in  th e  th ird  d e c a d e  o f  study 
p e r io d  (1 9 9 1 -2 0 0 0 )  in  ab o u t 52 %  o f  th e  s ta tions. T h e  te s t  fu rth e r  d e te c te d  th e  ch an g e  is s ta tis tica lly  s ig n if ic a n t a t  N a rs in g p u r , 

W a d ak b a l, V a n d u r , S ad a lg a  a n d  S h ird h o n  sta tions. T h e  re su lts  o f  S eq u en tia l M a n n -K e n d a ll (S Q M K ) te s t sh o w ed  th a t  th e  ch an g e  

p o in t w as  in itia te d  m u c h  b e fo re  th a n  th a t o b ta in e d  from  C U S U M  m e th o d , an d  th e  tre n d  b ec a m e  s ig n if ican t in  th e  d u e  co u rse  o f  

tim e .M o reo v e r, th e  tru e  in h e ren t n o n - lin e a r  tre n d s  in  d iffe ren t s ta tio n s  a re  e s tim a ted  b y  in v o k in g  th e  E m p iric a l M o d e  

D e c o m p o s itio n  (E M D ) m e th o d . T h e  m e th o d  p o r tra y e d  th e  tru e  tre n d  in  d iffe ren t tim e  se ries , w h ic h  is  fo u n d  to  b e  d iffe re n t from  
th e  lin ea r  tre n d  in  th e  s tream flo w  o f  m an y  o f  th e  s ta tio n s . T h e  E M D  m e th o d  is p ro v e n  to  b e  an  im p ro v e d  a lte rn a tiv e  o v e r  M K  

m e th o d , w h ic h  su c cess fu lly  c ap tu res  th e  tru e  in h e re n t n o n -lin e a r  tre n d s  o f  a n n u a l m a x im u m  stre a m flo w  d a ta se ts  o f  sh o rte r  len g th , 

a lo n g  w ith  th e ir  s ta tis tica l s ig n if ican ce .

K e y w o rd s  : T ren d , S tre am flo w , E M D , C h a n g e  P o in t

1. Introduction

T r e n d  a n d  c h a n g e  p o i n t  a n a ly s i s  o f  h y d r o lo g ic  v a r i a b l e s  h a s  b e e n  o f  g r e a t  c o n c e r n  f o r  th e  h y d r o lo g is t s  f o r  p l a n n in g  

a n d  m a n a g e m e n t  o f  w a t e r  r e s o u r c e s .  T h e  t r e n d  i d e n t i f i c a t io n  i s  a  d i f f i c u l t  p r o b l e m  i n  p r a c t i c e  a n d  S o n a l i  a n d  N a g e s h  

K u m a r [1 ]  p e r f o r m e d  a  c o m p r e h e n s iv e  r e v ie w  o n  v a r io u s  m e th o d s  f o r  t r e n d  a n a ly s is .  T h e  n o n - p a r a m e tr i c  m e th o d s  

s u c h  a s  S p e a r m a n ’s rh o ,  S e n ’s s lo p e  m e th o d  a n d  M a n n - K e n d a l l  ( M K )  m e th o d  a r e  s t i l l  p o p u l a r  i n  a n a ly s in g  th e  t r e n d  

a n d  t h e i r  s t a t i s t i c a l  s ig n i f i c a n c e  f o r  s t r e a m f lo w  d a t a  o f  d i f f e r e n t  m e a s u r e m e n t  s c a le s  [ 2 -4 ] .E v e n th o u g h  th e s e  n o n -  

p a r a m e t r i c  m e th o d s  a r e  s t i l l  t h e  m o s t  p o p u la r  t r e n d  d e t e c t io n  m e th o d s ,  i t  i s  r e p o r t e d  t h a t  th e  l e n g th  o f  th e  d a t a s e t  c a n  

s ig n i f i c a n t ly  in f lu e n c e  th e  t r e n d  [5 ] a n d  a v a i l a b i l i ty  o f  lo n g  t e r m  a n n u a l  m a x im u m  s t r e a m f lo w  d a t a  ( w h ic h  i s  u s e f u l  

i n  f l o o d  f o r e c a s t i n g  s tu d ie s ) ,  is  r a r e  i n  I n d i a n  c o n te x t .  S a n g  e t  a l . ,  [5 ] p r o p o s e d  th e  u s e  o f  E m p i r i c a l  M o d e  

D e c o m p o s i t io n  ( E M D )  f o r  t r e n d  a n a ly s i s  o f  s y n th e t ic  s e r i e s  a n d  r e a l  f i e ld  d a ta s e t s  o f  r a in f a l l  a n d  r u n o f f  a n d  i t  w a s  

r e p o r t e d  to  b e  m u c h  e f f i c i e n t  t h a n  c l a s s i c a l  a p p r o a c h e s  f o r  e s t im a t io n  o f  t r e n d  i n  d a ta s e t s  o f  s h o r t e r  le n g th ,  w h ic h  

m a y  b e  o f te n  m a s k e d  in  th e  c la s s ic a l  n o n - p a r a m e tr i c  m e th o d s .  M o r e o v e r ,  i t  i s  w e l l  u n d e r s to o d  t h a t  h y d r o c l im a t ic  

s e r i e s  m a y  p o s s e s s  i n h e r e n t  n o n - l in e a r  t r e n d  r a t h e r  t h a n  th e  t r a d i t i o n a l  n o t io n  o f  l i n e a r  t r e n d  [6 ] a n d  c a p tu r in g  th e  

t r u e  in h e r e n t  n o n - l in e a r  t r e n d  i s  o f  g r e a t  im p o r ta n c e  i n  h y d r o - m e te o r o lo g ic a l  s tu d ie s .

T h e  h y d r o lo g is t s  c o m m o n ly  m a k e  a s s u m p t io n  o f  s t a t io n a r i ty  in  d e a l in g  w i t h  h y d r o lo g ic a l  p r e d i c t i o n  p r o b le m s .  

H o w e v e r ,  m a n y  o f  th e  h y d r o lo g ic  t im e  s e r ie s  m a y  e x h ib i t  a b r u p t  c h a n g e s  o w in g  to  th e  l a n d  u s e  c h a n g e s ,  c l im a te  

c h a n g e s ,  c o n s t r u c t io n  o f  s to r a g e  r e s e r v o i r s  e tc .  a n d  th e  s t a t io n a r i ty  a s s u m p t io n  m a y  g iv e  e r r o n e o u s  r e s u l t s  in  

p r e d i c t i o n  o r  f o r e c a s t i n g  e x e r c i s e .  T h e r e  a r e  n u m e r o u s  m e th o d s  a v a i l a b le  f o r  c h a n g e  p o in t  d e t e c t io n  a n d  r e c e n t ly  

A m in ik h a n g h a h i  a n d  C o o k  [7] p r o v id e d  a  s u r v e y  o f  d i f f e r e n t  c h a n g e  p o in t  d e t e c t io n  m e th o d s .  T h e  C u m u la t iv e  S u m  

( C U S U M )  m e th o d  i s  a  s im p le  a n d  p r a c t i c a l  n o n - p a r a m e tr i c  a p p r o a c h  f o r  d e t e r m in a t io n  o f  s in g le  c h a n g e  p o i n t  i n
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t im e  s e r ie s  d a ta s e ts .  T h e  s e q u e n t ia l  v e r s i o n  o f  M K  t e s t  is  h e lp f u l  i n  d e t e r m in in g  th e  c h a n g e  p o in t  a n d  a ls o  f o r  

id e n t i f y in g  th e  s e q u e n t ia l  b e h a v i o r  o f  t r e n d  [8 ].

T h is  s tu d y  a im s  to  p e r f o r m  th e  t r e n d  a n a ly s i s  o f  a n n u a l  m a x im u m  s t r e a m f lo w  d a ta  o f  4 2  s ta t io n s  o f  K r i s h n a  b a s in  

u s i n g  th e  M K  m e th o d ,  S p e a r m a n ’s R h o ,  l i n e a r  f i t t i n g  a n d  E M D ;  a n d  th e  c h a n g e  p o in t s  o f  th e s e  s e r ie s  a r e  d e te c te d  

b y  th e  C U S U M  m e th o d .

2. Materials and Methods

T h is  s t u d y  u s e s  t h e  t r a d i t i o n a l  n o n - p a r a m e t r i c  m e t h o d s  s u c h  a s  S p e a r m a n 's  r h o  a n d  M K  m e t h o d s  f o r  

t r e n d  a n a l y s i s .  In  g e n e r a l ,  in  b o t h  o f  t h e s e  m e t h o d s ,  a  p a i r - w i s e  c o m p a r i s o n  o f  d a t a  p o i n t s  is  m a d e ,  a n d  

t h e  t e s t  s t a t i s t i c s  is  e v a l u a t e d .  T h e  c o m p a r i s o n  o f  t e s t  s t a t i s t i c s  w i t h  t h e  s t a n d a r d  v a l u e  a t  s p e c i f i e d  

s i g n i f i c a n c e  l e v e l  a l o n g  w i t h  i t s  s i g n  e n a b l e s  t o  c o m m e n t  o n  t h e  n a t u r e  a n d  s t a t i s t i c a l  s i g n i f i c a n c e  o f  

e x i s t i n g  t r e n d  in  t h e  s e r i e s .  T h e  d e t a i l s  o n  c o m p u t a t i o n  o f  t e s t  s t a t i s t i c s  c a n  b e  f o u n d  in  l i t e r a t u r e  [1 ] .  

T h e  M K  t e s t  h e l p s  in  d e t e r m i n i n g  a n y  s i g n i f i c a n t  t r e n d  in  t h e  t i m e  s e r i e s .  H o w e v e r ,  i t  is  o f  g r e a t  

i m p o r t a n c e  t o  d e t e r m i n e  t h e  s t a r t i n g  o f  s u c h  a  s i g n i f i c a n t  t r e n d .  T h e  s t a r t i n g  y e a r  o f  t h e  t r e n d  w a s  

e s t i m a t e d  u s i n g  S e q u e n t i a l  M a n n - K e n d a l l  (S Q M K ) t e s t . S e q u e n t i a l  M K  (S Q M K ) t e s t  is  c o n d u c t e d  u p o n  

r a n k  v a l u e s  o f  o r i g in a l  s e r i e s ,  w h i c h  r e s u l t s  in  s e q u e n t i a l  v a l u e s  o f  s t a n d a r d i z e d  v a r i a b l e s  w i t h  z e r o  

m e a n  a n d  u n i t  s t a n d a r d  d e v i a t i o n .  T h e  s e q u e n t i a l  v a l u e s  a r e  c a l c u l a t e d  f o r  t h e  f o r w a r d  s e r i e s  ( u ( t ) ) ,  

a n d  t h e  b a c k w a r d  s e r i e s  (u'(t)) in  t h e  M K  f r a m e w o r k .  T h e  S Q M K  t e s t  a l l o w s  f o r  t h e  d e t e c t i o n  o f  

a p p r o x i m a t e  b e g i n n i n g  o f  a  c h a n g e  [ 9 ] .  C U S U M  t e s t  o r i g in a l l y  p r o p o s e d  b y  E .S . P a g e  ( s t a t e d  in  [ 1 0 ] )

i n v o l v e s  t h e  c a l c u l a t i o n  o f  c u m u l a t i v e  s u m  o f  t h e  d i f f e r e n c e s .  A f t e r  c o m p u t i n g  t h e m e a n  ( x )  o f  a  t i m e  

s e r i e s ,  t h e  c u m u l a t i v e  s u m  S - i s  c o m p u t e d  r e c u r s i v e l y  a s  s .  =  s m  +  (x . - X) a f t e r a s s i g n i n g S 0 =  0 .  T h e n  

m a x  (0 , S/)  is  c o n s i d e r e d  a s  t h e  t e s t  s t a t i s t i c .  W h e n  t h e  v a l u e s  o f  S  e x c e e d  a  c e r t a i n  t h r e s h o l d  v a l u e ,  a  

c h a n g e  in  v a l u e s  h a s  b e e n  f o u n d .  T h e  a b o v e  f o r m u l a  o n l y  d e t e c t s  c h a n g e s  in  t h e  p o s i t i v e  d i r e c t i o n .  

W h e n  t h e  n e g a t i v e  c h a n g e s  n e e d  t o  b e  f o u n d  a s  w e l l ,  t h e  m i n  o p e r a t i o n  is u s e d  a n d  t h i s  t i m e  a  c h a n g e  

h a s  b e e n  f o u n d  w h e n  t h e  v a l u e  o f  S  is  b e l o w  t h e  n e g a t i v e  v a l u e  o f  t h e  t h r e s h o l d  v a l u e .

I n  th i s  s tu d y  th e  n o n - l in e a r  t r e n d  o f  d i f f e r e n t  s e r ie s  i s  e x t r a c t e d  u s in g  a  m u l t i s c a le  d e c o m p o s i t i o n  m e th o d  n a m e ly  

E M D  p r o p o s e d  b y  H u a n g  e t  a l . ,  [1 1 ]. T h e  m e th o d  d e c o m p o s e s  a  t im e  s e r ie s  s ig n a l  in to  d i f f e r e n t  o s c i l l a to r y  m o d e s  

h a v in g  s p e c i f ic  p e r io d i c i ty  i n  p u r e ly  e m p i r ic a l  a n d  d a t a  a d a p t iv e  m a n n e r .  E M D  in v o lv e s  ( i)  i d e n t i f i c a t io n  o f  e x t r e m a  

( m a x im a  o r  m in im a )  p o in t s ;  ( i i)  s p l in e  f i t t i n g  th r o u g h  e x t r e m a  to  f o r m  u p p e r  a n d  lo w e r  e n v e lo p s ;  ( i i i )  c o m p u ta t io n  

o f  m e a n  e n v e lo p  c u r v e s  a n d  d i f f e r e n c e  s e r ie s  i n  a n  i t e r a t iv e  m a n n e r .  T h e  r e s u l t i n g z e r o m e a n  o s c i l l a to r y  c o m p o n e n ts  

a r e  c a l l e d  a s  I n t r in s ic  M o d e  F u n c t io n s ( I M F s )  a n d  th e  f i n a l  c o m p o n e n t  o b t a in e d  b y  th e  d e c o m p o s i t io n  g iv e s  th e  

i n h e r e n t  n o n - l in e a r  t r e n d  in  t h e  s e r ie s

3. S tudy  A rea  and  D ata

I n  th i s  s tu d y  th e  t r e n d  a n a ly s i s  a n d  c h a n g e  p o i n t  a n a ly s i s  o f  a n n u a l  m a x im u m  s t r e a m f lo w  d a t a  o f  4 2  s ta t io n s  in  

K r i s h n a  r i v e r  b a s i n  ( 7 3 ° 1 7 ’ to  8 1 ° 9 ’ E  a n d  1 3 ° 1 0 ’ to  1 9 ° 2 2 ’ N )  c o l l e c t e d  f r o m  c e n t r a l  w a t e r  c o m m is s io n  ( C W C ) ,  is  

p e r f o r m e d .  T h e  d a t a  o f  d i f f e r e n t  s t a t i o n  f a l l s  i n  th e  r a n g e  1 9 7 0 - 2 0 1 3 .T h e  b a s i n  e x te n d s  o v e r  M a h a r a s h t r a ,  A n d h r a  

P r a d e s h ,  T e l a n g a n a  a n d  K a r n a ta k a .  T h e  b a s i n  e x t e n d s  o v e r  a  t o t a l  a r e a  o f  2 5 8 ,9 4 8  S q .k m . w h i c h  i s  n e a r ly  8 %  o f  th e  

t o t a l  g e o g r a p h ic a l  a r e a  o f  I n d ia .  j o i n  f r o m  l e f t  a s  s h o w n  i n  F ig u r e  1.
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Figure 1. Location of study area 

(Source: http://www.india-wris.nrsc.gov.in)

T h e  s t r e a m  l e n g t h  o f  th e  r i v e r  f r o m  i t s  o r i g in  to  w h e r e  i t  d i s c h a r g e s  in to  t h e  B a y  o f  B e n g a l  is  a b o u t  1 4 0 0  k m . T h e  

p r in c ip a l  t r ib u ta r ie s  l ik e  t h e  G h a tp r a b h a ,  th e  M a lp r a b h a  a n d  th e  T u n g a b h a d r a  j o i n  th e  m a in  s t r e a m  f r o m  r ig h t ,  w h i le  

t h e  B h im a ,  t h e  M u s i  a n d  th e  M u n n e ru .  T h e  d a i ly  m a x im u m  f lo w  d a t a  f r o m  tw e n t y - s e v e n  g a u g in g  s ta t io n s  w a s  

c o l l e c t e d  f r o m  C W C - K r i s h n a  G o d a v a r i  B a s i n  O f f ic e ,  H y d e r a b a d ,  I n d ia .

4. Results and Discussion

I n  th i s  s tu d y ,  f i r s t  t h e  t r e n d s  o f  th e  d i f f e r e n t  a n n u a l  m a x im u m  d a ta s e t s  a r e  d e te r m in e d  u s i n g  M K  a n d  S p e a r m a n ’s 

R h o  a t  5 %  s ta t i s t i c a l  s ig n i f ic a n c e .  T h e  c h a n g e  p o i n t  y e a r  o f  d i f f e r e n t  s e r i e s  i s  d e t e r m in e d  u s in g  C U S U M  m e th o d .  

T h e  r e s u l t s  a r e  p r o v id e d  i n  T a b le  1.

T a b l e  1 S p e a r m a n ’s R h o ,  M K  v a lu e  a n d  C h a n g e  p o in t  y e a r  o f  a n n u a l  m a x im a  s t r e a m f lo w  o f  d i f f e r e n t  s t a t io n s  i  n  

K r i s h n a  b a s in .  T h e  b o l d  f ig u r e s  s h o w  t h a t  th e  s t r e a m f lo w  o f  r e s p e c t iv e  s h o w  s ig n i f i c a n t  t r e n d  a t  5 %  s ig n i f i c a n t

le v e l

S .n o . S ta t io n R h o M K Y e a r S .n o . S ta t io n R h o M K Y e a r

1 A r ju n w a d - 1 .1 8 - 1 .3 8 7 1 9 8 1 2 2 M a n t r a la y a m 0 .7 4 8 0 .7 3 7 1 9 8 9

2 B a s te w a d - 0 .0 1 1 0 .0 2 1 9 8 2 2 3 N a r s i n g p u r - 1 .9 8 1 - 2 .0 8 1 1 9 9 8

3 B a w a p u r a m 1 .0 9 9 0 .9 2 0 0 5 2 4 O o l l e n u r -0 .3 4 7 -0 .5 0 3 1 9 9 8

4 B o r i o m e r g a - 2 .9 0 7 - 2 .8 6 5 1 9 9 0 2 5 P .S .G u d e m -0 .2 7 5 -0 .2 1 2 0 0 4

5 C h o la c h u g u d a - 0 .7 4 2 - 0 .8 1 6 1 9 9 8 2 6 P a l e r u  B r id g e -0 .5 3 3 - 0 .5 8 9 1 9 9 5

6 D a d d i - 2 .6 4 5 - 2 .5 4 9 1 9 9 3 2 7 P h u lg a o n -0 .5 6 9 -0 .5 1 3 2 0 0 2

7 D a m e r a c h e r l a - 0 .5 7 2 - 0 .5 0 2 1 9 9 3 2 8 P o n d u g a la -1 .3 6 5 - 1 .5 3 4 1 9 9 8

8 D h o n d - 1 .7 4 7 - 1 .9 4 9 1 9 9 1 2 9 S a d a l a g a - 2 .8 0 6 - 2 .7 0 9 1 9 9 1

9 G o k a k f a l l s - 2 .1 4 1 - 2 .3 1 9 1 9 8 3 3 0 S a m d o l i - 2 .1 0 6 - 2 .1 0 2 1 9 9 7
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10 G o tu r - 1 .0 9 - 1 .1 6 7 2 0 0 3 31 S a r a t i - 1 .7 4 4 -1 .8 2 1 2 0 0 3

11 H a l i a - 0 .3 4 9 -0 .3 9 3 2 0 0 9 3 2 S h i r d h o n -1 .7 2 4 - 1 .9 5 6 1 9 8 9

12 H u v in h e d g i -0 .4 5 5 - 0 .7 0 4 2 0 0 4 33 T a k l i -1 .3 5 2 - 1 .3 3 7 1 9 9 8

13 J e w a n g i - 0 .1 7 7 -0 .2 5 5 1 9 7 9 3 4 T a l ik o t 0 .0 6 4 0 .1 5 2 2 0 1 0

14 K a r a d - 0 .7 8 6 - 0 .8 8 9 1 9 8 0 3 5 T e r w a d -0 .4 0 1 - 0 .2 3 7 2 0 0 3

15 K e e s a r a - 0 .4 8 7 - 0 .4 4 1 9 8 0 3 6 T R  P u r a m -0 .5 2 4 - 0 .6 0 7 2 0 0 4

16 K o y n a 0 .4 2 8 0 .3 9 5 1 9 8 0 3 7 V a n d u r - 2 .1 3 - 2 .2 7 1 9 9 1

17 K r i s h n a  A g ra . - 0 .8 3 7 - 0 .9 5 9 1 9 9 8 3 8 V i ja y a w a d a -0 .4 5 - 0 .4 9 9 1 9 9 8

18 K u r u n d w a d -1 .3 5 5 -1 .5 6 1 1 9 9 7 3 9 W a d a k b a l - 2 .8 4 1 - 2 .8 0 5 1 9 9 1

19 L a k s h m ip u r a m 1 .0 2 7 1 .1 8 4 1 9 9 2 4 0 W a d e n a p a l l y - 2 .2 1 9 - 2 .3 8 6 1 9 9 8

2 0 M a d h i r a - 1 .3 1 4 - 1 .3 2 1 9 9 5 4 1 W a r u n j i -0 .7 5 - 1 .0 1 9 1 9 8 0

2 1 M a lk h e d -0 .6 0 5 -0 .5 7 1 2 0 0 1 4 2 Y a d g i r -1 .5 8 8 - 1 .7 5 8 1 9 9 1

T h e  C U S U M  m e th o d  is  a p p l ie d  f o r  d i f f e r e n t  s ig n i f i c a n c e  le v e l s  o f  1 % , 5 %  a n d  10 % . T h e  c h a n g e  p o i n t  y e a r  

o b t a in e d  a r e  c a t e g o r i z e d  in to  f o u r  d e c a d e s  1 9 7 1 - 1 9 8 0 ,  1 9 8 0 - 1 9 9 0 , 1 9 9 1 - 2 0 0 0  a n d  2 0 0 1 - 2 0 1 3 .  D a t a  o f  n o n e  o f  th e  

s t a t io n s  e x c e p t  J a w a n g i  d e t e c t e d  a  c h a n g e  p o i n t  d u r in g  1 9 7 1 - 1 9 8 0 ,  i n  w h ic h  th e  c h a n g e  p o i n t  y e a r  i s  1 9 7 9 . T h e  

c h a n g e  p o in t s  o f  8  s ta t io n s  f a l l s  d u r in g  1 9 8 0 - 1 9 9 0 . F o r  th e  d a ta s e t s  o f  a b o u t  5 2  % o f  t h e  t o t a l  n u m b e r  o f  s ta t io n s ,  th e  

c h a n g e  p o in t  is  o b s e r v e d  w i th in  th e  d e c a d e  o f  1 9 9 1 - 2 0 0 0 . F o r  th e  d a t a  o f  11 s ta t io n s  th e  c h a n g e  p o in t  i s  n o t i c e d  

b e t w e e n  2 0 0 1  a n d  2 0 1 3 . O n  c o n s id e r in g  a  s ig n i f i c a n c e  l e v e l s  o f  1 % ,d a ta  o f  tw o  s t a t i o n s ( W a d a k b a l ,S a d a la g a )  is  

f o u n d  to  b e  s ta t i s t i c a l ly  s ig n i f ic a n t .  O n  c o n s id e r in g  s ig n i f i c a n c e  l e v e l  o f  1 0 % ,d a ta  o f  f o u r  o f  th e  s ta t io n s  

( N a r s in g p u r ,V a n d u r ,S h i r d h o n  a n d  D a d d i ) ,  th e  c h a n g e  is  f o u n d  to  b e  s t a t i s t i c a l ly  s ig n i f ic a n t .  B u t  o n  c o n s id e r in g  

s ig n i f i c a n c e  l e v e l s  o f  5 % , o n ly  d a t a  o f  o n e  s t a t i o n  ( B o r io m e r g a )  th e  c h a n g e  i s  f o u n d  to  b e  s t a t i s t i c a l ly  s ig n i f ic a n t .  

A l l  t h e  s t a t io n s  e x c e p t  G o k a k f a l l s  t h a t  s h o w e d  s ta t i s t i c a l  s i g n i f i c a n c e  t r e n d ,  th e  c h a n g e  w a s  i n  1 9 9 0 - 2 0 0 0  p e r io d .

T h e n  th e  l i n e a r  f i t t i n g  a n d  E M D  m e th o d  a r e  in v o k e d  to  d e t e c t  th e  l i n e a r  a n d  n o n - l in e a r  t r e n d  o f  d i f f e r e n t  d a ta s e ts .  

T h e  r e s u l t s  a r e  p r e s e n te d  i n  F ig u r e  3 . F r o m  th e  l i n e a r  t r e n d  a n a ly s i s ,  th e  d a t a  o f  a b o u t  7 1 .4 3  %  o f  th e  s t a t i o n s  (3 0  

o u t  o f  4 2  s ta t io n s )  s h o w s  a  d e c r e a s in g  t r e n d .

T a b le  1 s h o w s  t h a t  b y  M K  m e th o d ,  th e  d a t a  o f  9  s ta t io n s  s h o w e d  s ta t i s t i c a l ly  s ig n i f i c a n t  t r e n d  a t  5 %  s ig n i f ic a n c e  

le v e l .  T h e  S p e a r m a n ’s r h o  m e th o d  a ls o  d i s p la y e d  s im i la r  t r e n d  f o r  a l l  th e s e  s ta t io n s .  I n te r e s t in g ly ,  th e  d a t a  o f  a l l  th e  

s t a t io n s  d i s p la y e d  a  d e c r e a s in g  t r e n d .  T h e  t r e n d  a n a ly s i s  s h o w e d  t h a t  t h e  t r e n d  i n  a n n u a l  m a x im u m  s t r e a m f lo w  is  

in c r e a s in g  a t  6  s ta t io n s  ( M a n th r a la y a ,  T a l ik o t ,  K o y n a  a n d  B a w a p u r a m ,  B e s tw a d  a n d  L a k s h m ip u r a m )  e v e n th o u g h  th e  

t r e n d  i s  n o t  s t a t i s t i c a l ly  s ig n i f ic a n t .  T h e  S Q M K  t e s t  r e s u l t  f o r  t h e  9  s ta t io n s  ( B o r io m e r g a ,  D a d d i ,  G o k a k f a l l s ,  

N a r s in g p u r ,  S a d a la g a ,  S a m d o l i ,  V a n d u r ,  W a d a k b a l  a n d  W a d e n a p a l ly )  w i t h  s ig n i f i c a n t  t r e n d  a t  5 %  s ig n i f i c a n c e  l e v e l  

i s  s h o w n  i n  F ig u r e  2 .T h e  c h a n g e  p o in t  a t  B o r io r m e g a  is  f o u n d  to  b e  1 9 7 5  u s in g  C U S U M  m e th o d .  B u t  th e  t r e n d  

s ta r t e d  i n  th e  y e a r  1 9 7 5  a s  s h o w n  i n  F ig u r e 2 ( a ) .  S im i la r ly ,  i n  a l l  th e s e  s ta t io n s ,  e x c e p t  a t  S a d a la g a  a n d  W a d a k b a l ,  

t h e  t r e n d  s ta r te d  a t l e a s t  9  y e a r s  a g o ,  w h ic h  b e c a m e  s ig n i f i c a n t  in  th e  d u e  c o u r s e  o f  t im e .  W h i le  a t  S a d a la g a  a n d  

W a d a k b a l ,  th e  t r e n d  s ta r t e d  b y  1 9 9 0  a n d  b e c a m e  s ig n i f i c a n t  a f t e r  1 9 9 1 . P e r h a p s ,  r a p id  c h a n g e s in  t h e s e  a d ja c e n t  

c a tc h m e n ts  c a n  b e  a t t r ib u t e d  f o r  th i s  b e h a v io r .  A ls o ,  th e  t r e n d  s ta r t e d  a t  W a d e n a p a l ly  b y  1 9 7 5  a n d  b e c a m e  s ig n i f i c a n t  

o n ly  b y  1 9 9 8  a f t e r  2 3  y e a r s .  T h is  p e r h a p s ,  m ig h t  b e  a  r e s u l t  o f  g r a d u a l  c h a n g e s  o r  e v e n  th e  c l im a t ic  v a r ia t io n s .  T h e  

p r e s e n t  s tu d y  i s  n o t  s u f f i c ie n t  to  a t t r ib u te  th e  r e a s o n  f o r  th i s  c h a r a c te r i s t ic .
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T h e  l i n e a r  f i t t i n g  a n d  E M D  o f  th e  s t r e a m f lo w  d a t a o f  9  s t a t io n s  ( w h i c h  d i s p la y e d  s ig n i f i c a n t  c h a n g e )  a r e  p r e s e n te d  

i n  F ig u r e  3 . F r o m  F ig u re 3  i t  is  n o te d  t h a t  a l l  th e  9  s t a t io n s  w h o s e  d a ta s e t s  s h o w  a  s t a t i s t i c a l ly  s ig n i f i c a n t  t r e n d ,  s h o w  

a  d e c r e a s in g  t r e n d  i n  l i n e a r  f i t t i n g  m e th o d .  O n  in v o k in g  E M D  m e th o d  a ls o ,  d a t a  o f  a l l  s ta t io n s  s h o w  a  d e c r e a s in g  

t r e n d  b u t  o n ly  d a t a  o f  7  s t a t io n s  s h o w  a  m o n o to n ic a l ly  d e c r e a s in g  t r e n d  w h i le  d a t a  o f  r e m a in in g  2  s t a t io n s  ( S a m d o li ,  

V a n d u r )  s h o w  a  s l ig h t  i n c r e a s e  d u r in g  th e  r e c e n t  y e a r s  a s  w e l l  a s  i n  th e  i n i t i a l  d e c a d e s .  I n  l i n e a r  f i t t i n g  m e th o d ,  o u t  

o f  33  s ta t io n s  w h o s e  d a t a  a r e  s t a t i s t i c a l ly  i n s ig n i f i c a n t ,  th e  d a ta s e t s  o f  2 1  s ta t io n s  s h o w  d e c r e a s in g  t r e n d  a n d  

r e m a in in g  12  d a ta s e t s  s h o w  in c r e a s in g  t r e n d .  D a t a  o f  11 s ta t io n s  w h ic h  s h o w e d  a  d e c r e a s in g  t r e n d  a n d  4  s ta t io n s  

w h i c h  s h o w e d  a n  in c r e a s in g  t r e n d  i n  l i n e a r  f i t t i n g  m e th o d  w a s  n o t  f o u n d  to  b e  m o n o to n ic  i n  n a tu r e  w h e n  E M D  

m e th o d  w a s  a p p l ie d .

F ig u re 2 .  S e q u e n t ia l  M a n n - K e n d a l l  ( S Q M K )  t e s t  a t  s t a t io n s  w i t h  s ig n i f i c a n t  l i n e a r  t r e n d .

O n  a p p ly in g  E M D  m e th o d  th e  d a t a  o f  2 6  o u t  o f  4 2  s ta t io n s  a r e  m o n o to n ic a l ly  i n c r e a s in g  o r  d e c r e a s in g  a n d  o u t  o f  

t h e s e  s ta t io n s ,  d a t a  o f  19  s ta t io n s  a r e  m o n o to n ic a l ly  d e c r e a s in g  a n d  7  s t a t io n s  a r e  m o n o to n ic a l ly  in c r e a s in g .  I n  o n e  

s t a t i o n  (H a l ia ) ,  l i n e a r  t r e n d  i s  s h o w in g  in c r e a s e  a n d  E M D  s h o w in g  m o n o to n ic a l ly  d e c r e a s in g  t r e n d .  I n  th e  8  s ta t io n s  

s h o w in g  c h a n g e  p o in t  i n  1 9 8 1 - 1 9 9 0  p e r io d ,  d a t a  o f  4  s t a t io n s  s h o w  d e c r e a s in g  t r e n d  a n d  th a t  o f  4  s t a t io n s  s h o w  

in c r e a s in g  t r e n d .  I n  th e  11 s ta t io n s  s h o w in g  c h a n g e  i n  2 0 0 1 - 2 0 1 3  p e r io d ,  d a t a  o f  6  s ta t io n s  s h o w  d e c r e a s in g  t r e n d  

a n d  t h a t  o f  5 s t a t io n s  s h o w  in c r e a s in g  t r e n d .  I n  th e  2 2  s ta t io n s  s h o w in g  c h a n g e  i n  1 9 9 0 - 2 0 0 0  p e r io d ,  d a t a  o f  19 

s ta t io n s  s h o w  d e c r e a s in g  t r e n d  a n d  t h a t  o f  3 s t a t io n s  s h o w  in c r e a s in g  t r e n d .  T h e  s t a t i o n  J a w a n g i  i s  s h o w in g  c h a n g e  

i n  1 9 7 9  a n d  i t  h a s  a  d e c r e a s in g  t r e n d .
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(a) Boriomerga (b) Daddl (c) Gokakfalls (d) Naralngpur Sadalaga

F i g u r e 3 .L in e a r  t r e n d  f i t t i n g  ( u p p e r  p a n e l s )  a n d  n o n - l in e a r  t r e n d  b y  E M D  ( lo w e r  p a n e l s )  o f  a n n u a l  m a x im a  s e r ie s  o f
d i f f e r e n t  s t a t io n s  o f  K r i s h n a  b a s i n

5. Conclusion

T h e  c h a n g e  p o in t  a n a ly s i s  u s i n g  C U S U M  m e th o d  d e t e c t e d  a  c h a n g e  p o i n t  i n  th e  t h i r d  d e c a d e  o f  s tu d y  p e r i o d  ( 1 9 9 1 

2 0 0 0 )  in  a b o u t  5 2  %  o f  th e  s ta t io n s .  T h e  t r e n d  a n a ly s i s  r e v e a l e d  a  s ig n i f i c a n t  r e d u c t io n  o f  a n n u a l  m a x im u m  

s t r e a m f lo w  d a t a  i n  9  o u t  o f  4 2  s ta t io n s  o f  K r i s h n a  b a s in .  T h e  S Q M K  te s t  r e v e a l e d  t h a t  th e  t r e n d  s ta r t e d  w e l l  b e f o r e  

2 3  y e a r s  i n  s o m e  s t a t i o n  l ik e  W a d e n a p p ly ,  a n d  b e f o r e  1 y e a r  i n  s t a t io n s  l ik e  S a d a la g a  a n d  W a d a k b a l .  T h is  s h e d  l i g h t  

t o  in te n s i ty  o f  c h a n g e s  t h a t  m ig h t  h a v e  o c c u r r e d  i n  th e s e  c a tc h m e n ts .  A  lo g i c a l  i n t e r p r e t a t i o n  c a n  b e  m a d e  t h a t  

s t a t io n s  l ik e  W a d e n a p a l ly  h a s  u n d e r g o n e  g r a d u a l  c h a n g e s  w h i le  s t a t io n s  l ik e  S a d a la g a  a n d  W a d a k b a l  h a v e  u n d e r g o n e  

r a p id  c h a n g e s .E M D  m e th o d  p o r t r a y e d  th e  t r u e  t r e n d  i n  d i f f e r e n t  t im e  s e r ie s ,  w h i c h  i s  f o u n d  to  b e  d i f f e r e n t  f r o m  th e  

l i n e a r  t r e n d  in  th e  s t r e a m f lo w  o f  m a n y  o f  th e  s ta t io n s .  T h e  E M D  m e th o d  is  p r o v e n  to  b e  a n  im p r o v e d  a l t e r n a t iv e  

o v e r  M K  m e th o d ,  w h ic h  s u c c e s s f u l ly  c a p tu r e s  t h e  t r u e  in h e r e n t  n o n - l in e a r  t r e n d s  o f  a n n u a l  m a x im u m  s t r e a m f lo w  

d a ta s e t s  o f  s h o r t e r  le n g th ,  a lo n g  w i t h  t h e i r  s t a t i s t i c a l  s i g n i f i c a n c e .T h is  i s  e s p e c ia l ly  t r u e  i n  th e  c a s e  o f  d a t a  o f H a l ia  

s t a t i o n  w h e r e  l i n e a r  t r e n d  is  s h o w in g  a n  in c r e a s e  t r e n d  a n d  E M D  s h o w in g  a  d e c r e a s in g  t r e n d .  A ls o ,  th e  m o n o to n ic  

d e c r e a s e  in  s t r e a m f lo w  d a t a  i n  19  s ta t io n s  im p l ie s  th e  h a r m f u l  e f f e c t  o f  h u m a n  i n t e r v e n t io n  o n  c l im a te  a n d  its  

c o n s e q u e n c e s .
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Modeling of Bharathapuzha River Basin Using SWAT Model and SUFI-2
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Abstract

T h is  p a p e r  p r e s e n t s  th e  h y d r o lo g ic  m o d e l l in g  o f  T h u th a p u z h a  s u b - b a s in  o f  B h a r a th a p u z h a  r i v e r  b a s i n  f o r  
e f f i c ie n t  w a te r  m a n a g e m e n t  p r a c t i c e s  u s in g  th e  S o i l  a n d  W a te r  A s s e s s m e n t  T o o l ( S W A T  2 0 1 2 )  m o d e l .  T h e  
o b je c t iv e s  o f  t h e  r e s e a r c h  w e r e  to  a p p ly  G e o g r a p h ic  I n f o r m a t io n  S y s te m ( G I S )  a n d  S W A T  m o d e l  f o r  s im u la t io n  o f  
w a te r  d i s c h a r g e  w i th  i n p u t  d a t a  in c lu d in g :  D ig i t a l  E le v a t io n  M o d e l ( D E M ) ,  l a n d c o v e r  o f  a n d  s o i l  m a p . T h e  
S W A T  2 0 1 2  m o d e l  is  in te r f a c e d  w i th  A r c G I S . T h e  m o d e l  w a s  a ls o  c a l i b r a t e d  f r o m  2 0 0 5  to  2 0 0 8  a n d  v a l id a te d  
f r o m  2 0 0 9  to  2 0 1 1  u s in g  S W A T  C U P  S U F I - 2  A lg o r i th m . T h e  s tu d y  s h o w s  t h a t  S W A T  m o d e l  is  a  c a p a b le  to o l  
f o r  s im u la t in g  h y d r o lo g ic  c o m p o n e n ts  o f  T h u th a p u z h a  s u b -b a s in .

Keywords: S W A T  M o d e l ,  S t re a m f lo w , S U F I-2

1 Introduction

W a te r  i s  a n  e x t r e m e ly  e s s e n t i a l  e l e m e n t  to  s u s t a in  l i f e  a n d  in c r e a s in g  p o p u l a t i o n  i s  r a i s in g  th e  d e m a n d  o f  w a te r .  
A v a i la b i l i ty  o f  w a te r  is  l a r g e ly  d e p e n d e n t  o n  th e  r a in f a l l  d i s t r ib u t io n  o v e r  a n  a r e a ,  w h ic h  a g a in  g e t  d i s t r ib u te d  
in to  v a r io u s  c o m p o n e n ts  o f  in te r f lo w , s u r f a c e  ru n o f f ,  e v a p o t r a n s p i r a t i o n  e tc .  D u e  to  th e  s p a t io - te m p o r a l  v a r i a t i o n s  
i n  th e  d i s t r i b u t io n  o f  r a in f a l l  a n d  u n d u la t i n g  to p o g r a p h y  w i th  s t e e p  s e a w a r d  s lo p e s ,  m o s t  o f  th e  w a t e r  i n  th e  
B h a r a th a p u z h a  r i v e r  q u ic k ly  d r a in s  to  th e  A r a b ia n  S e a . B h a r a th a p u z h a  lo s t  i t s  s o le m n i ty  i n  th e  c o u r s e  o f  t im e  d u e  
to  i n c r e a s e d  s a n d  m in in g ,  i n d u s t r i a l i z a t i o n  a n d  u r b a n iz a t io n .  M a n y  p a r t s  o f  B h a r a th a p u z h a  h a s  b e c o m e  d ry . T h e  
l a n d - w a te r  s y s t e m  o f  th e  a r e a  i s  a d v e r s e ly  a f f e c t e d  b y  th e  r a p id  g r o w th  o f  p o p u l a t i o n  a n d  c h a n g e s  i n  th e  l a n d u s e  
o r  l a n d c o v e r .  T h e  r e ju v e n a t io n  o f  B h a r a th a p u z h a  to  i t s  o ld  p r id e  h a s  to  b e  t a k e n  a s  a  s e r io u s  is s u e . T h e  g o v e r n m e n t  
a n d  v a r io u s  e n v i r o n m e n ta l  o r g a n iz a t io n s  h a v e  t a k e n  s te p s  f o r  th a t .  T h is  c a n  b e  a c h ie v e d  o n ly  t h r o u g h  a  p r o p e r  
m a n a g e m e n t  o f  a v a i l a b le  w a t e r  r e s o u r c e s .  T h e  a v a i l a b le  l a n d  a n d  w a t e r  r e s o u r c e s  a r e  to  b e  e f f e c t iv e ly  u t i l i s e d  
to  im p ro v e  th e  l iv e l ih o o d  a n d  s o c io - e c o n o m ic  c o n d i t io n s  o f  th e  p e o p le  l i v in g  i n  th e  r i v e r  b a s in .  I n  th is ,  th e  
p e r f o r m a n c e  a n d  f e a s ib i l i ty  o f  th e  S W A T  2 0 1 2  m o d e l  f o r  p r e d i c t i o n  o f  f l o w  i n  th e  r i v e r  h a s  b e e n  t e s te d  a n d  
v a l id a te d .

2 Research Methodologies

2.1 Study Area

T h e  s tu d y  a r e a  i s  a  p a r t  o f  B h a r a th a p u z h a  r i v e r  b a s i n  o f  K e r a l a  e x t e n d in g  f r o m  1 0 °  4 5 ' to  1 1 °  3 0 ' N  a n d  7 5 °  4 5 ' to  
7 6 °  4 5 ' E . B h a r a th a p u z h a  R i v e r  is  th e  s e c o n d  lo n g e s t  r i v e r  o f  K e r a la .  M a i n  t r ib u t a r y  o f  s tu d y  a r e a  is  
T h u th a p u z h a .  T h is  t r ib u ta r y  s t a r t s  f r o m  th e  S i le n t  v a l l e y  h i l ls .  I t  c o n s t i tu te s  o f  4  s t r e a m s  n a m e d  a s  K u n th ip u z h a ,  

K a n j i r a p u z h a ,  A m b a n k a d a v u  a n d  T h u p p a n a d p u z h a .  A r e a  o f  th e  w a te r s h e d  c o n s id e r e d  i n  th i s  s tu d y  i s  9 1 3  k m 2 
a n d  i t s  b o u n d a r y  c o v e r s  a  p e r im e te r  o f  2 2 6  k m . T h u th a p u z h a  i s  o n e  o f  th e  t r ib u ta r ie s  o f  B h a r a th a p u z h a .  I t  
r e c e iv e s  a n  a v e r a g e  a n n u a l  r a in f a l l  o f  2 6 8 2 .6 m m . T h e  a v e r a g e  m a x im u m  te m p e r a tu r e  o f  th e  s u b - b a s in  is  
3 1 .4 3 ° C  a n d  a  m in im u m  te m p e r a tu r e  o f  2 4 .3 3 ° C .W i th  a  w a te r s h e d  o f  6 ,1 8 6  k m 2, th e  B h a r a th a p u z h a  b a s i n  is  th e  
l a r g e s t  a m o n g  a l l  th e  r i v e r  b a s i n s  i n  K e r a la .  A  l i t t le  m o r e  t h a n  tw o - th i r d s  o f  t h i s  a r e a  ( 4 4 0 0  k m 2 ) is  w i th in  
K e r a l a  a n d  th e  r e m a in in g  a r e a  (1 7 8 6  km 2 ) i s  i n  T a m il  N a d u .
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F ig u r e  1. I n d e x  m a p  o f  T h u th a p u z h a  s u b - b a s in

2.2 Soil and W ater Assessment Tool (SWAT)

S W A T  i s  a  p r o c e s s - b a s e d  a n d  s p a t ia l ly  s e m i- d i s t r ib u te d  h y d r o lo g ic a l  a n d  w a t e r  q u a l i t y  m o d e l  d e s ig n e d  to  
c a lc u la te  a n d  ro u te  w a te r ,  s e d im e n ts  a n d  c o n ta m in a n ts  f r o m  in d iv id u a l  d r a in a g e  u n i t s  ( s u b - b a s in s )  th r o u g h o u t  a  
r i v e r  b a s i n  t o w a r d s  i t s  o u t le t .  W i th in  th e  S W A T  c o n c e p tu a l  f r a m e w o r k ,  th e  r e p r e s e n ta t i o n  o f  th e  h y d r o lo g y  o f  a  
b a s i n  i s  d iv id e d  in to  tw o  m a jo r  p a r t s :  ( a )  th e  l a n d  p h a s e  o f  th e  h y d r o lo g ic a l  c y c le ;  a n d  ( b )  th e  r o u t in g  o f  r u n o f f  
t h r o u g h  th e  r i v e r  n e tw o rk .

F o r  m o d e l l in g  th e  l a n d  p h a s e ,  th e  r i v e r  b a s i n  i s  d iv id e d  i n  s u b - b a s in s ,  e a c h  o n e  o f  w h ic h  is  c o m p o s e d  o f  o n e  o r  
s e v e r a l  h y d r o lo g ic a l  r e s p o n s e  u n i t s  ( H R U s )  w h ic h  a r e  a r e a s  o f  r e la t iv e ly  h o m o g e n o u s  l a n d  u s e / la n d  c o v e r  a n d  
s o i l  ty p e s .  T h e  c h a r a c te r i s t i c s  o f  th e  H R U s  d e f in e  th e  h y d r o lo g ic a l  r e s p o n s e  o f  a  s u b - b a s in .  F o r  a  g iv e n  t im e  
s te p ,  th e  c o n t r ib u t io n s  to  th e  d i s c h a r g e  a t  e a c h  s u b - b a s in  o u t l e t  p o i n t  i s  c o n t r o l le d  b y  th e  H R U  w a te r  b a l a n c e  
c a lc u la t io n s  ( l a n d  p h a s e ) .  T h e  r i v e r  n e tw o r k  th e n  c o n n e c t s  th e  d i f f e r e n t  s u b - b a s i n  o u t l e t s ,  a n d  th e  r o u t in g  
p h a s e  d e te r m in e s  m o v e m e n t  o f  w a te r  t h r o u g h  th i s  n e tw o r k  to w a r d s  in te r n a l  c o n t r o l  p o in t s ,  a n d  f in a l ly  t o w a r d  
th e  b a s i n  o u t le t .  F o r  th e  l a n d  p h a s e  w a te r  b a l a n c e ,  w i th in  S W A T  e v a p o t r a n s p i r a t i o n  c a n  b e  c a lc u la te d  u s in g  o n e  
o f  th r e e  m e th o d s :  P e n m a n - M o n te i th ,  th e  H a r g r e a v e s  o r  P r ie s t ly -T a y lo r .  T h e  m e th o d o lo g y  f o l lo w e d  f o r  th e  S W A T  
m o d e l  is  g iv e n  a s  a  f l o w  c h a r t :

DEM input

Landuse

Soil map

Slope

Rainfall

Temperature

Data
input

Watershed delineation

Data
input

Write input table

HRU analysis report

Output SWAT-CUP

F ig u r e  2 . F lo w  c h a r t  s h o w in g  S W A T  m e th o d o lo g y
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S W A T  u s e s  w a te r  b a l a n c e  e q u a t io n  a s  th e  g o v e r n in g  e q u a t io n  g iv e n  b y :

SWt = SW + A(Rday-Qi-Ea-Pi-QRi)
SW : s o i l  w a te r  c o n te n t  t : t im e
Rday: a m o u n t  o f  p r e c ip i t a t i o n  Qi: a m o u n t  o f  s u r f a c e  r u n o f f
Ea: a m o u n t  o f  e v a p o t r a n s p i r a t i o n  P i: a m o u n t  o f  p e r c o l a t i o n

QRi: a m o u n t  o f  r e t u r n  f lo w

2.3 Model Data Inputs

T h e  A r c G I S  p l a t f o r m  p r o v id e s  th e  u s e r  w i th  a  c o m p le te  s e t  o f  G I S  to o l s  f o r  d e v e lo p in g ,  r u n n in g  a n d  e d i t in g  
h y d r o lo g ic  a n d  m a n a g e m e n t  i n p u t s  a n d  f in a l ly  c a l i b r a t i n g  th e  m o d e l .  T h e  s p a t ia l ly  d i s t r i b u t e d  d a t a  r e q u i r e d  f o r  
A r c S W A T  in c lu d e  th e  D ig i t a l  E le v a t io n  M o d e l  ( D E M ) ,  s o i l  a n d  l a n d  u s e  d a ta ,  e i t h e r  a s  s h a p e  f i le s  o r  g r id  d a ta . 
T h e  w e a th e r  a n d  m e a s u r e d  s t r e a m f lo w  d a t a  a r e  a ls o  r e q u i r e d  a s  in p u t  f o r  th e  c a l i b r a t i o n  a n d  p r e d i c t i o n  
p u r p o s e s .

Data collection. T h e  d a t a  r e q u i r e d  f o r  th e  s tu d y  a n d  th e  r e s p e c t iv e  s o u r c e s  a r e  m e n t io n e d  b e lo w :

T a b le  1. S o u rc e  o f  i n p u t  d a t a

DATA COLLECTED SOURCE
D E M U S G S
L A N D U S E  M A P U S G S ( 2 0 0 2 )

S O IL  M A P F A O  ( 2 0 1 2 )

M E T E O R O L O G I C A L  D A T A R e g io n a l  A g r ic u l tu r a l  R e s e a r c h  S ta t io n ,  
P a t t a m b i ( 2 0 0 0 - 2 0 1 2 )

O B S E R V E D  D I S C H A R G E  D A T A C e n tr a l  W a te r  C o m m is s io n ( P u la m a n th o le )

Digital elevation model. A r c S W A T  a l lo w s  th e  u s e r  to  d e l in e a te  s u b  w a te r s h e d s  b a s e d  o n  a n  a u to m a t ic  
p r o c e d u r e  u s in g  D ig i t a l  E le v a t io n  M o d e l  ( D E M )  d a ta .  T h e  W a te r s h e d  D e l in e a t io n  c a r r ie s  o u t  a d v a n c e d  G IS  
f u n c t io n s  b y  s e g m e n t in g  w a te r s h e d s  in to  s e v e ra l  h y d r o lo g ic a l ly  c o n n e c te d  s u b - w a te r s h e d s  f o r  u s e  i n  w a te r s h e d  
m o d e l l i n g  w i th  S W A T . D E M  is  o b t a in e d  f r o m  S R T M  o f  3 0  m  r e s o lu t io n  (U S G S ) .

76*12"0"E 76*330 "E

F ig u r e  3 . D e l in e a te d  w a te r s h e d

Climate data. T h e  c l im a te  d a t a  r e q u i r e d  a r e  p r e c ip i t a t io n ,  m a x im u m  a n d  m in im u m  a i r  t e m p e r a tu r e ,  w in d  s p e e d ,  
r e la t iv e  h u m id i ty  a n d  s o l a r  r a d ia t io n .  V a lu e s  f o r  th e s e  p a r a m e te r s  m a y  b e  r e a d  f r o m  th e  r e c o r d s  o f  o b s e r v e d  d a t a  o r  
th e s e  m a y  b e  g e n e r a te d .  T h e  w e a th e r  g e n e r a to r  i n p u t  f i le  c o n ta in s  t h e  s t a t i s t i c a l  d a t a  n e e d e d  to  g e n e r a te
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r e p r e s e n ta t iv e  d a i ly  c l im a te  d a t a  f o r  th e  s u b  b a s in s .  C l im a te  d a t a  w i l l  b e  g e n e r a te d  f o r  tw o  in s ta n c e s  - w h e n  u s e r  
s p e c i f i e s  t h a t  s im u la te d  w e a th e r  w i l l  b e  u s e d  o r  w h e n  m e a s u r e d  d a t a  i s  m is s in g .  I n  th e  p r e s e n t  s tu d y ,  d a i ly  i n p u t  
w e a th e r  d a t a  f o r  13 y e a r s  f r o m  th e  w e a th e r  s t a t i o n  a t  P a t t a m b i  h a s  b e e n  u s e d .

S t r e a m f l o w  d a t a .  D a i ly  s t r e a m f lo w  v a lu e s  w e r e  c o l l e c t e d  f r o m  P u la m a n th o le  R i v e r  G a u g in g  S t a t i o n  a s  r e c o r d e d  
b y  th e  C e n t r a l  W a te r  C o m m is s io n ,  G o v t .  o f  In d ia .  I t  is  u s e d  f o r  p r e p a r in g  th e  o b s e r v e d  d a t a  f i le  f o r  u s e  i n  th e  
c a l i b r a t i o n  p r o c e s s .

L a n d u s e  d a t a .  L a n d  u s e  m a p s  p r e p a r e d  f r o m  th e  s a te l l i te  im a g e  f o r  th e  y e a r  2 0 0 0  w a s  u s e d .  T h e  S W A T  la n d  
c o v e r  w a s  a p p r o p r ia te ly  s e l e c t e d  f r o m  th e  i n - b u i l t  S W A T  d a ta b a s e  f o r  e a c h  l a n d  c o v e r  i n  th e  m a p  a n d
r e c la s s i f i e d  a s  g iv e n  i n  F ig u r e  4 .

F ig u re  4 . S W A T  R e c la s s i f i e d  l a n d u s e  m a p

S o i l  d a t a .  T h e  d ig i t i s e d  s o i l  m a p  w a s  u s e d  i n  S W A T  a n d  th e  s o i l  p r o p e r t i e s  f o r  d i f f e r e n t  l a y e r s  w e r e  f e d  a s  th e  
i n p u t  d a t a  f o r  th e  s o i l s  i n  th e  u s e r  s o i l s  d a ta b a s e  o f  S W A T . T h r e e  m a jo r  s o i l  c l a s s e s  h a v e  b e e n  id e n t i f i e d .  T h e  
S o i l  m a p  w a s  l i n k e d  to  th e  a p p r o p r ia te  s o i l  ty p e  f r o m  th e  s o i l  d a t a  b a s e  a n d  r e c la s s i f i e d  a s  s h o w n  i n  F ig u r e  5.

Legend
Outlet

•  L rungssrean adaea outlet

• ---- KfenuaH' added OuStet 
---Reaen

| Watershed 
lea&n

S w at S o ilC  la s s  

^J^p21-2D-36S6 
MUS-2-3D-3817

'CU9-2M-3S1S

F ig u r e  5 . S W A T  R e c la s s i f i e d  s o i l  m a p
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2.4 Model application

I n  o r d e r  to  a p p ly  S W A T  m o d e l  to  T h u th a p u z h a  s u b  b a s in ,  th e  m a j o r  s te p s  in v o lv e d  a re :  1) d a t a  p r e p a r a t io n ,  2 )  
r i v e r  b a s i n  a n d  s u b  b a s i n  d e l in e a t io n ,  3 )  H R U  d e f in i t io n ,  4 )  s e n s i t iv i ty  a n a ly s is ,  a n d  5 )  m o d e l  c a l i b r a t i o n  a n d  

v a l id a t io n .  T h e  m e te o r o lo g ic a l  d a t a  f i le s  w e r e  c r e a t e d  f o r  th e  o b s e r v e d  d a t a  i n  th e  f o r m a t  s p e c i f i e d  i n  S W A T . 
T h e  s p a t ia l  d a t a  s e ts  r e q u i r e d  w e r e  p r o j e c t e d  to  th e  s a m e  p r o je c t io n ,  W G S  1 9 8 4  U T M  Z O N E  4 3 N  u s in g  A r c G I S
1 0 .2 . T h e  D E M  w a s  u s e d  to  d e l in e a te  th e  w a te r s h e d  a n d  to  a n a ly s e  th e  d r a in a g e  p a t t e r n  o f  th e  l a n d  s u r f a c e  
t e r r a in .  T h e  s p a t ia l  d a t a  o n  L U /L C  w e r e  r e c l a s s i f i e d  in to  S W A T  la n d  c o v e r /p la n t  ty p e s .  U s e r  d e f in e d  s o i l  ty p e s  
w e r e  a d d e d  to  th e  s o i l  d a ta b a s e  a n d  th e  s p a t ia l  s o i l  d a t a  w e r e  l i n k e d  to  th e  a p p r o p r ia te  ty p e s .  T h e  m u l t ip le  H R U  
d e f in i t i o n  o f  2 0  p e r c e n t  l a n d  u s e ,  2 0  p e r c e n t  s o i l  a n d  2 0  p e r c e n t  s lo p e  th r e s h o ld  w a s  a p p l i e d  i n  th e  s tu d y . A b o u t  3 9  
s u b  b a s in s  a n d  9 9 0  H R U ’s h a v e  b e e n  c r e a te d .  T h e  p a r a m e te r  s e n s i t iv i ty  a n a ly s i s  w a s  d o n e  f o r  th e  w h o le  r iv e r  
b a s in .  T h e  h y d r o lo g ic  p a r a m e te r s  p e r t i n e n t  to  w a te r  f lo w  w e r e  t e s te d  f o r  s e n s i t iv i ty  f o r  th e  s im u la t io n  o f  
s t r e a m f lo w  i n  th e  s tu d y  a r e a .  T h e  t o p  r a n k e d  s ix  p a r a m e te r s  w e r e  u s e d  f o r  c a l i b r a t i n g  th e  m o d e l .

T h e  d a t a  f o r  th e  p e r io d  2 0 0 5  to  2 0 0 8  w e r e  u s e d  f o r  c a l i b r a t i n g  th e  m o d e l  f o r  th e  o b s e r v e d  f lo w s  a t  P u la m a n th o le .  
A n  in d e p e n d e n t  p r e c ip i t a t io n ,  t e m p e r a tu r e ,  w in d  s p e e d ,  r e la t iv e  h u m id i ty  a n d  s t r e a m f lo w  d a t a  s e t  ( 2 0 0 0 - 2 0 1 2 )  
w e r e  p r e p a r e d .  P e r io d s  f r o m  2 0 0 0  to  2 0 0 2  w e r e  t a k e n  a s  w a r m - u p  p e r io d  f o r  c a l ib r a t io n .  T h e  w a r m - u p  p e r io d  
a l lo w s  th e  m o d e l  to  g e t  th e  h y d r o lo g ic  c y c le  f u l ly  o p e r a t io n a l .

2.5 SWAT-CUP5 software

S W A T  C U P 5  s o f tw a r e  w a s  u s e d  f o r  th e  c a l i b r a t i o n  o f  th e  m o d e l .  S e q u e n t ia l  U n c e r ta in i ty  F i t t in g  ( S U F I 2 )  
a lg o r i th m  w a s  u s e d  f o r  c a l ib r a t io n .  T h e  m o d e l  w a s  c a l i b r a t e d  f o r  th e  to p  r a n k e d  p a r a m e te r s  - M a n n i n g ’s  “ n ” 
v a lu e  f o r  o v e r la n d  f lo w ( O V _ N ) ,  T h r e s h o ld  d e p t h  o f  w a t e r  i n  t h e  s h a l lo w  a q u i f e r  r e q u i r e d  f o r  th e  r e t u r n  f lo w  to  
o c c u r  ( G W Q M N ) ,  P l a n t  u p ta k e  c o m p e n s a t io n  f a c to r ( E P C O ) ,  G r o u n d w a te r  r e v a p  c o e f f ic ie n t ( G W _ R E V A P ) ,  

S C S  C u r v e  n u m b e r  (C N 2 )  a n d  S a tu r a te d  h y d r a u l ic  c o n d u c t iv i ty ( S O L _ K ) .

2.6 Evaluation of model performance

S im u la te d  d a t a  f r o m  th e  S W A T  m o d e l  c a n  b e  c o m p a r e d  s ta t i s t i c a l ly  to  o b s e r v e d  d a t a  to  e v a lu a te  th e  p r e d ic t iv e  
c a p a b i l i ty  o f  th e  m o d e l .

2.7 Model calibration

D u r in g  a  c a l i b r a t i o n  p r o c e s s ,  m o d e l  p a r a m e te r s  a r e  s u b je c t  to  a d ju s tm e n t ,  i n  o r d e r  to  o b t a in  m o d e l  r e s u l t s  t h a t  
c o r r e s p o n d  b e t t e r  to  d i s c h a r g e  r a te s  o b s e r v e d  i n  th e  f ie ld .  T o  c a l ib r a te  a  m o d e l ,  s o m e  a s p e c t  o f  w a te r s h e d  
b e h a v io u r  is  s e le c te d  to  w h ic h  th e  m o d e l  is  to  b e  m a tc h e d :  ty p ic a l ly ,  th e  s t r e a m f lo w  h y d r o g r a p h  a t  o n e  o r  m o re  
l o c a t io n s  o n  th e  r i v e r  is  s e le c te d .  T h e n  th e  m o d e l  p a r a m e te r s  a r e  a d ju s te d  to  g e t  th e  s im u la te d  s t r e a m f lo w  
h y d r o g r a p h  to  r e s e m b le  th e  o b s e r v e d  h y d r o g r a p h  f o r  s o m e  h i s to r ic a l  d a t a  p e r io d .  T h e  S U F I2  a lg o r i th m  i n  
S W A T  C U P  w a s  u s e d  f o r  c a l ib r a t io n .  T h e  s ta t i s t i c a l  in d i c a to r s  u s e d  f o r  e v a lu a t in g  m o d e l  p e r f o r m a n c e  a re :  T h e  

N a s h - S u tc l i f f e  m o d e l in g  e f f i c ie n c y  in d e x  (N S ) ;  T h e  g o o d n e s s  o f  f i t  ( R 2) , a n d  th e  p e r c e n ta g e  o f  d e v ia t i o n  f r o m  
o b s e r v e d  s t r e a m f lo w  ( P B I A S ) .C o m p a r i s o n  b e t w e e n  th e  o b s e r v e d  a n d  c a l ib r a t e d  s t r e a m f lo w  v a lu e s  o f  s im u la t io n  

in d i c a t e d  th a t  th e r e  is  a  g o o d  a g r e e m e n t  b e t w e e n  th e  o b s e r v e d  a n d  s im u la te d  f lo w s .  T h e  c lo s e r  th e  v a lu e s  o f  R 2 
a n d  N S  to  u n i ty  th e  b e t t e r  th e  m o d e l  p e r f o r m a n c e .  F o r  P B I A S  th e  o p t im a l  v a lu e  i s  0 ;  a  n e g a t iv e  v a lu e  i n d ic a te s  
a n  o v e r e s t im a t io n  o f  o b s e r v e d  d is c h a rg e  v a lu e s ,  w h e r e a s  a  p o s i t iv e  v a lu e  i n d ic a te s  u n d e r  e s t im a t io n .  T h e  
c r i t e r i a  s u g g e s te d  b y  M o r i a s i  e t  a l . ( 2 0 0 7 )  f o r  e v a lu a t in g  m o d e l  p e r f o r m a n c e  a r e  g iv e n  b e lo w  i n  T a b le  2 :

T a b le  2 . P e r f o r m a n c e  R a t in g  o f  in d ic a to r s

P e r fo r m a n c e  R a t in g N S P B IA S

V e r y  G o o d 0 .7 5  <  N S  <  1 P B IA S  <  ± 1 0

G o o d 0 .6 5  <  N S  <  0 .7 5 ± 1 0  <  P B I A S  <  ± 1 5

S a t i s f a c to r y 0 .5  <  N S  <  0 .6 5 ± 1 5  <  P B I A S  <  ± 2 5

U n s a t i s f a c to r y N S  <  0 .5 P B IA S  >  ± 2 5

S o u rc e :  M o r ia s i  e t  a l . ( 2 0 0 7 )

2.8 Sensitivity analysis

F o r  c a l ib r a t in g  th e  m o d e l ,  a  p r e l im in a r y  s e n s i t iv i ty  a n a ly s i s  w a s  p e r f o r m e d  o n  a l l  th e  f lo w  p a r a m e te r s  b a s e d  o n  
th e  a v a i la b le  c l im a t ic  a n d  h y d r o lo g ic  i n p u t  d a t a  f o r  th e  p e r io d  f r o m  1 9 8 7  to  2 0 0 0 .  S e n s i t iv i ty  a n a ly s i s  is  d o n e  to
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u n d e r s t a n d  w h ic h  p a r a m e te r  i s  m o r e  s e n s i t iv e .  T w o  ty p e s  o f  s e n s i t iv i ty  a n a ly s i s  c a n  b e  p e r f o r m e d  u s in g  S W A T -  
C U P . T h e y  a r e  G lo b a l  s e n s i t iv i ty  a n a ly s i s  a n d  O n e  a t  a  t im e  s e n s i t iv i ty  a n a ly s is .  O n e  a t  a  t im e  s e n s i t iv i ty  s h o w s  
th e  s e n s i t iv i ty  o f  a  v a r i a b l e  to  th e  c h a n g e s  i n  a  p a r a m e te r  i f  a l l  o th e r  p a r a m e te r s  a r e  k e p t  c o n s ta n t  a t  s o m e  v a lu e .  
H e r e  g lo b a l  s e n s i t iv i ty  a n a ly s i s  is  u s e d .  T h e  f i r s t  s ix  r a n k e d  p a r a m e te r s  w e r e  s e le c te d  f o r  c a l i b r a t i o n  p u r p o s e .  
T h e  m o d e l  w a s  c a l i b r a t e d  w i th  th e s e  s ix  p a r a m e te r s  f o r  th e  o b s e r v e d  s t r e a m f lo w  v a lu e s .

2 .8  M o d e l  v a l i d a t i o n

T h e  s t r e a m f lo w  f o r  2 0 0 9  to  2 0 1 1  w e r e  u s e d  f o r  v a l id a t in g  th e  p r e d i c t i v e  c a p a b i l i ty  o f  t h e  S W A T  m o d e l  w i th  
r e s p e c t  to  B h a r a th a p u z h a  r i v e r  b a s in .  T h e  c o m p a r i s o n  s ta t i s t i c s  f o r  o b s e r v e d  a n d  s im u la te d  m o n th ly  s t r e a m f lo w  
f o r  th e  v a l id a t io n  p e r io d  s h o w s  th a t  th e  m o d e l  i s  v e r y  g o o d  f o r  p r e d i c t i n g  m o n th ly  s t r e a m f lo w .

3 Results

T h e  m o n th ly  a v e r a g e  v a lu e s  f o r  th e  s im u la t io n  p e r i o d  i s  o b t a in e d  f o r  th e  p a r a m e te r s  s u c h  a s  p r e c ip i t a t io n ,  
s u r f a c e  r u n o f f  c o n t r ib u t io n ,  l a t e r a l  f lo w , g r o u n d w a te r  c o n t r ib u t io n ,  w a te r  y ie ld ,  e v a p o t r a n s p i r a t io n ,  P E T  e tc .  -  

T h e  m o s t  s e n s i t iv e  p a r a m e te r s  a r e  f o u n d  o u t  to  b e  a s  i n  T a b le  3 . T h e  v a lu e s  o f  s t a t i s t i c a l  i n d ic a to r s  b e f o r e  
c a l ib r a t io n ,  a f t e r  c a l i b r a t i o n  a n d  a f t e r  v a l id a t io n  a r e  g iv e n  i n  T a b le  4 . T h e  h y d r o g r a p h  s h o w in g  th e  c o m p a r i s o n  
b e t w e e n  o b s e r v e d  a n d  s im u la te d  d a t a  f o r  c a l i b r a t i o n  a n d  v a l i d a t i o n  p e r io d  is  s h o w n  i n  F ig u r e  6 .

T a b le  3 . S e n s i t iv e  p a r a m e te r s

PARAMETER SENSITIVENESS RANK

M a n n i n g ’s “ n ”  v a lu e  f o r  o v e r la n d  f lo w ( O V _ N ) 1

T h r e s h o ld  d e p th  o f  w a te r  i n  th e  s h a l lo w  a q u i f e r  
r e q u i r e d  f o r  th e  r e tu r n  f l o w  to  o c c u r  ( G W Q M N )

2

P l a n t  u p ta k e  c o m p e n s a t io n  f a c to r ( E P C O ) 3

G r o u n d w a te r  r e v a p  c o e f f ic ie n t ( G W _ R E V A P ) 4

S C S  C u r v e  n u m b e r  ( C N 2 ) 5

S a tu r a te d  h y d r a u l ic  c o n d u c t iv i ty ( S O L _ K ) 6

T a b le  4 . V a lu e s  o f  s t a t i s t i c a l  in d i c a to r s

I n d ic a to r s B e f o r e  c a l i b r a t i o n A f t e r  c a l i b r a t i o n A f t e r  v a l id a t io n R e m a r k s

N S 0 .5 9 5 0 .8 7 0 .6 4 G o o d

R 2 0 .7 4 9 0 .9 1 0 .6 6 G o o d

P B I A S 4 1 .6 0 3 1 3 .2 4 .2 G o o d

LTl  c  5 ^ Q . C T l C
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3.1 Conclusion

In this project a SWAT model was applied to simulate the discharge of Thuthapuzha river basin which is a sub
basin of the river Bharathapuzha. The model was calibrated and validated with the observed data. Based on the 
results of the study, SWAT model shows good performance for the Thuthapuzha sub-basin. Discharge of all the 
watersheds of the Thuthapuzha river basin was obtained. The results for validation of the model was slightly 
low compared to calibrated model. Under local conditions of data availability, the application of SWAT model 
for the Thuthapuzha basin confirms that SWAT is a useful tool that can be used to simulate the discharge. 
SWAT model can be used for future predictions also. The model can be a helpful tool to predict not only 
discharge but also sediment and agricultural chemical yields etc under varying soil, land use and management 
conditions over longer periods of time.
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A b s t r a c t : D r o u g h t  i s  a n  i n s id io u s  n a tu r a l  h a z a r d  t h a t  i s  g e n e r a l ly  p e r c e iv e d  to  b e  a  p r o lo n g e d  p e r io d  w i th  

s ig n i f i c a n t ly  l o w e r  p r e c ip i t a t i o n s  t h a n  n o r m a l  l e v e ls .  I n  I n d ia ,  o v e r  6 8 %  o f  th e  a r e a  is  d r o u g h t  a f f e c t e d ,A n a n ta p u r  

is  o n e  s u c h  d i s t r i c t  w h e r e  d r o u g h t  c o n d i t i o n  i s  p r e v a i l i n g  f o r  s e v e r a l  y e a r s  a n d  i t s  e f f e c t s  a r e  s e v e re ly  v i s ib l e  in  

a l l  s e c to r s .  I n  th i s  s tu d y ,  a  n o n - p a r a m e tr i c  t e s t  ( M a n n  K e n d a l l  te s t )  w a s  u s e d  to  c h e c k  m o n o to n ic  t r e n d  i n  e a c h  

g r id  le v e l  a n d  m a g n i tu d e  w a s  c a l c u l a t e d  b y  S e n ’s s lo p e  te s t .  T h e  e f f e c t  o f  m e te o r o lo g ic a l  p a r a m e te r s  l ik e  

p r e c ip i t a t i o n  a n d  t e m p e r a tu r e  a s s e s s e d  th r o u g h  a  d r o u g h t  in d e x  c a l l e d  s t a n d a r d i z e d  p r e c ip i t a t io n -  

e v a p o t r a n s p i r a t i o n  in d e x  ( S P E I )  f o r  a  p e r io d  o f  1 9 7 1  -2 0 0 3  a n d  i t s  s p a t ia l  d i s t r i b u t io n  a ls o  e s t im a te d .  S tu d ie s  s h o w  

t h a t  th e  i n te n s i ty  a n d  f r e q u e n c y  o f  d r o u g h t  h a v e  in c r e a s e d  d u r in g  th e  s a m e  p e r io d .

K e y w o r d s :  M e te o r o lo g ic a l  d r o u g h t ,  T r e n d  t e s t ,  S P E I

1. Introduction

D r o u g h t  o c c u r s  v i r tu a l ly  i n  a l l  c l im a t ic  r e g im e s ,  a n d  i t  c a n  b e  d e f in e d  a s  a  p r o lo n g e d  p e r io d  o f  a b n o r m a l ly  l o w  
p r e c ip i t a t io n ,  u n l ik e  o th e r  h a z a r d s  th e  f o o tp r in t s  o f  d r o u g h t  i s  t y p ic a l ly  la r g e r ,  w h ic h  a f f e c t s  a l l  s e c to r s .  I n  In d ia ,  
d r o u g h t  h a s  r e s u l t e d  i n  m i l l io n s  o f  d e a th s  o v e r  th e  c o u r s e  o f  th e  1 8 th , 1 9 th , a n d  2 0 th  c e n tu r ie s .F a i lu r e  o f  m o n s o o n  
is  th e  m a in  r e a s o n  o f  d r o u g h t  i n  In d ia ,  i t  c a u s e s  b e l o w  a v e r a g e  c r o p  y ie ld ,  a n d  i t  a d v e r s e ly  a f f e c t s  th e  s o c ia l  a n d  
e c o n o m ic  c o n d i t io n .T h is  i s  p a r t i c u l a r ly  t r u e  o f  m a jo r  d r o u g h t - p r o n e  r e g io n s  s u c h  a s  A n d h r a  P r a d e s h  s o u th e r n  a n d  
e a s t e r n  M a h a r a s h t r a ,  n o r th e r n  K a r n a ta k a ,  O d is h a ,  G u ja r a t ,  T e l a n g a n a ,a n d  R a ja s th a n .  D r o u g h t  i n d ic e s  a n d  
in d ic a to r s  a r e  m a in ly  u s e d  to  t r a c k  d r o u g h t  c o n d i t i o n s  r e s u l t  d e p e n d  u p o n  th e  r e g io n  a n d  c l im a te  c o n d i t io n s .  
D r o u g h t  i s  a  r e c u r r e n t  p h e n o m e n o n  i n  In d ia .  A b o u t  1 0 7  m i l l io n  h e c ta r e s  o f  th e  c o u n t r y  i .e . ,  o v e r  6 8  p e r c e n t  o f  
In d ia ,  s p r e a d  o v e r  s e v e r a l  a d m in i s t r a t iv e  d i s t r i c t s  i n  m a n y  s ta te s ,  i s  a f f e c t e d  b y  d r o u g h t .  A n a n ta p u r  i s  o n e  s u c h  
d i s t r i c t  o f  A n d h r a  P r a d e s h  (A P )  S ta te  w h e r e  d r o u g h t  c o n d i t io n s  a r e  p r e v a i l i n g  c o n s i s te n t ly  o v e r  m a n y  y e a r s  
c a u s in g  s e v e re  s t r e s s  to  th e  l o c a l  e c o n o m y ,  e s p e c i a l l y  t h e  a g r ic u l tu r e ( M . S r in iv a s a  R e d d y  e t  a l . ,  2 0 0 8 ) .

D r o u g h t  i n d ic e s  a r e  t y p ic a l ly  c o m p u te d  n u m e r ic a l  r e p r e s e n ta t io n s  o f  d r o u g h t  s e v e r i ty ,  a s s e s s e d  u s in g  
c l im a t ic  o r  h y d r o - m e te o r o lo g ic a l  in p u ts .  I n  t h e  l a s t  f e w  d e c a d e s lo t s  o f  d r o u g h t  i n d ic e s  w e r e  d e v e lo p e d ,  e a c h  
in d e x  i s  s p e c i f i c a l ly  f o r  p a r t i c u l a r  c l im a t ic  c o n d i t io n s .  R e c e n t ly ,  d e v e lo p e d  d r o u g h t  i n d e x  c a l l e d  
s t a n d a r d iz e d  p r e c ip i t a t i o n -  e v a p o t r a n s p i r a t i o n  in d e x  ( S P E I )  h a s  in c o r p o r a t e d  th e  e f f e c t  o f  p r e c ip i t a t i o n  a n d  

t e m p e r a tu r e  so  i t  w a s  t a k e n  a s  a  b e t t e r  a p p r o a c h  to  e x p r e s s  th e  c l im a te  c h a n g e  i n  th e  d r o u g h t  s c e n a r io .  I n  th i s  
p a p e r ,  c h a r a c te r i z in g  th e  e f f e c t  o f  c h a n g e s  i n  p r e c ip i t a t i o n  a n d  t e m p e r a tu r e  o n  m e te o r o lo g ic a l  d r o u g h t  
i n  A n a n ta p u r  d i s t r ic t ,  a l s o  a n a ly z in g  th e  s p a t ia l  d i s t r i b u t io n  o f  d r o u g h t  h a z a r d  a r e a  i n  A n a n ta p u r .

2. Materials and Methods

2 .1 .  S t u d y  A r e a  

A n a n t a p u r  D i s t r i c t

A n a n ta p u r  d i s t r i c t  b e lo n g s  to th e  g e o g r a p h ic  r e g io n R a y a la s e e m a  a n d  l a r g e s t  a m o n g  th e  13 d i s t r i c t s  o f  A n d h r a  
P r a d e s h .  I t  i s  b o u n d e d  o n  th e  n o r th  b y  K u r n o o l  D is t r i c t ,  o n  th e  e a s t  b y  K a d a p a  D is t r i c t ,  o n  th e  s o u th e a s t  
b y  C h i t t o o r  D is t r i c t ,  a n d  o n  th e  s o u th w e s t  a n d  w e s t  b y  K a r n a t a k a  s t a te .T h e  d i s t r i c t  i s  e c o n o m ic a l ly  b a c k w a r d  a n d  
c h r o n ic a l ly  d r o u g h t  a f f e c te d .  T h e  d i s t r i c t  l i e s  b e t w e e n  N o r t h  l a t i tu d e s  1 3 °  4 0 ’ a n d  1 6 °  1 5 ’ a n d  b e t w e e n  E a s t  
lo n g i tu d e s  7 0 °  5 0 ’ a n d  7 8 °  3 8 ’. T h e  g e o g r a p h ic a l  a r e a  o f  th e  d i s t r i c t  i s  1 9 ,1 9 7  s q .k m  w i t h  a  p o p u la t i o n  o f  4 0 .8 3  
la k h s .  T h e  p o p u la t i o n  d e n s i ty ,  w h ic h  w a s  5 4  p e r s o n s  p e r  s q .k m  d u r in g  1 9 0 1 , h a s  r i s e n  to  2 1 3  p e r s o n s  p e r  s q .k m  

a s  p e r  2 0 1 1  c e n s u s .
T h e  a v e r a g e  a n n u a l  r a in f a l l  o f  th e  d i s t r i c t  is  5 3 5  m m , w h i c h  r a n g e s  f r o m  n i l  r a in f a l l  i n  F e b r u a r y  a n d  

M a r c h  to  1 2 9  m m  i n  S e p te m b e r .  S e p te m b e r  a n d  O c to b e r  a r e  th e  w e t t e s t  m o n th s  o f  th e  y e a r .  T h e  m e a n  s e a s o n a l  
r a in f a l l  d i s t r i b u t io n  i s  3 1 6  m m  d u r in g  s o u th - w e s t  m o n s o o n  ( J u n e - S e p te m b e r )  1 4 6  m m  d u r in g  n o r th - e a s t  m o n s o o n
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( O c t-D e c ) .  T h e  s u m m e r  s e a s o n  c o n t in u e s  f r o m  M a r c h  to  M a y ,  w h e n  th e  t e m p e r a tu r e  r i s e s  to  a  m a x im u m  o f  4 0 ° C  
a n d  g o e s  d o w n  to  th e  m in im u m  o f  2 3 ° C  ( g r o u n d w a te r  b r o c h u r e  A n a n ta p u r  d i s t r ic t ,  2 0 1 3 ) .  I n  th i s  s tu d y ,  9  g r id s  
o f  .5 * .5  d e g r e e  r e s o lu t io n  a r e  s e le c te d  w i t h i n  th e  d i s t r i c t  b o u n d a r y .  L a t i tu d e  a n d  lo n g i tu d e  o f  e a c h  g r id s  a r e  [1 4 ° , 
7 7 ° ] ,  [1 4 ° , 7 7 .5 ° ] ,  [1 4 ° , 7 8 ° ] ,  [1 4 .5 ° ,  7 7 ° ] ,  [1 4 .5 ° , 7 7 .5 ° ] ,  [1 4 .5 ° ,  7 8 ° ] ,  [1 5 ° , 7 7 ° ] ,  [1 5 ° , 7 7 .5 ° ] ,  [1 5 ° , 7 8 ° ] .  T h e  
lo c a t io n  o f  th e  g r id s  i n  th e  m a p  is  g iv e n  i n  th e  f ig u r e  1.

F ig u r e  1 . lo c a t io n  o f  g r id  p o in t s

2 .2 .  D a t a  p r o c e s s i n g

S ta n d a r d i z e d  P r e c i p i ta t i o n - E v a p o t r a n s p i r a t i o n  I n d e x  ( S P E I )  i s  u s e d  f o r  th e  d r o u g h t  a s s e s s m e n t .  I t  r e q u i r e d  
m o n th ly  p r e c ip i t a t i o n  a n d  t e m p e r a tu r e  d a t a  a s  in p u t .  0 .5 * 0 .5  d e g r e e  g r id d e d  d a i ly  p r e c ip i t a t i o n  d a t a  a n d  1*1  
d e g r e e  g r id d e d  t e m p e r a tu r e  d a t a  f r o m  I n d ia n  M e te o r o lo g ic a l  D e p a r tm e n t  ( IM D )  f o r  th e  p e r i o d  o f  1 9 7 1  -2 0 0 3  (3  3 
y e a r s )  a r e  u s e d  f o r  th e  s tu d y .  D a t a  i s  g iv e n  i n  A S C I I  f o r m a t  a n d  c  p r o g r a m m in g  w a s  u s e d  to  e x t r a c t  th e  d a ta . 
L in e a r  i n t e r p o la t i o n  a p p l i e d  f o r  r e g r id d in g  th e  t e m p e r a tu r e  d a t a  a n d  c o n v e r t e d  to  0 .5  * 0 .5  r e s o lu t io n .  M o n th ly ,  

p r e c ip i t a t i o n  a n d  t e m p e r a tu r e  w e r e  c a lc u la te d .

2 .3 .  T r e n d a n a l y s i s

T h e  s ta t i s t i c a l  t r e n d  i n  a n n u a l  m e te o r o lo g ic a l  d a t a  w a s  a n a ly z e d  u s in g  n o n p a r a m e t r ic  M a n n  K e n d a l l  ( M K )  t e s t  
( M a n n , 1 9 4 5 ; K e n d a l l ,  1 9 7 5 ) . I t  h a s  b e e n  u s e d  b y  a  n u m b e r  o f  r e s e a r c h e r s  ( e .g . ,  V i ja y  K u m a r  e t  a l . ,  2 0 1 0 ;  Y u  e t  
a l . ,  1 9 9 3 ; D o u g la s  e t  a l . ,  2 0 0 0 ;  Y u e  e t  a l . ,  2 0 0 3 ;  B u r n e t  a l . ,  2 0 0 4 )  to  v e r i f y  th e  p r e s e n c e  o f  s t a t i s t i c a l ly  s ig n i f i c a n t  
t r e n d  i n  m e te o r o lo g ic a l  v a r i a b l e s ,  s u c h  a s  p r e c ip i t a t io n ,  t e m p e r a tu r e  a n d  s t r e a m f lo w ,  w i t h  r e f e r e n c e  to  c l im a te  
c h a n g e .  M K  t e s t  c h e c k s  t h e  e x i s te n c e  o f  a  p o s i t iv e  o r  n e g a t iv e  t r e n d  i n  th e  t im e  s e r ie s  a n d  th e  m a g n i tu d e  o f  th e  
t r e n d  w a s  d e t e r m in e d  b y  S e n ’s  s lo p e  e s t im a to r .  T r e n d  a n a ly s i s  f o r  p r e c ip i t a t i o n  a n d  t e m p e r a tu r e  w a s  c a r r ie d  o u t  
a t  a  s ig n i f i c a n c e  l im i t ,  a =  .0 5  f o r  n in e  g r id s .

2 .4 .  C a l c u l a t i o n  o f  S P E I

T h e  S ta n d a r d iz e d  P r e c ip i t a t i o n  E v a p o t r a n s p i r a t i o n  I n d e x  ( S P E I )  is  a n  e x t e n s io n  o f  th e  b r o a d ly  u s e d  S ta n d a r d iz e d  

P r e c ip i t a t i o n  I n d e x  ( S P I ) .T h e  S P E I  i s  d e s ig n e d  to  t a k e  in to  a c c o u n t  b o t h  p r e c ip i t a t i o n  a n d  p o te n t i a l  
e v a p o t r a n s p i r a t i o n  ( P E T )  i n  d e t e r m in in g  d r o u g h t .  T h u s ,  S P E I  c a p tu r e s  th e  m a in  im p a c t  o f  i n c r e a s e d  te m p e r a tu r e s  
o n  w a t e r  d e m a n d .  T h is  r e p r e s e n te d  s im p le  w a t e r  b a l a n c e  w h i c h  w a s  c a l c u l a t e d  a t  1, 3 , 6 ,  9 , 1 2 - t im e  s te p s  to  
c a lc u la te  S P E I .

D  = P - P E T
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Where P  is the monthly precipitation (mm) and PET (mm) is calculated according to the method of 
Penman-Monteith or Hargreaves or Thornthwaite based on the availability of data. The calculated D values were 
aggregated at various time scales:

2 f=-01( Pn-t -PE T n n> k

Where k  (months) was the time scale of the aggregation and n is the calculation number. The D values 
are undefined for k >n.A log-logistic probability distribution function was fitted to the data series of D, as it 
adapted very well to all time scales.

2 .5 .  M a p p i n g

Different techniques can be used to generate a continuous map of meteorological drought. One such technique 
generates an interpolated surface of estimated values at locations between sites based on mathematical 
relationships of the indicator or index between the original point data. Often this produces a map that appears 
“natural”, but is still based on the data from specific points and is only as accurate as the original data and the 
interpolation technique. No single interpolation method can be applied to all situations, and the most commonly 
used interpolation techniques include Kriging, Spline, and Inverse Distance Weighting (IDW).

Each interpolation technique has its advantages and disadvantages. Some techniques are more exact than 
others but take longer to produce the desired output. The Kriging method has geological applications and also 
applicable in  the mining industry, assumes that there is a relationship between points that is non-random and 
changes over space. The Spline method is used when minimizing the overall surface curvature is important. 
Inverse Distance Weighting (IDW) is used when the data points are scattered but dense enough to represent local 
variations. The data, as the name implies, are weighted to favor data closer in proximity to the point being 
processed.

3. Results and Discussion
The failure of North-East monsoons and the uneven distribution of rainfall o f South-West monsoons resulted in a 
reduction in precipitation and global warming and greenhouse effect were accelerated by the temperature rise. 
Gridded precipitation and temperature data were extracted and given in  figure 2 and 3

YEARS
grid1 grid2 grid3 grid4 grid5 grid6 grid7 grid8 grid9

Figure 2. Gridded annual precipitation in Anantapur district (1971-2003)
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year

^ ^ —gridl ^ ^ —grid2 ^ ^ —grid3 ^ ^ —grid4 ^ ^ —grid5 ^ ^ —grid6 ^ ^ —grid7 ^ ^ —grid8 ^ ^ —grid9 

F ig u r e  3 . G r id d e d  a n n u a l  t e m p e r a tu r e  i n  A n a n ta p u r  d i s t r i c t  ( 1 9 7 1 - 2 0 0 3 )

3 .1 .  T r e n d s  i n  P r e c i p i t a t i o n  a n d  T e m p e r a t u r e  D a t a

M K  te s t  r e j e c t e d  th e  n u l l  h y p o th e s is  ( H o) a n d  a c c e p te d  th e  a l t e r n a t iv e  h y p o th e s is  ( H a ) ,  i .e .  m o n o to n ic  t r e n d  e x i s ts  
i n  th e  l o n g - te r m  p r e c ip i t a t i o n  d a ta .  F r o m  S e n ’s s lo p e  t e s t ,  8  g r id s  a r e  s h o w in g  a  n e g a t iv e  t r e n d  a n d  o n ly  o n e  g r id  
h a v in g  a  p o s i t iv e  t r e n d  w i th  m a g n i tu d e  .4 9 m m /y e a r  i n  th e  c a s e  o f  t e m p e r a tu r e  a l l  g r id s  s h o w in g  a  p o s i t iv e  t r e n d  
w i t h  a n  a v e r a g e  m a g n i tu d e  .0 1 2 1 0C /y e a r  a n d  r e s u l t  a r e  g iv e n  i n  t h e  t a b l e l .  T h is  d e c r e a s e  i n  p r e c ip i t a t i o n  a n d  

in c r e a s e  i n  t e m p e r a tu r e  a r e  th e  m a in  r e a s o n  b e h i n d  th e  p e r s i s t e n t  d r o u g h t  c o n d i t i o n  i n  A n a n ta p u r  d i s t r i c t .

T a b l e l .  S e n ’s s lo p e  t e s t  r e s u l t  f o r  a n n u a l  p r e c ip i t a t i o n  a n d  t e m p e r a tu r e

G r id  n u m b e r S e n ’s s lo p e  ( m m /y e a r ) S e n ’s s lo p e  (0C /y e a r )

1 -4 .8 7 0 .0 1 4

2 -6 .0 9 0 .0 1 5

3 -2 .3 5 0 .0 1 2

4 -0 .2 1 0 .0 1 3

5 -1 .8 3 0 .0 1 3

6 -3 .5 3 0 .0 1

7 -3 .7 5 0 .0 1 2

8 0 .4 9 0 .0 1 1

9 -0 .3 7 0 .0 0 9

3 .2 .  S P E I  C a l c u l a t i o n

T h e  S P E I  R  l ib r a ry  a l lo w s  c o m p u t in g  th e  S P E I  a n d  in c lu d e s  a  s e t  o f  a d d i t io n a l  f u n c t io n a l i t i e s  a n d  o p t io n s .  I t  c a n  
b e  o b ta in e d  f r o m  th e  C o m p r e h e n s iv e  R  A r c h iv e  N e tw o r k ,  C R A N . U s in g  R  c o d in g  S P E I  w a s  c a lc u la te d  f o r  f iv e
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d i f f e r e n t  t im e  s c a le  i .e . ,  S P E I 1 ,  S P E I3 ,  S P E I 6 ,  S P E I 9 ,  S P E I 1 2  f o r  e a c h  g r id .  T h e  r e s u l t  o f  g r id 1  i s  g iv e n  i n  f ig u r e  
4 .

F ig u r e .4  S P E I 1 ,  S P E I3 ,  S P E I6 ,  S P E I9 ,  S P E I 1 2  f o r  g r id 1

T h e  1 - m o n th  S P E I  r e p r o d u c e d  s h o r t - t e r m  c o n d i t io n s ,  i t s  a p p l i c a t i o n  c a n  b e  c o n n e c te d  c lo s e ly  to  m e te o r o lo g ic a l  
d r o u g h t  a lo n g  w i th  s h o r t - t e r m  s o i l  m o is tu r e  a n d  c r o p  s t r e s s ,  p a r t i c u la r ly  d u r in g  th e  g r o w in g  s e a s o n .  I n t e r p r e t a t i o n  
o f  th e  1 - m o n th  S P E I  m a y  b e  m i s l e a d in g  u n le s s  c l im a to lo g y  i s  u n d e r s to o d .  I n  r e g io n s ,  w h e r e  p r e c ip i t a t i o n  w a s  
u s u a l ly  l o w  d u r in g  a  m o n th ,  l a r g e  n e g a t iv e  o r  p o s i t i v e  S P E I s  m a y  r e s u l t  e v e n  t h o u g h  th e  w i th d r a w a l  f r o m  th e  
m e a n  i s  r e la t iv e ly  s m a ll .  3 - m o n th  S P E I  r e p l i c a t e d  s h o r t  t e r m  a n d  m e d iu m  t e r m  m o is tu r e  c o n d i t io n .  I n  p r im a r y  

a g r ic u l tu r a l  r e g io n  S P E I3  r e p r e s e n te d  m o is tu r e  c o n d i t i o n  m o r e  e f f e c t iv e ly .  T h e  S P E I 6  in d i c a t e d  s e a s o n a l  to  
m e d iu m - te r m  t r e n d s  i n  e f f e c t iv e  p r e c ip i t a t i o n  i t  g a v e  th e  e f f e c t  o f  s e a s o n a l  v a r i a t i o n  m o r e  e f f e c t iv e ly .  T h e  9 -  
m o n th  S P E I  p r o v id e d  a n  i n d i c a t io n  o f  in t e r - s e a s o n a l  p r e c ip i t a t i o n  p a t t e r n s  o v e r  a  m e d iu m  t im e s c a le  d u r a t io n .T h e  
S P E I  a t  th i s  t im e s c a le r e p l i c a t e s  l o n g - te r m  p r e c ip i t a t i o n  p a t te r n s .  A  1 2 - m o n th  S P E I  w a s  a  c o m p a r i s o n  o f  th e  
p r e c ip i t a t i o n  f o r  12  c o n s e c u t iv e  m o n th s  w i t h  t h a t  r e c o r d e d  i n  th e  s a m e  12  c o n s e c u t iv e  m o n th s  i n  a l l  p r e v io u s  
y e a r s  o f  a v a i l a b le  d a ta .  S P E I s  o f  th e s e  t im e s c a le s  a r e  u s u a l ly  t i e d  to  s t r e a m  f lo w s ,  r e s e r v o i r  l e v e l s ,  a n d  
g r o u n d w a te r  l e v e l s  a t  l o n g e r  t im e s c a le s .

F r o m  th e  f ig u r e  4 , i t  w a s  c l e a r  t h a t  u p  to  1 9 8 5  th e  d r o u g h t  c o n d i t io n s  n o t  c o m m o n ,  b u t  i n  1 9 8 5 , th e y  
e x p e r i e n c e d  o n e  th e  s e v e re  d r o u g h t  i n  th e  h is to r y .  A f t e r  1 9 8 5 , d r o u g h t  w a s  f r e q u e n t ly  o b s e rv e d .  F r o m  1 9 9 5  -  
2 0 0 3  p e r i o d  f r e q u e n c y ,  d u r a t i o n ,a n d  in te n s i ty  o f  d r o u g h t  in c r e a s e d  a b n o r m a l ly .  C o n s i s te n t  d r o u g h t  c o n d i t i o n  
c a u s e s  s e v e re  s t r e s s  i n  lo c a l  e c o n o m y  e s p e c ia l ly  a g r ic u l tu r e  (M . S r in iv a s a  R e d d y  e t  a l . ,  2 0 0 8 ) .

3 .3 .S P E I  M a p p i n g

I n v e r s e  D i s ta n c e  W e ig h t in g  ( ID W )  m e th o d  w a s  u s e d  to  g e n e r a te  a  c o n t in u o u s  m a p  a n d  th i s  t o o l  i s  a v a i l a b le  i n  
A r c G I S .  S P E I 6  w a s  u s e d  f o r  th e  m a p p in g  b e c a u s e  6 -  m o n t h  t im e  s c a le  i n c o r p o r a t e s  th e  s e a s o n a l  v a r i a t i o n  
e f f e c t iv e ly .  S p a t i a l  d i s t r i b u t io n  o f  d r o u g h t  c o n d i t i o n  u s in g  S P E I 6  J u ly  f o r  th e  y e a r s  1 9 7 1 , 1 9 8 1 , 1 9 9 1 , 2 0 0 1  a n d  
2 0 0 3  g iv e n  i n  th e  f ig u r e  5 a  -  e .
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F ig u r e  5 a . S P E I 6  1 9 7 1  J u ly

F ig u r e  5 b . S P E I6  1 9 8 1  J u ly
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F ig u r e  5 c . S P E I 6  1 9 9 1  J u ly

F ig u r e  5 d . S P E I6  2 0 0 1  J u ly
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F ig u r e  5 e . S P E I 6  2 0 0 3  J u ly

S o u th w e s t e r n  s id e  o f  A n a n ta p u r  w a s  th e  m o s t  d r o u g h t - a f f e c t e d  a r e a .  B u t  c o m in g  to  th e  l a s t  d e c a d e s ,  th e r e  w a s  a  
s h i f t  i n  th e  d r o u g h t - p r o n e  a r e a s  i .e .  C e n tr a l  p a r t  o f  th e  d i s t r i c t  w a s  a ls o  e x p e r i e n c e d  s e v e re  d r o u g h t  c o n d i t io n .

4. Conclusion

I n  A n a n ta p u r  d i s t r i c t  d e c r e a s e  i n  p r e c ip i t a t i o n  a n d  in c r e a s e  i n  t e m p e r a tu r e  ( h i g h  e v a p o t r a n s p i r a t i o n )  c a u s e  
p e r s i s t e n t  d r o u g h t  c o n d i t io n .  S P E I  i n d e x  w a s  u s e d  to  a s s e s s  th e  d r o u g h t  c o n d i t i o n  i n  th e  A n a n ta p u r  d is t r ic t .  S P E I  
g a v e  a  b e t t e r  r e p r e s e n ta t i o n  o f  c l im a t ic  c o n d i t i o n  p r e v a i l i n g  i n  th e  s tu d y  a r e a .  I t  w a s  i n c o r p o r a t e d  th e  e f f e c t  o f  
p r e c ip i t a t i o n  a s  w e l l  a s  t e m p e r a tu r e .  T h e  r e s u l t s  s h o w e d  th a t ,  i n  th i s  3 3  y e a r s ,  f r o m  1 9 8 5  o n w a r d s  A n a n ta p u r  
e x p e r i e n c e d  m o r e  f r e q u e n t  a n d  s e v e re  d r o u g h t  e v e n ts .  D u r a t i o n  o f  th e  d r o u g h t  w a s  a ls o  in c r e a s e d .  I n  th e  e a r ly  
p e r io d  s o u th - w e s t  s id e  o f  t h e  d i s t r i c t  e x p e r i e n c e d  s e v e re  d r o u g h t ,  b u t  i n  t h e  l a s t  d e c a d e ,  i t  a f f e c te d  th e  w h o le  
d i s t r ic t .  A f t e r  1 9 8 5 , A n a n ta p u r  h a s  e x p e r i e n c e d  th e  s e v e re  d r o u g h t  i n  2 0 0 3 ,  i n  th e  s a m e  y e a r ,  th e  c e n t r a l  p a r t  o f  
th e  d i s t r i c t  e x p e r i e n c e d  th e  m o s t  s e v e re  d r o u g h t .  I n  th e  l a s t  d e c a d e ,  s e v e n  y e a r s  w e r e  d r o u g h t - p r o n e ,  i t  w a s  
s e r io u s ly  a f f e c te d  b y  th e  lo c a l  e c o n o m y  e s p e c ia l ly  a g r ic u l tu r e .

References

1. D a s  P .K , D u t t a  D , S h a r m a  J .R  a n d  D a d h w a l  V .K . ( 2 0 1 6 ) ,  “ T r e n d s  a n d  b e h a v i o r  o f  m e te o r o lo g ic a l  
d r o u g h t  ( 1 9 0 1 - 2 0 0 8 )  o v e r  I n d i a n  r e g i o n  u s in g  s t a n d a r d i z e d  p r e c i p i t a t i o n - e v a p o t r a n s p i r a t i o n  in d e x ” , 

I n te r n a t io n a l  J o u r n a l  o f  C l im a to lo g y ,  3 6 : 9 0 9 - 9 1 6

2 . G a jb h iy e  S , M e s h r a m  C , S in g h  S .K , P r a s h a n t  K . S r iv a s ta v a  a n d  T a n v i r  I s l a m  ( 2 0 1 6 ) ,  “ P r e c i p i t a t i o n  t r e n d  
a n a ly s i s  o f  S in d h  R i v e r  b a s in ,  I n d ia ,  f r o m  th e  1 0 2 - y e a r  r e c o r d  ( 1 9 0 1 - 2 0 0 2 ) ” , A tm o s p h e r ic  S c ie n c e  
L e t te r s ,  17 : 7 1 - 7 7

3 . K i m  C .J ,  P a r k .M  a n d  L e e  J .H  ( 2 0 1 4 ) ,  “ A n a ly s i s  o f  c l im a te  c h a n g e  im p a c t s  o n  th e  s p a t ia l  A n d  f r e q u e n c y  
p a t t e r n s  o f  d r o u g h t  u s i n g  a  p o t e n t i a l  d r o u g h t  H a z a r d  m a p p in g  a p p r o a c h ” , I n te r n a t io n a l  J o u r n a l  o f  
C l im a to lo g y ,3 4 :  6 1 - 8 0

4 . M a l ly a  G , M i s h r a  V , N iy o g i  D , T r ip a th i  S a n d  G o v in d a r a ju  R .S ( 2 0 1 6 ) ,”  T r e n d s  a n d  v a r i a b i l i t y  o f  
d r o u g h ts  o v e r  th e  I n d i a n  m o n s o o n  r e g io n ” , W e a th e r  a n d  C l im a te  E x tr e m e s ,1 2 :  4 3 - 6 8

5 . N i r a n j a n K u m a r  K , M .R a je e v a n ,  D .S .P a i ,  A .K .S r iv a s t a v a  a n d  B .P r e e th i  ( 2 0 1 3 ) ,  ”  O n  th e  o b s e r v e d  

v a r i a b i l i t y  o f  m o n s o o n  d r o u g h ts  o v e r  I n d ia ” , W e a th e r  a n d  C l im a te  E x t r e m e s ,1 : 4 2 - 5 0

Department of Civil Engineering, MBCET 543



ICID 2018 21-23 June, 2018

6 . Z a h r a d n ic e k  P , T r n k a  M , B r a z d i l ,  M o z n y  M , H la v in k a  P ,  Z a lu d  Z  a n d  M a ly  A ( 2 0 1 5 ) ,  “ T h e  e x t r e m e  
d r o u g h t  e p i s o d e  o f  A u g u s t  2 0 1 1 - M a y  2 0 1 2  i n  th e  C z e c h  R e p u b l i c ” , I n t e r n a t io n a l  J o u r n a l  o f  
C l im a to lo g y ,  3 5 : 3 3 3 5 - 3 3 5 2

7 . R o s s i  G , V e g a  T  a n d  B o n a c c o r s o  B  ( 2 0 0 6 )  “ M e th o d s  A n d  T o o ls  F o r  D r o u g h t  A n a ly s i s  A n d  
M a n a g e m e n t” , W a te r  S c ie n c e  a n d  T e c h n o lo g y  L ib r a r y ,  V o lu m e  6 2

8 . T a x a k  A .K , M u r u m k a r  A .R  a n d  A r y a  D .S  ( 2 0 1 4 ) ,  “ L o n g - t e r m  s p a t ia l  a n d  t e m p o r a l  r a in f a l l  t r e n d s  a n d  
h o m o g e n e i ty  a n a ly s i s  i n  w a in g a n g a  b a s in ,  c e n t r a l  I n d i a  ” , W e a th e r  a n d  C l im a te  E x tr e m e s ,  4 : 5 0 - 6 1

Department of Civil Engineering, MBCET 544



INTERNATIONAL CONFERENCE ON 
INFRASTRUCTURE DEVELOPMENT: ISSUES,
INNOVATIONS FORWARD

Website: www.icid18mbcet.in Email: icid2Q18@mbcet.ac.in

MAR BASELIOS
COLLEGE OF ENGINEERING AND TECHNOLOGY

Department of C iv il Engineering

IN
ASSOCIATION KERALA INFRASTRUCTURE 

INVESTMENT FUND BOARD

Pre-Conference Workshop # 1 
SUSTAINABLE PAVEMENTS AND ASSET MANAGEMENT 

21 June 2018

Programme Schedule
9 . 0 0  -  1 0 . 0 0 R e g i s t r a t i o n  a t  K a n a k a k k u n n u  P a l a c e

1 0 . 0 0  -  1 0 . 4 5 I n a u g u r a t i o n  o f  E x h i b i t i o n  o n  “ I n f r a s t r u c t u r e  D e v e l o p m e n t  a n d  Q u a l i t y  M a n a g e m e n t ”  b y  

S h r i  G  S u d h a k a r a n , H o n ’b l e  M i n i s t e r  f o r  P u b l i c  W o r k s  &  R e g i s t r a t i o n ,  G o v t .  o f  K e r a l a

1 0 . 4 5  -  1 1 . 0 0 T e a  B r e a k

1 1 . 0 0  -  1 1 . 4 0 R o a d  I n f r a s t r u c t u r e  D e v e l o p m e n t  i n  I n d i a  -  C h a l l e n g e s  

a n d  O p p o r t u n i t i e s

M r. K e d a r  B h a g w a t
D i r e c t o r ,  C u b e  H i g h w a y s

1 1 . 4 0  -  1 2 . 2 0 S u s t a i n a b l e  R o a d  I n f r a s t r u c t u r e  i n  K e r a l a  -  I s s u e s  a n d  

O p t i o n s

D r. R a j ib  B a s u  M a llic k
P r o f e s s o r ,  W o r c e s t e r  P o l y t e c h n i c  

I n s t i t u t e  ( W P I ) ,  U S A

1 2 . 2 0  -  1 3 . 0 0 R e c y c l i n g  o f  P a v e m e n t  M a t e r i a l s  f o r  S u s t a i n a b l e  R o a d  

I n f r a s t r u c t u r e  -  O p p o r t u n i t i e s  i n  K e r a l a

W ir tg e n  G ro u p

1 3 . 0 0  -  1 4 . 0 0 L u n c h

1 4 . 0 0  -  1 4 . 4 0 C h o i c e  a n d  G u i d e l i n e s  f o r  S e l e c t i o n  o f  B i n d e r s  f o r  

L o n g  L a s t i n g  H i g h w a y  P a v e m e n t s

D r. J  M u ra l i  K r is h n a n
P r o f e s s o r ,  I I T  M a d r a s

1 4 . 4 0  -  1 5 . 1 0 S u s t a i n a b l e  A s p h a l t  P a v e m e n t  T e c h n o l o g y  &  G r e e n  

I n i t i a t i v e s  i n  A s p h a l t  M i x i n g  P l a n t s

M r. K  S a r a v a n a k u m a r
D e p u t y  G e n e r a l  M a n a g e r  ( S o u t h )  

A m m a n n  I n d i a  P r i v a t e  L t d .

1 5 . 1 0  -  1 5 . 4 0 R i g i d  P a v e m e n t s  -  W h i t e  T o p p i n g U ltra T e c h  C e m e n t L td .

1 5 . 4 0  -  1 6 . 0 0 T e a  B r e a k

1 6 . 0 0  -  1 6 . 4 0 C o n d i t i o n  A s s e s s m e n t  a n d  M a i n t e n a n c e  S t r a t e g i z a t i o n  

f o r  H i g h w a y  A s s e t s

M r. B h a n o j D o k k u
M a n a g e r  M a i n t e n a n c e  ( P a v e m e n t s )  

V  R  T e c h n i c h e

1 6 . 4 0  -  1 7 . 1 0 M o i s t u r e  R e s i s t a n t  D u r a b l e  P a v e m e n t s  w i t h  

N a n o t e c h n o l o g y

M r. V a su d e v a n
G M  -  I n t e r n a t i o n a l  M a r k e t i n g  

Z y d e x  I n d u s t r i e s

1 7 . 1 0  -  1 7 . 3 0  I n t e r a c t i v e  S e s s i o n

http://www.icid18mbcet.in
mailto:icid2Q18@mbcet.ac.in


^ icid e o i s  INTERNATIONAL CONFERENCE ON 
2*  INFRASTRUCTURE DEVELOPMENT: ISSUES,

INNOVATIONS & THE WAY FORWARD
21-23 JUNE, 2018

Website: www.icid18mbcet.in Email: icid2018@mbcet.ac.in

MAR BASELIOS
COLLEGE OF ENGINEERING AND TECHNOLOGY

D epartm ent of Civil Engineering

IN
ASSOCIATION

WITH

KERALA INFRASTRUCTURE 
INVESTMENT FUND BOARD

Pre-Conference Workshop # 2

STRUCTURAL SIMULATIONS USING FEASTsmt SOFTWARE
21 June 2018

Programme Schedule

9 .0 0 - 1 0 .1 5 R e g i s t r a t i o n  a t  M B C E T

1 0 .1 5 - 1 0 .3 0 T e a  B r e a k

1 0 .3 0 - 1 2 .3 0 T h e o r e t i c a l  S e s s i o n  o n  F E A S T sm t

1 2 .3 0 - 1 3 .3 0 L u n c h

1 3 .3 0 - 1 5 .3 0 H a n d s - o n  T r a i n i n g  i n  F E A S T SMT

1 5 .3 0 - 1 5 .4 5 T e a  B r e a k

1 5 .4 5 - 1 7 .3 0 F E A S T SMT - S e s s i o n  C o n t in u e s

1 7 .3 0 - 1 7 .4 5 V a l e d i c t o r y  F u n c t i o n

http://www.icid18mbcet.in
mailto:icid2018@mbcet.ac.in


INTERNATIONAL CONFERENCE ON 
INFRASTRUCTURE DEVELOPMENT: ISSUES,
INNOVATIONS FORWARD

Website: www.icid18mbcet.in Email: icid2018@mbcet.ac.in

MAR BASELIOS
COLLEGE OF ENGINEERING AND TECHNOLOGY

Departm ent of Civil Engineering

KERALA INFRASTRUCTURE 
INVESTMENT FUND BOARD

Pre-Conference Workshop # 3

A TECHNICAL TOUR OF GREENFIELD INTERNATIONAL
STADIUM, KERALA

21 June 2018

Programme Schedule

9 .0 0  - 1 0 .1 5  

1 0 .2 0

1 1 .0 0

R e g i s t r a t i o n  a t  M B C E T

D e p a r t u r e  t o  G r e e n f i e ld  S t a d i u m  f r o m  M B C E T

A r r i v a l  a t  G r e e n f i e ld  S t a d i u m

1 1 .1 5  - 1 3 .1 5 : T e c h n i c a l  T a l k

1 3 .1 5  - 1 4 .0 0 : L u n c h  B r e a k

1 4 .0 0  - 1 6 .3 0 : F i e l d  V i s i t

1 6 .3 0  - 1 6 .5 0 : T e a  B r e a k

1 6 .5 0  - 1 8 .3 0 : V i s i t  ( C o n t i n u e d . . . )

1 8 .3 0 : D e p a r t u r e  f r o m  G r e e n f i e ld  S t a d i u m

http://www.icid18mbcet.in
mailto:icid2018@mbcet.ac.in


P r o g r a m m e  S c h e d u le

2 2  J u n e  2 0 1 8  (F r id a y )

9.00am Registration

9.45-10.30 Inauguration
10.30-10.40 Tea Break

Trackl : Structural Engineering Track 2 : Transportation Engineering Track 3 : Geotechnical Engineering

10.40-11.20 Key Note: Mr. Immanuel Jose, 
Eco White

Key Note: Dr. J Murali Krishnan 
Professor, IITM

Key Note : Dr. T Thyagaraj
Asso. Professor, IITM

11.20-11.40 SE 108 Effect of Steel and 
Polypropylene Fibre on the 
Tension Stiffening of Ultra 
High Performance Concrete

TE 219 Comparative Study on Cell Filled and 
Whitetopped Concrete Overlay with 
Human Hair as Pavement 
Rehabilitation Methods

GT 402 Influence of Nano-Silica on 
Unconfined Comp. Strength of 
Marine Clay with Curing Time

11.40-12.00 SE 119 Strengthening of Self 
Compacting Concrete Using 
Polypropylene and Strips of 
Steel Scrubber

TE 220 Influence of Gauge Length on the 
Measurement of Resilient Modulus of 
Bituminous Mixtures

GT 403 Effect of Enzymatic Lime on 
Engineering Behaviour of Clay

12.00-12.20 SE 121 Seismic Evaluation of 
Different Structural Systems 
in Stepped Building Frame

TE 222 How to Consistently Collect Rheological 
Data for Bitumen in a Dynamic Shear 
Rheometer

GT 404 Skirted Stone Column with 
Bamboo and Coir in Kuttanadu 
Clay

12.20-12.40 SE 123 Study on Flexural Behaviour 
of RCC Beams Retrofitted 
with Biplanar Geonet

TE 225 Use of Statistical Methods for the Analysis 
of Axle Load Data for Pavement Design

22 June 2018
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12.40-1.00 SE 127 Effect of Near Surface and 
Externally Bonded 
Retrofitting on Exterior 
Beam-Column Joint

TE203 Accurate Identification of Pavement 
Materials that are Susceptible to Moisture 
Damage with the Use of Advanced 
Conditioning and Test Methods and the 
use of Machine Learning Techniques

1.00-2.00 Lunch Break

Trackl : Structural Engineering Track 2 : Transportation Engineering Track 3 : Hydraulics Engineering

2.00-2.40 -— Key Note : Dr. Santosh G Thampi 
Professor, NITC

2.40-3.00 SE 102 Analysis of Concrete Silo by 
using ETABS 2016

TE 207 Effect of Accessibility on Potential Tourist 
Destinations -A  Case Study of Kozhikode 
District in Kerala

HE 501 Trend and Change Point 
Analysis of Annual Maximum 
Stream flows of Krishna Basin 
Using Non- Parametric Tests 
and Empirical Mode 
Decomposition

3.00-3.20 SE 104 Seismic Analysis of RCC 
Buildings Considering the 
Flexibility of Soil

TE 208 Activity Based Transportation Modeling 
for Chelakottukara ward of Thrissur 
District

HE 502 Modeling of Bharathapuzha 
River Basin Using SWAT Model 
and SUFI-2

3.20-3.40 SE 106 Along and Across Wind 
Responses of Tall Buildings 
Considering Soil Structure 
Interaction

TE 209 Urban Resident's Awareness and 
Readyness For Sustainable Transportation 
A Case Study

HE 503 Assessment of Meteorological 
Drought in Anantapur District 
Using Standardized 
Precipitation - 
Evapotranspiration Index 
(SPEI)

3.40-4.00 Tea Break

22 June 2018
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Track 1(a) : Structural Engineering
4.00-4.20 SE 116 Thermal Response of 

Concrete Filled Fibre 
Reinforced Polymer Tube 
Columns

TE 211 A Study on Profit Optimisation of Kerala 
State Road Transport Corporation

SE 103 Finite Elemental Analysis of 
Idukky Dam

4.20-4.40 SE 118 Partial Replacement of Fine 
Aggregate with Crumb 
Rubber

TE 212 Estimation of PCU and Saturation Flow for 
Mixed Traffic Condition at Urban 
Signalized Intersections

SE 125 Response of Conventional and 
Virtual Outrigger System 
Subjected to Seismic Load

4.40-5.00 SE 122 Study on the Mechanical 
and Flexural Properties of 
Concrete by the Addition of 
Black Liquor Sludge as 
Admixture

TE 215 Overtaking Behaviour of Vehicles on 
Undivided Roads Under Heterogeneous 
Traffic

SE 128 Effect of Nonlinear Viscous 
Dampers on Irregular Shaped 
Buildings

5.00-5.20 SE 124 Study on Behaviour of 
Normal Concrete Column 
and Modified Reactive 
Powder Column

TE 224 Surrogate Safety Assessment Models for 
Interurban Corridors

SE 130 Numerical Study on the 
Flexural Behaviour of Concrete 
Filled Steel Tube Beam 
Strengthened with CFRP

6.00-8.30 Conference Dinner at Olympia, MBCET

22 June 2018
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P r o g r a m m e  S c h e d u le

2 3  J u n e  2 0 1 8  (S a tu r d a y )

Track 1 : Structural Engineering Track 2 : Transportation Engineering Track 3 : Environmental Engineering

9.30-10.10 Key Note : Dr. Gopu R Potty 
Professor, University of Rhode 
Island

Keynote : Dr. Rajib B Mallick 
Professor, WPI, USA

Key Note : Mr. Shreeganesh V Nair 
MD, GTCS

10.10-10.30 SE 105 Effect of Containment 
Reinforcement on the Seismic 
Performance of Un-Reinforced 
Masonry Buildings

TE 205 Environmental Impact Assessment 
of Thrissur-Vadanapally Road 
Project

EE 301 Environmental Issues of Buildings -  
Greensolutions

10.30-10.50 SE 107 Eco- Friendly Cement Blocks TE 210 Use of Data Mining Technique for 
Systematic Road Safety Audit of 
Non-urban Highways

EE 302 Development of Noise Map Using 
GIS For Lucknow Metropolis

10.50-11.10 SE 109 Development of Stress Block 
Parameters of Concrete with 
Metakaolin Admixed Recycled 
Concrete Aggregate

TE 213 Analysis and Development of 
Traffic Speed-Flow-Density 
Relationships for Urban Roadway

EE 303 Comparative Study of Noise 
Descriptors and Noise Exposure 
Level Due to Diwali Noise in 
Metropolitan City: Lucknow

11.10-11.25 Tea Break

11.25-11.45 SE 110 Study on Properties of 
Polythene Fibre Reinforced 
Concrete with Partial 
Replacement of Coarse 
Aggregate as Coconut Shell 
(PFRCSC)

TE 214 Managing Traffic Congestion Using 
GIS -  A Case Study In Attingal Town

EE 307 Evaluation of Groundwater Quality 
at Eloor, Ernakulam District, Kerala 
Using GIS

23 June 2018
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11.45-12.05 SE 112 Effect of Swimmer Bars on the 
Behaviour of Exterior Beam 
Column Joints Under Reverse 
Cyclic Loading

TE 218 Quantification and Analysis of 
Blindspots for Light Motor Vehicles

EE 308 Biodiesel Production from Waste 
Oil Using Mussel Shell as Catalyst

12.05-12.25 SE 126 Shear Behaviour of RCC Beams 
Retrofitted with Ultra High 
Performance Fibre Reinforced 
Concrete

TE 226 Feasibility Study of Provision for 
Exclusive Bus Lanes on Urban 
Roads

EE 309 Landfill Site Selection Using GIS and 
Landfill Design in Trivandrum 
District

12.25-12.45 SE 129 Flexural Behaviour of RCC 
Beams Retrofitted with 
Engineered Cementitious 
Composite (ECC)

12.45-1.05 SE 132 Flexural Behaviour of Hybrid 
Fibre Reinforced High Strength 
Concrete

1.05 -2.00 Lunch Break

Track 1 : Structural Engineering Track 2 : Transportation Engineering Track 3 : Environmental Engineering

2.00-2.40 Key Note : Dr. Saravanan U
Asso. Professor, IITM

Key Note : Dr. P K Sikdar 
President, ICT

—

2.40-3.00 SE 101 Fire Resistance of Steel- 
Concrete Composite Bridge 
Girders

TE 201 Use of Recylced Premix Chipping 
Carpet (RPCC) for Rural road 
Construction

EE 304 Treatment of Industrial Effluent 
with Coir Pith and Charcoal Infused 
Soil Media

3.00-3.20 SE 111 Comparative Study on 
Hysteretic Performance of 
Semi Through Connections in 
CFT Beam - Column Joint

TE 204 Comparing The Properties of HMA 
With Warm Asphalt Mixes by 
Varying Temperatures Using 
Sasobit & Stearic Acid as Additives

EE 305 Optimisation of Phosphate 
Removal from Fertiliser 
Wastewater Using Polysulphone 
Chitosan Nanosilica Membrane

23 June 2018
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3.20-3.40 SE 115 Experimental and Analytical 
Study on Geopolymer 
Concrete Beam with Hollow 
Space Below Neutral Axis

TE 206 Development of a Relation 
Between Structural and Functional 
Characteristics of Pavement

EE 306 Trend and Change Point Analysis of 
Extreme Temperature Over India 
Using Non-Parametric Methods and 
Empirical Mode Decomposition

3.40-4.00 SE 120 Experimental Investigation on 
Torsional Behaviour of RCC 
Beams Retrofitted with High 
Strength Ferrocement 
Jacketing and GFRP

TE 221 Influence of Rest Period and 
Confinement Pressure on the 
Measurement of Dynamic Modulus 
of Bituminous Mixtures

4.00-4.20 SE 133 Strength and Behaviour of RCC 
Beams Retrofitted by Textile 
Reinforced Concrete

TE 223 Moisture Conditioning Process for 
Large-Sized Prismatic Straight Beam 
Specimens of Bituminous Concrete

4.25-5.00 Valedictory function

23 June 2018
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NEW
TANDARDS

FOR THE

AMMANN ABA UNIBATCH ASPHALT-MIXING PLANT
The Ammann ABA UniBatch sets new standards for asphalt mix production in 
the 100-340 t/h output classes. It delivers cutting-edge technology and includes 
all the features of current and future plant concepts.

• Maximum customisation combined with top performance and economic efficiency

• Designed for worldwide use, with mixing tower modules optimized for ease of transportation

• Can be fitted and extended with numerous options at any time

Ammann India Private Ltd., Near Mithakhali Circle, Navrangpura, Ahmedabad 380 009 
Phone +91-79-6618-8888, Fax +91-79-2656-4705, info.ain@ammann-group.com 
For additional product information and services please visit: www.ammann.com  
PMP-2093-01-EN | © Ammann Group

AMMANN

mailto:info.ain@ammann-group.com
http://www.ammann.com


FOR INDIA

AMMANN AFT 500 ASPHALT PAVER
Looking for productivity on larger asphalt road projects? The Ammann AFT 500 Paver is the answer. 
The machine features many advantages for the operating crew, such as unmatched overview for best 
process control at all time. The AFT 500 offers the power, the traction and the screed options to pave 
roads as wide as 7 metres.

What else do you get with the AFT 500?

• A  modern dashboard with 5" color display that enhances operator control

• Slidable operator stations to give the operator the best overview on the relevant side of the machine

• Open plug-and-play connections to the leveling system of your choice

• Tried-and-tested European technology that is fine-tuned for the Indian market

• Leading after-sales support through Apollo's robust service network all over India

Ammann India Private Ltd., Near Mithakhali Circle, Navrangpura, Ahmedabad 380 009 
Phone +91-79-6618-8888, Fax +91-79-2656-4705, info.ain@ammann-group.com 
For additional product information and services please visit: www.ammann.com  
PMP-2240-00-EN | © Ammann Group

AMMANN

mailto:info.ain@ammann-group.com
http://www.ammann.com


Infrastructure Today 2017 Full Page Ad 200 mm (w) x 272 mm (H)

Climate Resilient 
Green Roads with 9

4 *

nanotechnology

Water Resistant Bases
Swell control, Permeability reduction, 
Improved compaction, 80+ CBR Z y c t>  B o n d

TerraSil

Waterproofed Prime & Tack Coats 
with High Perfomiance
(also useful in Fog Seal, Slurry Seal, Chip Seal, Micro surfacing)
Strong Chemical Bonding, Waterproofing, Quick Setting,
Zero Volatile Emissions

TerraPrime

Weather Resistant Bituminous Courses
Improved Resistance to Moisture, 
Oxidation, Fatigue, Cracking & Bleed

Reduced Maintenance -  E x te n d e d  L ife

ZYDEX INDUSTRIES 61, Gotri-Sevasi Road, Sevasi, Vadodara - 390 021. Gujarat. INDIA 
Mail: roads@zydexindustries.com, info@zydexindustries.com I www.zydexindustries.com

mailto:roads@zydexindustries.com
mailto:info@zydexindustries.com
http://www.zydexindustries.com


CLOSE TO OUR CUSTOMERS

M WIRTGEN GROUP

V  *

Q  www.wirtgen-group

ROAD AND MINERAL TECHNO LO GIES. The WIRTGEN GROUP owes its strength to the excellence 
of its product brands - WIRTGEN, VOGELE, HAMM and KLEEMANN - with their unique wealth of 
experience. Put your trust in the WIRTGEN GROUP team. Q  www.wirtgen-group.com/india

WIRTGEN INDIA • Toll Free Number 1800-200-2600 • E-Mail: sales.india@wirtgen-group.com

WIRTGEN HAMM KLEEMANN

W l n l G t N  inQ ia_W G _ G _ U 4 _ 4 M _ 2U U X 27 , T fT

http://www.wirtgen-group
http://www.wirtgen-group.com/india
mailto:sales.india@wirtgen-group.com




Global Leader in Viscosity (BROOKFIELD
Viscometers & Rheometers

BRK Instruments India LLP

DV2T - Viscometer DV3T - Rheometer *=* RST Rheometer

Texture & Powder Flow Analyzer
CT3 Texture Analyzer

21 CFR Part 11 Compliance
Spreadability
Firmness
Gel Strength
Tackiness

Powder Flow Analyzer
Complies to USP1174 
Flowability 
Angle of Friction 
Compressibility 
Cohesiveness 
Bulk Density

Advanced Application Laboratory
ANM House, Plot No.- A-141, Road No.23, Wagle Industrial Area, Thane (w) 400 604. INDIA 
Tel: 91-22-6614 1666 Fax: 91-22-6614 1678 Email: info@brkindia.net URL : www.brkindia.net

www.brookfieldengineering.com

mailto:info@brkindia.net
http://www.brkindia.net
http://www.brookfieldengineering.com

