
INVESTIGATIONS INTO BEHAVIOR OF ADHESIVE 
BONDED STEEL-CONCRETE COMPOSITE FLEXURAL 

MEMBERS 
 

 

 

 

 

 

ANKIT BHARDWAJ 
 

 

 

 

 

 

 

 
 

DEPARTMENT OF CIVIL ENGINEERING 

INDIAN INSTITUTE OF TECHNOLOGY DELHI 

FEBRUARY 2020 



 

 

 

 

 

 

 

 

 

 

 

 

© Indian Institute of Technology Delhi (IITD), New Delhi, 2020 

 

 

 

 

 

 

 

 

 

 

 



INVESTIGATIONS INTO BEHAVIOR OF ADHESIVE BONDED 
STEEL-CONCRETE COMPOSITE FLEXURAL MEMBERS 

 

 

 

 

 

by 

ANKIT BHARDWAJ 

Department of Civil Engineering 
 

 

 

 

 

Submitted 

in fulfillment of the requirements for the degree of Doctor of Philosophy 
 

 

 

 

to the 
 

 

 

 

 

 

 

INDIAN INSTITUTE OF TECHNOLOGY DELHI 

FEBRUARY 2020 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                 

 

 

 

 

 

 

 



i 

CERTIFICATE 
 

This is to certify that the thesis entitled, “Investigations into Behaviour of Adhesive 

Bonded Steel-Concrete Composite Flexural Members” being submitted by Mr. 

Ankit Bhardwaj to the Indian Institute of Technology Delhi for the award of the 

degree of Doctor of Philosophy is a bonafide record of research work carried out by 

him under our supervision and guidance. The thesis work, in our opinion, has reached 

the requisite standard fulfilling the requirement for the degree of Doctor of 

Philosophy. 

The results contained in this thesis have not been submitted, in part or full, to 

any other University or Institute for the award of any degree or diploma. 

 
 
 
 

A. K. Nagpal 
Former Professor 

Department of Civil Engineering 
Indian Institute of Technology Delhi 
Hauz Khas, New Delhi 110016, India

Sandeep Chaudhary 
Professor 

Discipline of Civil Engineering 
Indian Institute of Technology Indore 

Simrol, Indore 453552, India 
 
 
 
 
 
 

Vasant Matsagar
Dogra Chair Professor 

Department of Civil Engineering 
Indian Institute of Technology Delhi 
Hauz Khas, New Delhi 110016, India 

 

 
 
 
  



ii 

 

ACKNOWLEDGEMENTS 

This work would not have been possible without significant contribution from a number 

of people, I am sincerely thankful to all of them. In particular, I would like to express my 

deep gratitude towards my supervisors, Prof. A. K. Nagpal, Prof. Vasant Matsagar and 

Prof. Sandeep Chaudhary for their continuous guidance and support throughout my Ph.D. 

They helped me to grow as a researcher and realise my potential. No amount of 

appreciation can be good enough to express my gratitude to them. Beside my supervisors, 

I am also very much thankful to Prof. B. Bhattacharjee for his support provided by having 

fruitful technical discussions and giving valuable suggestions, as and when required. Prof. 

N. K. Garg, Prof. G. S. Benipal, Prof. B. R. Chahar, Prof. P. Mahajan, Prof. D. R. Sahoo 

and Prof. T. Chakraborty have also been very generous to extend their kind help. 

I am thankful to the Department of Science Technology (DST) India for providing the 

financial aid (DST/TSG/STS/2011/92-G/1) which enabled me to conduct experiments 

and helped us to bear other project related expenses. 

I am also thankful to Dr. Pankaj Kumar for his continuous support while conducting 

experiments at MNIT Jaipur. My thanks also extend to technical and non-technical staff 

of Structural Engineering Laboratory at MNIT Jaipur, Multi Hazard Protective Structures 

(MHPS) Laboratory at IIT Delhi and Concrete Laboratory at IIT Delhi for their help in 

experimental work. I also express my deep gratitude to Mrs. Neeru Sharma, Mr. Rajveer 

Agrawal, Mr. Randheer Jha, Mr. Bikram, N. R. Gehlot, Mr. Nitin Chourasia, Mr. Biri 

Singh and other staff of Civil Engineering Department at IIT Delhi for their support 

through out the span of my stay at IIT Delhi. 

This journey would not have been so smooth without the company and support provided 

by friends and colleagues. I am very thankful to Dr. M. P. Ramnavas, Dr. Hemant 



iii 

 

Shrivastava, Dr. Kashyap Patel, Dr. Kaustav Sarkar,Dr. Aruna Gupta, Mr. Rohit Tiwari, 

Mr. Sushil Kumar, Dr. Arundhuti Banerjee, Dr. Sunita Mishra, Dr. Surendra Beniwal, 

Mr. Naseef Ummer, Mr. Ruban Sugumar, Mr. Pravin Jagtap, Dr. Sandeep Saha, Mr. 

Tathagata Roy, Mr. Sharang Totekar, Mr. Akshay Kumar, Mr. Rakesh R, Mr. Roshan 

Kumar, Mr. KSD Kiran and Mr. Prateek Bhatt for their technical and moral support. I 

extend my thanks to Mr. Dhawal Vyas, Mr. Amit Daiya, Dr. Naveen Jha, Dr. Ravi Gupta, 

Mr. Manish Upadhyay, Mr. Ankit, Mr. Ramkrishna Lodhi, Mr. Vibhu Goyal and Mr. 

Virendra Saini. Special thanks are due to my all well wishers, Mr. Arun Ahuja, Mr. Ankit 

Gupta, Mr. Anand Kr. Gupta, Dr. Brajesh Pushp, Mr Paras Yadav and many more. 

Further, I cannot dare to thank my family, as no gesture or expression is enough to 

express my indebtness to them for their sacrifices, blessings, support in all possible ways. 

They stood with me in my good and bad times. 

Ankit Bhardwaj 



 

iv 

 

ABSTRACT 

Steel-concrete composite flexural members are widely adopted in the construction of 

bridges and buildings. For the advancement of steel-concrete composite construction 

techniques, bonding of steel girder and precast concrete slab at their interface using 

epoxy-based adhesive to construct bonded steel-concrete composite flexural members 

(BFMs) is being explored as an alternative to mechanical shear connectors. Adaptation of 

adhesive bonded connection is only possible when the behavior of interfacial connection 

has been examined in every aspect. Concrete in continuous BFMs experiences tensile 

creep at internal supports and compressive creep in the span under sustained load. 

Research on BFMs is in its preliminary stage. Among various unexplored aspects 

of BFMs, some of which have been addressed here are: (i) long-term behavior of 

continuous BFM, (ii) tensile strength of concrete under tensile creep, (iii) effect of 

location of load on shear lag behavior, (iv) behavior of bond connection and (v) analytical 

formulas of slip and shear stress in bond layer. 

In the present research work, first, a relationship between effective tensile strength 

of concrete and creep coefficient is proposed, which is valid for flexural members under 

sustained load. Using the proposed relationship, a computationally efficient effective 

modulus method based procedure to predict the long-term behavior of mechanically 

connected steel-concrete composite flexural members using three-dimensional (3D) finite 

element (FE) analysis has been proposed.  

Next, an experimental program to select an epoxy based adhesive suitable for 

BFMs has been presented. Then after, short-term and long-term full-scale experiments on 

BFMs have been presented. The research work also presents 3D FE models to predict 

short-term and long-term behavior of BFMs. 
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Further, a numerical study on shear lag and effective width of BFMs has been 

presented. The study focuses on effect of location of load on shear lag and effective width 

for (a) deflection at service load, (b) maximum stress at service load and (c) plastic 

analysis at ultimate load.  

Present research work also includes numerical investigation on adhesive bond 

layer of BFM in order to understand the effect of load proportion factor, loading 

arrangement, concrete slab width, concrete slab thickness and Young’s modulus of 

adhesive. This investigation focuses on variation of shear and normal stresses and strains 

along the length at service load and ultimate load. 

Also, the present research work presents analytical solutions to interfacial slip of 

BFMs at service load for common load and boundary conditions, which can be used for 

preliminary design. The presented analytical solutions have been validated with the help 

of 3D FE analysis. 
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y (B/2, 0.00, LLoad) Normal compressive stress at top surface of concrete at edge at 
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z  Longitudinal bending compressive stress 
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σ
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z (0.00, 0.00, 0.00) Longitudinal bending compressive stress at top surface of 

concrete at mid-width at mid-span 

σ
+
z (0.00, 0.00, L0/2) Longitudinal bending compressive stress at top surface of 

concrete at mid-width at longitudinal end of BFM 

σ
+
z (0.00, 0.00, LLoad) Longitudinal bending compressive stress at top surface of 

concrete at mid-width at location of load 

σ
+
z (0.00, Dc + 0.50Da, z) Longitudinal bending compressive stress in the bond layer at mid-

width 

σ
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concrete at mid-width 

σ
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z (x, y, 0.00) Longitudinal bending compressive stress at mid-width 
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z (B/2, 0.00, 0.00) Longitudinal bending compressive stress at edge of top surface of 

concrete at mid-width 

σ
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z (B/2, 0.00, L0/2) Longitudinal bending compressive stress at edge of top surface of 

concrete at longitudinal end of BFM 

σ
+
z (B/2, 0.00, LLoad) Longitudinal bending compressive stress at edge of top surface of 

concrete at location of load 

σ
+
z,SBT(x, 0.00, 0.00) Longitudinal bending compressive stress at top surface of 

concrete at mid-width using simple bending theory 

σ̄c(ε̃c

pl
) Effective compressive cohesion stress 

maxσ


 
The maximum principal effective stress 

σ̄t(ε̃ t

pl
) Effective tensile cohesion stress 

τyz Shear stress 

τyz(0.00, Dc + 0.50Da, z) Shear stress in the bond layer at mid-width 

τyz(0.25Ba, Dc + 0.50Da, z) Shear stress in the bond layer at quarter-width 

τyz(0.50Ba, Dc + 0.50Da, z) Shear stress in the bond layer at edge 

yz(x, Dc + 0.50Da, z) Shear stress in the bond layer 

a  Poisson's ratio of the adhesive 

(z) Curvature of the BFM 

ψCDP  The dilation angle measured in p-q plane in high confining 

pressure condition of concrete 

ψDP Dilation angle of adhesive 
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B31 Two-node spatial shear flexible beam elements 

BFM Adhesive bonded steel-concrete composite flexural members 

C3D8 Three dimensional eight node continuum elements 

CDP Concrete damaged plasticity 

CFM Steel-concrete composite flexural members 

DP Drucker-Prager 

EC Eurocode 4 (2004) 

FE Finite element  

LA Loading arrangement 

LDP Extended linear Drucker-Prager 

LPF Load proportion factor 

MCFM Mechanically connected steel-concrete composite flexural members 

PNA Plastic neutral axis 

RB Reference beam 

SBT Simple beam theory 

VB Validation beam 
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