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ABSTRACT OF THESIS

FLEXURAL BEHAVIOUR OF RC BEAMS STRENGTHENED BY NEAR
SURFACE MOUNTED FRP BARS

Strengthening with near-surface-mounted (NSM) fiber-reinforced-polymer (FRP)
reinforcement has become a well-known technique, which provides a strong bond between
the FRP element and concrete. However, one of the most common failure modes of NSM-FRP
strengthened beams is concrete cover separation (CCS). In this research, the flexural behavior
of RC beams strengthened with fully and partially bonded NSM CFRP bars was studied. Two
different bar configurations with straight and hooked ends were used. The hooked ends were
used to act as end anchors, which might delay or prevent the CCS failure. The results indicated
that the end anchoring was very effective in delaying the CCS and increasing the ultimate
carrying capacity. The ultimate load of the beams strengthened with two straight NSM CFRP
bars increased by 157.3%, while that of the corresponding beam having end anchorage
increased by 197.9% compared to the unstrengthened beam. On the other hand, unbonding
the NSM bars along the constant moment zone did not decrease the ultimate load compared
with the fully bonded bars, however it slightly increased the beam deformability. Extending
the unbonded length into the shear span shifted the failure mode from CCS to shear failure,

which is not preferred from the point of view of the structural safety.

A numerical investigation utilizes the non-linear finite element (FE) modeling was
performed using ANSYS®. The developed FE model considered the nonlinear constitutive
material properties of concrete, yielding of steel reinforcement, and bond slip of non-anchored
NSM bars with adjacent epoxy surface. Progressive continuum damage mechanics (CDM)
along with the fracture concepts were employed to simulate the damage initiation and
propagation at the epoxy-concrete interface. A strain-based failure criteria was proposed to
predict the CCS failure. The developed models were validated by comparing the numerical
and experimental results in terms of load-deflection behavior, load-CFRP strain response, and
failure modes. Overall, a good agreement was obtained with a Mean Absolute Percentage

Error (MAPE) of 2.58% for the ultimate loads. The developed models were then used to study



effects of extra parameters. The effect of the NSM CFRP bar length, axial stiffness of the NSM
reinforcement (EA)s,, corrosion of tension steel, compressive strength of concrete, and
prestressing of the NSM reinforcement were evaluated.

With respect to the ultimate load, it was indicated that increasing the axial stiffness of the
NSM reinforcement via the bar diameter had a superior effect than increasing the material
modulus. Increasing the NSM bar length over 175 times the bar diameter did not have a
significant effect neither on the ultimate load, nor on the beam deformability. In contrast with
the non-prestressed systems, prestressing of the NSM reinforcement enhanced the service
performance of the strengthened beams by reducing deflections at different load stages.
However, it did not enhance the ultimate loads due to rapture of the FRP bars. Increasing the
axial stiffness of the prestressed NSM reinforcement significantly enhanced the ultimate loads
of the strengthened members by either delaying the FR rapture or shifting the failure mode to

concrete crushing.



ACKNOWLEDGEMENTS

First and foremost, I would like to thank Almighty God (Allah), whose many blessings
have made me who I am today. I would like to express my deepest gratitude and appreciation
to my supervisors, Prof. Ayman Hussein, Prof. Hadad Said, and Dr. Ezz El-Dein Mostafa,
for their invaluable assistance, support, and guidance during this MSC journey. I would like
to thank you for showing me the right way to become a researcher, and academician and for
your patience when I screw up. I would also like to thank my committee members, Prof.
Ahmed Ghallab, and Dr. Hatem Mostafa for serving as my committee members and for
providing me with invaluable advices, comments, and suggestions. I would especially like to
thank Dr. Ibrahim Sharaky for his enormous help during all stages of the research. Many
thanks to my friends, Ahmed Aly, Mohammed Asran, and Hisham Zakaria who helped me

with the experimental tests.

A special thanks to my family. Words cannot express how grateful I am to my father, my
mother, and my siblings for all of the sacrifices that you've made on my behalf. At the end I
would like express appreciation to my beloved wife Abla Mowafi who spent sleepless nights

with and was always at my support.
To each one of you who has helped me on this journey:

"May the wind always be on your back and the sun upon your face."






Table of Content

Abstract

Acknowledgements

Table of Contents

List of Tables

List of Figures and Illustrations
List of Nomenclature and Symbols
List of Abbreviations

CHAPTER ONE: INTRODUCTION
1.1 General

1.2 Objectives

1.3 Thesis layout

CHAPTER TWO: LITERATURE REVIEW

2.1 Introduction

2.2 FRP materials

2.2.1 Mechanical properties of FRP materials

2.3 FRP strengthening techniques
2.3.1 Externally bonded (EB) FRP technique
2.3.2 Near surface mounted (NSM) FRP strengthening technique

2.4 Bond behaviour of NSM joints
2.4.1 Experimental research on the bond behaviour of NSM FRP joints
2.4.2 Bond strength of NSM joints

2.5 Flexural behaviour of RC beams strengthened with NSM FRP
reinforcement
2.5.1 RC beams strengthened with fully bonded NSM FRP reinforcement
2.5.2 RC beams strengthened with partially bonded NSM FRP

Reinforcement

2.6 Failure modes and mechanisms of NSM reinforcement

2.7 Concrete cover separation/delamination/detachment of NSM FRP
strengthened beams
2.7.1 Available experimental research on the concrete cover separation
2.7.2 Available strength models for concrete cover separation in RC

beams
2.8 Finite element (FE) modeling of NSM FRP strengthened beams
2.9 Summary and conclusions

CHAPTER THREE: EXPERIMENTAL PROGRAM
3.1 Introduction
3.2 Test details

3.2.1 Specimen details and design

3.2.2 Test matrix

3.2.3 Specimens casting and curing

vii
viii

Xiii

NN - -

oo NO1TOolT AP oWWWW

11

11
12

12
13

14
16

31
31
31
31
32
32



