ABSTRACT
DAWOOD, MINA MAGDY RIAD. Fundamental Behavior of Steel-Concrete Composite
Beams Strengthened with High Modulus Carbon Fiber Reinforced Polymer (CFRP)
Materials. (Under the direction of Dr. Sami Rizkalla)
There is a growing need for a cost-effective, durable repair system that can be used for the
repair and strengthening of steel bridges. Recently, high modulus carbon fiber reinforced
polymers (CFRP) have been developed with a modulus of elasticity approximately two times
greater than that of steel. Externally bonded high modulus CFRP materials have successfully
been used to increase the elastic stiffness and ultimate capacity of steel-concrete composite
beams However, since the technology is relatively new, the detailed behavior of steel bridge
members strengthened with high modulus CFRP is not yet well understood. The current
research investigates three aspects of the behavior of steel-concrete composite beams in
detail. An experimental program was conducted to investigate the behavior of steel-concrete
composite beams strengthened with high modulus CFRP materials. In the first phase of the
study the behavior under overloading conditions was investigated. In the second phase of the
research, the fatigue durability of the system was examined. In the third phase, the possible
presence of shear-lag between the steel beam and the CFRP materials was investigated in
detail. An analytical model was developed which can be used to determine the ultimate
capacity and elastic stiffness increase for steel beams strengthened with high modulus CFRP
materials. Additionally, a set of criteria are proposed which can be used to determine the
allowable increase in the live load level for steel beams strengthened with high modulus
CFRP materials.

FUNDAMENTAL BEHAVIOR OF STEEL-CONCRETE COMPOSITE BEAMS
STRENGTHENED WITH HIGH MODULUS CARBON FIBER
REINFORCED POLYMER (CFRP) MATERIALS
by
MINA MAGDY RIAD DAWOOD

A thesis submitted to the Graduate Faculty of
North Carolina State University
in partial fulfillment of the requirements for
the Degree of Master of Science

Civil Engineering

Raleigh, NC
2005
Approved By
Dr. Sami Rizkalla (Chair)
Dr. Vernon Matzen
Dr. Emmett Sumner

To my parents who taught me the importance of
faith, love and dedication

ii

BIOGRAPHY
Mina Dawood began his study of engineering in 1998 at the University of Manitoba. In 2003,
he obtained his Bachelor’s of Science in Civil Engineering with a minor in Management.
Upon graduation he was award the Departmental Medal in Civil Engineering for the highest
standing in his graduating class. Mina continued his academic pursuits at North Carolina
State University under the supervision of Dr. Sami Rizkalla. Upon the completion of his
Master’s of Science degree, Mina intends to continue his research in the use of fiber
reinforced polymer materials for structural repair and rehabilitation at North Carolina State
University in pursuit of his Doctor of Philosophy.

Mina is a registered Engineer in Training in the Province of Manitoba as well as being a
member of several other professional organizations and honor societies.

iii

ACKNOWLEDGMENTS
I would like to kindly acknowledge the generous financial support and donation of the carbon
fiber materials provided by Mitsubishi Chemicals America without which this research could
not have proceeded. Special thanks are extended to Mr. Akira Nakagoshi for his enthusiasm
and direction throughout the project.

The financial support of the National Science

Foundation through the University/Industry Cooperative Research Center of RB2C is also
greatly appreciated.

It is with sincere gratitude that I thank my advisor and mentor, Dr. Sami Rizkalla, for his
patience and guidance. It is truly an honor to work with such an outstanding man who is
willing to share his wealth of knowledge and his extensive personal experience with his
students whom he treats as his own children. I would also like to thank Dr. Emmett Sumner
who has been a great deal of help throughout my graduate experience. In the classroom, in
the laboratory and in the office, he never hesitated to provide direction or challenge my
thinking. Thanks are also extended to Dr. Vernon Matzen for kindly accepting to be a
member of my advisory committee.

The technical assistance provided by Mr. Jerry Atkinson, Mr. William Dunleavy and Mr. Lee
Nelson, is greatly appreciated. The extensive knowledge that these three men posses was
invaluable in the completion of this project.

iv

Mrs. Amy Yonai, and Mrs. Renee Howard cannot be thanked enough for their assistance. It
was always reassuring to know that whether at the Constructed Facilities Laboratory or at
Mann Hall, there was always someone available to help me jump through the administrative
hoops.

Thanks are also extended to all of my fellow graduate students at the Constructed Facilities
Laboratory for their help and friendship. Special thanks are extended to David Schnerch, and
Kirk Stanford who laid the foundation on which this research was built. Their passion for this
project was contagious. Thanks are also extended to Chemin Lim who was a tremendous help
in the laboratory.

I would like to thank all of my family and friends, who have been an unparalleled source of
support throughout these past two years.

I thank the Lord through Whom all things are possible.

v

TABLE OF CONTENTS
LIST OF FIGURES

IX

LIST OF TABLES

XI

CHAPTER 1 INTRODUCTION

1

1.1 BACKGROUND
1.2 OBJECTIVES
1.3 SCOPE

1
2
3

CHAPTER 2 BACKGROUND
2.1 INTRODUCTION
2.2 SURFACE PREPARATION
2.2.1
PREPARATION OF THE METALLIC SUBSTRATE
2.2.2
PREPARATION OF THE STRENGTHENING MATERIALS
2.3 DURABILITY OF THE BOND
2.4 RETROFIT OF CAST AND WROUGHT IRON STRUCTURES
2.5 RETROFIT OF STEEL BEAMS WITH CFRP MATERIALS
2.5.1
REPAIR OF NATURALLY DETERIORATED STEEL BEAMS
2.5.2
REPAIR OF NOTCHED STEEL BEAMS
2.5.3
STRENGTHENING OF PLAIN STEEL BEAMS
2.5.4
RETROFIT OF STEEL-CONCRETE COMPOSITE GIRDERS
2.5.5
FIELD DEMONSTRATION PROJECTS
2.5.6
REPAIR OF STEEL BEAMS USING PRESTRESSED CFRP
2.5.7
SHEAR RETROFIT OF STEEL BEAMS
2.6 RETROFIT OF TUBLAR STEEL SECTIONS
2.7 FATIGUE PERFORMANCE OF STEEL MEMBERS REPAIRED WITH CFRP
2.7.1
FATIGUE BEHAVIOR OF CRACKED MEMBERS REINFORCED WITH CFRP
2.7.2
FATIGUE OF CRACKED OR NOTCHED TENSION COUPONS
2.7.3
FATIGUE BEHAVIOR OF UNCRACKED MEMBERS REINFORCED WITH CFRP
2.8 ANALYSIS AND DESIGN
2.8.1
ANALYSIS OF BOND STRESSES AND DESIGN OF THE ADHESIVE
2.8.2
ANALYSIS OF THE SECTION AND DESIGN OF THE COMPOSITE STRENGTHENING
2.8.3
SHEAR-LAG EFFECTS
2.9 RESEARCH SIGNIFICANCE
CHAPTER 3 EXPERIMENTAL PROGRAM
3.1 INTRODUCTION
3.2 OVERLOADING STUDY
3.2.1
DESIGN OF THE TEST SPECIMENS
3.2.2
CONSTRUCTION OF THE TEST SPECIMENS

6
6
8
8
10
10
12
13
13
14
15
16
20
21
22
22
24
25
26
31
35
36
38
39
41
44
44
44
45
47

vi

3.2.3
MATERIAL PROPERTIES
3.2.4
TEST SETUP
3.2.5
INSTRUMENTATION
3.2.6
TEST PROGRAM
3.3 FATIGUE STUDY
3.3.1
DESIGN OF THE TEST SPECIMENS
3.3.2
CONSTRUCTION OF THE TEST SPECIMENS
3.3.3
MATERIAL PROPERTIES
3.3.4
TEST SETUP
3.3.5
INSTRUMENTATION
3.3.6
TEST PROGRAM
3.4 SHEAR-LAG STUDY
3.4.1
INSTRUMENTATION
3.4.2
TEST PROGRAM
CHAPTER 4 EXPERIMENTAL RESULTS
4.1 INTRODUCTION
4.2 RESULTS OF THE OVERLOADING STUDY
4.2.1
BEHAVIOR OF BEAM ST-CONT
4.2.2
BEHAVIOR OF BEAM OVL-1
4.2.3
BEHAVIOR OF BEAM OVL-2
4.2.4
DISCUSSION OF THE TEST RESULTS
4.2.5
CONCLUSIONS OF THE OVERLOADING STUDY
4.3 RESULTS OF THE FATIGUE STUDY
4.3.1
BEHAVIOR OF BEAM FAT-CONT
4.3.2
BEHAVIOR OF BEAM FAT-1
4.3.3
BEHAVIOR OF BEAM FAT-1B
4.3.4
DISCUSSION OF THE FATIGUE TEST RESULTS
4.3.5
CONCLUSIONS OF THE FATIGUE STUDY
4.4 RESULTS OF THE SHEAR-LAG STUDY
4.4.1
BEHAVIOR OF BEAM SHL
4.4.2
SHEAR-LAG EFFECT FOR BEAM OVL-1
4.4.3
SHEAR-LAG EFFECT FOR BEAM OVL-2
4.4.4
SHEAR-LAG EFFECT FOR BEAM FAT-1
4.4.5
BEHAVIOR OF BEAM FAT-1B
4.4.6
DISCUSSION OF THE SHEAR-LAG TEST RESULTS
4.4.7
CONCLUSIONS OF THE SHEAR-LAG STUDY
CHAPTER 5 ANALYTICAL MODEL
5.1
5.2
5.3
5.4

INTRODUCTION
ASSUMPTIONS OF THE ANALYTICAL MODEL
DESCRIPTION OF THE ANALYICAL MODEL
VALIDATION OF THE MODEL
5.4.1
VALIDATION OF THE MODEL FOR STATICALLY LOADED BEAMS
5.4.2
VALIDATION OF THE MODEL FOR FATIGUE LOADED BEAMS
5.4.3
VALIDATION OF PLANE SECTIONS ASSUMPTION

56
63
67
69
70
70
71
75
77
80
82
85
86
90
92
92
93
93
100
103
105
114
116
116
123
129
133
136
138
138
143
144
145
147
148
149
150
150
151
152
162
163
172
181

vii

5.5 CONCLUSIONS OF THE ANALYTICAL STUDY
CHAPTER 6 CONCLUSIONS
6.1 SUMMARY
6.2 CONCLUSIONS
6.3 FUTURE WORK

183
185
185
186
188

REFERENCES

191

APPENDIX A DETAILED RESULTS OF THE OVERLOADING STUDY

202

APPENDIX B DETAILED RESULTS OF THE FATIGUE STUDY

207

viii

LIST OF FIGURES
Figure 3.1: Schematic of the overloading test beams............................................................................................ 46
Figure 3.2: Installation of the shear studs............................................................................................................. 48
Figure 3.3: Inverted formwork for the overloading and shear-lag beams ............................................................ 50
Figure 3.4: Reverse-tapered joint end detail......................................................................................................... 51
Figure 3.5: Sandblasting tension flange prior to bonding .................................................................................... 52
Figure 3.6: CFRP laminate strip installation process .......................................................................................... 53
Figure 3.7: Clamping of CFRP laminates during curing...................................................................................... 54
Figure 3.8: CFRP laminate strips after bonding to tension flange of steel beam ................................................. 55
Figure 3.9: Installation of transverse wraps ......................................................................................................... 56
Figure 3.10: Measured steel tensile stress-strain relationship ............................................................................. 57
Figure 3.11: Steel tension coupon tests................................................................................................................. 57
Figure 3.12: Concrete cylinder tests ..................................................................................................................... 59
Figure 3.13: Measured concrete compression stress vs. strain relationships for the overloading beams ............ 60
Figure 3.14: Epoxy adhesive coupon tests ............................................................................................................ 62
Figure 3.15: Measured adhesive stress vs. strain relationships............................................................................ 63
Figure 3.16: Test setup schematic......................................................................................................................... 64
Figure 3.17: Test setups for the (a) unstrengthened and (b) strengthened overloading beams ............................ 65
Figure 3.18: Support conditions for the (a) the unstrengthened and (b) strengthened overloading beams .......... 66
Figure 3.19: Locations of linear motion transducers to measure deflections ....................................................... 68
Figure 3:20: Upright formwork for fatigue beams; general view and end block detail........................................ 72
Figure 3.21: Measured compression stress vs. strain relationships for the second concrete batch...................... 76
Figure 3.22: Measured compression stress vs. strain relationships for the third concrete batch......................... 77
Figure 3.23: Support conditions for the fatigue beams ......................................................................................... 78
Figure 3.24: Schematic of dead load setup for fatigue beams .............................................................................. 79
Figure 3.25: Dead load setup................................................................................................................................ 80
Figure 3.26: Load cells used for measurement of dead load ................................................................................ 81
Figure 3.27: Criteria for selection of the live load level for a strengthened steel beam ....................................... 83
Figure 3.28: Strain gauge layouts at mid-span cross-sections of test beams........................................................ 87
Figure 3.29: PI gauge layouts at mid-span cross-sections of test beams.............................................................. 88
Figure 3.29 (continued): PI gauge layouts at mid-span cross-sections of test beams........................................... 89
Figure 3.30: Linear adjustment of PI gauge measurements.................................................................................. 90
Figure 4.1: Load-deflection behavior for beam ST-CONT ................................................................................... 93
Figure 4.2: Strain envelope measured by the PI gauge at the tension flange of beam ST-CONT......................... 95
Figure 4.3: Strain envelopes measured by the strain gauges at the tension flange of beam ST-CONT ................ 96
Figure 4.4: Strain envelopes at the web of beam ST-CONT.................................................................................. 96
Figure 4.5: Strain envelopes at the top flange of beam ST-CONT ........................................................................ 97
Figure 4.6: Strain envelope at the top surface of the concrete deck of beam ST-CONT....................................... 98
Figure 4.7: Typical crushing failure for the overloading beams........................................................................... 99
Figure 4.8: Load-deflection behavior for beam OVL-1....................................................................................... 100
Figure 4.9: Strain envelopes at the CFRP strips of beam OVL-1 ....................................................................... 101
Figure 4.10: Failure of the CFRP strips for beam OVL-1 .................................................................................. 102
Figure 4.11: Load-deflection behavior for beam OVL-2..................................................................................... 103
Figure 4.12: Failure of the CFRP strips for beam OVL-2 .................................................................................. 104
Figure 4.13: Dead, live and ultimate load limits for (a) an unstrengthened and (b) a strengthened beam ........ 109
Figure 4.14: Measured residual deflections at various unloading levels............................................................ 112
Figure 4.15: Stiffness degradation under overloading conditions ...................................................................... 114
Figure 4.16: Cyclic load-deflection behavior of beam FAT-CONT .................................................................... 117
Figure 4.17: Cyclic load-strain behavior of beam FAT-CONT .......................................................................... 118
Figure 4.18: Crack pattern at the top surface of the concrete slab of beam FAT-CONT ................................... 119
Figure 4.19: Static load-deflection behavior of beam FAT-CONT up to failure................................................. 121
Figure 4.20 Measured strain for the monotonic load test of beam FAT-CONT.................................................. 122

ix

Figure 4.21: Cyclic load-deflection behavior of beam FAT-1 ............................................................................ 124
Figure 4.22: Measured strains at the CFRP during fatigue loading of beam FAT-1.......................................... 125
Figure 4.23: Static load-deflection behavior of beam FAT-1 up to failure ......................................................... 126
Figure 4.24: Strain measurements for the monotonic load test of beam FAT-1.................................................. 127
Figure 4.25: Failure of the CFRP strips for beam FAT-1................................................................................... 129
Figure 4.26: Cyclic load-deflection behavior of beam FAT-1b........................................................................... 130
Figure 4.27: Static load-deflection behavior of beam FAT-1b up to failure ....................................................... 131
Figure 4.28: Failure of the CFRP strips for beam FAT-1b................................................................................. 132
Figure 4.29: Comparison of the degradation of the fatigue beams with continued cyclic loading..................... 135
Figure 4.30: Load-deflection behavior for beam SHL ........................................................................................ 139
Figure 4.31: Failure of the CFRP strips for beam SHL ...................................................................................... 140
Figure 4.32: Strain measurements for beam SHL ............................................................................................... 141
Figure 4.33: Measured strain profiles at various load levels for beam SHL ...................................................... 143
Figure 4.34: Measured strain profiles at various load levels for beam OVL-1 .................................................. 144
Figure 4.35: Measured strain profiles at various load levels for beam OVL-2 .................................................. 145
Figure 4.36: Live load strain profiles at mid-span various load levels for beam FAT-1 .................................... 146
Figure 4.37: Live load strain profiles at quarter-span at various load levels for beam FAT-1 .......................... 147
Figure 4.38: Live load strain profiles at mid-span various load levels for beam FAT-1b .................................. 148
Figure 4.39: Live load strain profiles at quarter-span at various load levels for beam FAT-1b ........................ 148
Figure 5.1: Assumed linear strain profile for a CFRP strengthened steel-concrete composite beam ................ 152
Figure 5.2: Force contribution of the steel beam by superposition of two rectangles ........................................ 155
Figure 5.3: Tri-linear material model for steel ................................................................................................... 157
Figure 5.4: Dead load and live load strain profiles for a strengthened beam .................................................... 161
Figure 5.5: Concrete material model for beams ST-CONT, OVL-1, OVL-2 and SHL........................................ 164
Figure 5.6: Tri-linear material model for structural steel .................................................................................. 165
Figure 5.7: Comparison of load-strain envelopes at the steel tension flange for the statically loaded beams ... 167
Figure 5.8: Measured and predicted load-deflection envelopes for beam ST-CONT (ρ = 0%) ......................... 170
Figure 5.9: Measured and predicted load-deflection envelopes for beam OVL-1 (ρ = 4.3 %)........................... 170
Figure 5.10: Measured and predicted load-deflection envelopes for beam OVL-2 (ρ = 8.6%).......................... 171
Figure 5.11: Measured and predicted load-deflection envelopes for beam SHL (ρ = 8.6%) ............................. 171
Figure 5.12: Concrete material model for beams FAT-CONT and FAT-1 ......................................................... 173
Figure 5.13: Concrete material model for beam FAT-1b.................................................................................... 174
Figure 5.14: Comparison of load-strain curves at the steel tension flange for the fatigue loaded beams .......... 176
Figure 5.15: Measured and predicted load-deflection curves for beam FAT-CONT (ρ = 0%).......................... 179
Figure 5.16: Measured and predicted load-deflection curves for beam FAT-1 (ρ = 4.3%) ............................... 179
Figure 5.17: Measured and predicted load-deflection curves for beam FAT-1b (ρ = 4.3%) ............................. 180
Figure 5.18: Comparison of measured and predicted strain profiles ................................................................. 182
Figure A.1: Measured strains for beam OVL-1................................................................................................... 203
Figure A.2: Measured strains for beam OVL-2................................................................................................... 205
Figure B.1: Cyclic load-strain behavior of beam FAT-1 .................................................................................... 208
Figure B.2: Crack pattern at the top surface of the concrete slab of beam FAT-1 ............................................. 209
Figure B.3: Cyclic load-strain behavior of beam FAT-1b .................................................................................. 210
Figure B.4: Crack pattern at the top surface of the concrete slab of beam FAT-1b ........................................... 211
Figure B.5: Strain measurements for the monotonic load test of beam FAT-1b ................................................. 212

x

LIST OF TABLES
Table 3.1: Steel coupon material properties ......................................................................................................... 58
Table 3.2: Concrete cylinder material properties for the overloading beams ...................................................... 60
Table 3.3: High modulus carbon fiber material properties................................................................................... 61
Table 3.4 Spabond 345 adhesive coupon material properties............................................................................... 63
Table 3.5: Test matrix for the overloading study................................................................................................... 69
Table 3.6: Unloading cycles for overloading beams............................................................................................. 70
Table 3.7: Cylinder material properties for the second concrete batch................................................................ 76
Table 3.8: Cylinder material properties for the third concrete batch ................................................................... 77
Table 3.9: Test matrix for the fatigue study........................................................................................................... 82
Table 3.10: Minimum and maximum loads for fatigue beams............................................................................... 84
Table 3.11: Test matrix for the shear-lag study..................................................................................................... 91
Table 4.1: Elastic stiffness comparison for the overloading beams .................................................................... 106
Table 4.2: Yield loads and deflections for the overloading beams...................................................................... 107
Table 4.3: Service load level comparison............................................................................................................ 110
Table 4.4: Ultimate load comparison for the overloading beams ....................................................................... 111
Table 4.5: Minimum and maximum loads and strains for the three fatigue beams............................................. 133
Table 4.6: Elastic stiffness comparison for the overloading beams .................................................................... 134
Table 4.7: Ultimate load comparison for the fatigue loading beams .................................................................. 136
Table 4.8: Service load level comparison............................................................................................................ 136
Table 5.1: Concrete properties for the statically loaded beams.......................................................................... 164
Table 5.2: Material properties for the structural steel material model............................................................... 166
Table 5.3: Comparison of measured and predicted dead and live load levels for statically loaded beams ........ 168
Table 5.4: Ultimate capacity and elastic stiffness increases for statically loaded beams ................................... 172
Table 5.5: Concrete properties for the fatigue loaded beams ............................................................................. 174
Table 5.6: Comparison of measured and predicted dead and live load levels for fatigue loaded beams ........... 177
Table 5.7: Ultimate capacity and elastic stiffness increases for statically loaded beams ................................... 180

xi

CHAPTER 1

INTRODUCTION

Chapter 1
INTRODUCTION
1.1

BACKGROUND

Due to corrosion and increasing traffic loads, many steel bridges are in need of repair or
strengthening to remain serviceable. Externally bonded fiber reinforced polymers (FRP)
have been widely used for the rehabilitation of concrete structures. Due to the success of this
technique, researchers have investigated the use of carbon fiber reinforced polymers for the
strengthening and repair of steel structures. Initial research efforts have focused on the use of
conventional modulus carbon fiber reinforced polymers (CFRP). While significant strength
increases have been reported, due to the relatively low modulus of elasticity of conventional
modulus CFRP compared to steel, high reinforcement ratios are required to achieve
significant stiffness increases. Currently, high modulus CFRP, which has a modulus of
elasticity approximately twice that of steel, is being produced. At North Carolina State
University a high modulus CFRP strengthening system has been developed which is more
effective in increasing the strength and stiffness of steel structures than conventional modulus
CFRP. The feasibility of using high modulus CFRP for the repair and strengthening of steel
bridges and structures has been demonstrated (Schnerch, 2005), however, further research
must be conducted before the technique can gain widespread use.
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OBJECTIVES

Three primary objectives were identified for the current research program to establish
confidence in the long-term performance of the high modulus CFRP strengthening system
and to gain a better understanding of the associated load transfer mechanisms:

1. Due to its relatively high stiffness, installation of high modulus CFRP may reduce the
damage incurred by a steel beam subjected to overloading conditions. This could
eliminate the need for future repair or rehabilitation of bridge beams due to the effect
of increasing load demands. Consequently, the effect of overloading conditions on
beams strengthened with high modulus CFRP should be investigated in detail.

2. The fatigue durability of the high modulus CFRP strengthening system has not yet
been verified. Also, currently there are no tools that engineers can use to determine
the allowable live load increase that can be achieved using externally bonded CFRP.
A simple means of calculating the allowable live load increase must be established
and the fatigue durability of the strengthened beams at the increased live load level
must be verified.

3. The possible presence of shear-lag effects between the steel beam and the CFRP
strengthening system may limit the stiffness and strength increases that can be
achieved by using externally bonded CFRP. The possible presence of a shear-lag
effect should be studied to determine the extent of the effect on the overall behavior
of the strengthened beam.
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SCOPE

The behavior of steel beams strengthened with high modulus CFRP was investigated in a
three phase experimental research program. In the first phase, quarter-scale steel-concrete
bridge beams were strengthened with high modulus CFRP and tested under overloading
conditions to investigate the effectiveness of the strengthening system in limiting the damage
experienced by a beam in an overloading event. In the second phase, similar beams were
tested under fatigue loading conditions. The load range was selected, based on maximum
allowable strain criteria, to simulate the effect of the increased live load on the steel beams.
The fatigue life of the strengthened beams when loaded using the proposed criteria was
investigated and compared to the fatigue life of an unstrengthened control beam. In the third
phase the strain profiles of the beams tested in the first two phases, as well as of one
additional beam were considered to study the possible presence of a shear lag effect between
the steel beam and the CFRP.

In addition to the experimental research, an analytical model was developed based on a
moment-curvature analysis to predict the load-strain and load-deflection behavior of steel
beams strengthened with CFRP. The model can be used to predict the increase in the
ultimate capacity and elastic stiffness of a beam due to the installation of externally bonded
CFRP. Additionally, in conjunction with the proposed strain limits, the allowable live load
increase for a strengthened beam can be predicted. The strain limits were selected to ensure
that the fatigue life of the strengthened beam is comparable to that of an unstrengthened
beam prior to installation of the CFRP. The analytical model was validated using the
experimental results from the first three phases of the research. Additionally, the behavior
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predicted using the model was compared to the measured behavior for the test beams to
investigate the possible presence of a shear-lag effect.

In addition to this introductory chapter, this thesis includes:

Chapter 2 presents a review of the relevant research which has been conducted to date in the
use of externally bonded CFRP for the strengthening and repair of steel structures with an
emphasis on research that is relevant to one of the three primary objectives of this project.

Chapter 3 presents the details of each phase of the experimental program including the design
of the test specimens, the construction of the specimens, the test setup, the instrumentation
and the test program.

In Chapter 4 the results of each phase of the experimental program are presented and
discussed sequentially. The results of the three phases of the experimental program are
discussed separately in this chapter.

Chapter 5 describes the analytical model that was developed to predict the flexural behavior
of steel beams strengthened with CFRP. The model is validated using the results of the
experimental program that are presented in Chapter 4.

Chapter 6 summarizes the major findings of the research and presents recommendations for
possible future research in the field.

4
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In addition to the main body of this thesis, two Appendices are included which provided
additional detailed results for the overloading and fatigue studies respectively.
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Chapter 2
BACKGROUND
2.1

INTRODUCTION

A growing number of steel bridges in the United States are in need of repair or retrofit due to
the adverse effects of corrosion and increase of traffic volumes. Conventional methods of
repair generally involve welding or bolting of heavy steel plates to the structures. This can
be time consuming, expensive and often requires traffic closures and delays which are costly
and inconvenient. Attachment of heavy steel plates can significantly increase the dead load
of a structure which limits the amount by which live load can be increased. Also, continued
corrosion and damage of fatigue sensitive welded details due to repeated traffic loading can
substantially reduce the long term benefit of conventional repair methods. A cost effective
long-term repair system needs to be developed which can be used to repair and strengthen
deficient steel bridges and structures.

Fiber reinforced polymers (FRP) are high-strength, lightweight, non-corrosive materials
ideally suited for use in infrastructure applications. The use of FRP materials to strengthen
and repair concrete structures has been generally accepted practice and the area has received
considerable research attention. However, the use of FRP composites for strengthening and
repair of metallic structures has not yet become a widespread practice. In marine (Allan et
al., 1988; Grabovac et al., 1992) and aerospace (Baker, 1987) applications, fiber reinforced
composite patches have successfully been used to repair metallic components. In recent
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years, research has been conducted into the use of FRP materials, particularly carbon fiber
reinforced polymers (CFRP) for the repair and strengthening of metallic structures.

Most of the researchers have focused on the use of standard modulus CFRP materials for
retrofit of steel structures.

Significant strength increases can be achieved by using

conventional modulus CFRP strengthening systems (Sen et al. 2001; Tavakkolizadeh &
Saadatmanesh, 2003c). However, conventional modulus CFRP has a modulus of elasticity
which is approximately three-quarters that of structural steel (Bassetti et al., 1998). As a
result, to increase the stiffness of steel beams several layers of CFRP may be needed. Other
research has demonstrated that increasing the number of layers of CFRP applied in a retrofit
system reduces the utilization of the CFRP (Tavakkolizadeh & Sadatmanesh, 2003c)

Recently high modulus carbon fibers have been developed with a modulus of elasticity three
times that of conventional steel (Mitsubishi, n.d.).

The modulus of elasticity of uni-

directional composite laminates that are fabricated using these high modulus carbon fibers
have a modulus of elasticity approximately twice that of structural steel. Schnerch (2005)
has demonstrated that in addition to increasing the strength of steel structures, externally
bonded high modulus CFRP materials can also increase the stiffness of steel structures while
using less material than would be required if standard modulus CFRP were to be used.

In recent years extensive research has been conducted into the use of composites for the
repair and strengthening of steel bridges and structures. Shaat et al. (2002) and, more
recently Schnerch (2005) have presented comprehensive reviews of the related literature.
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This chapter presents a summary of the major findings of the research to date based on a
review of the available literature.

2.2

SURFACE PREPARATION

Ensuring complete and adequate bond between the steel surface and the composite
strengthening material is critical to the effective performance of an externally bonded retrofit.
Debonding, which is an undesirable failure mode, can be avoided by ensuring proper surface
preparation of both materials.

Guidance on proper surface preparation techniques are

provided by several authors (Cadei et al., 2004; Hollaway and Cadei, 2002; Schnerch, 2005).

2.2.1

Preparation of the metallic substrate

Preparation of the metallic surface should be conducted in three steps. The first step includes
removal of grease, dust and chemical contaminants using an appropriate solvent. Weak
layers on the metallic surface should also be removed by abrasion to expose the competent
metal. To prevent corrosion and to enhance the bond a primer should be applied to the
surface immediately after the last two steps to avoid contamination of the surface.

Removal of grease and other contaminants is an important process to ensure that strong
chemical bonds form between the adhesive and the metallic surface (Hollaway and Cadei,
2002). This can be achieved by wiping or brushing the surface with an appropriate solvent.
Schnerch (2005) recommends that solvents be applied in excess so that they drip off the
surface to prevent redistribution of the contaminants. Additionally, solvents should not be
reused to prevent recontamination of the surface (Cadei et al., 2004). Hollaway and Cadei
(2004) suggest that solvent wiping should only be done prior to abrasion since solvent wiping
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after grit blasting only redistributes contaminants. However, several successful experimental
trials have been conducted in which solvent wiping was conducted after grit blasting and
bonding was effective (Tavakkolizadeh and Saadatmanesh, 2003c; Al Saidy, 2004; Lanier,
2004).

Weak layers on the metallic surface such as paint, mill scale or corrosion products should be
removed to expose the competent material beneath them. These layers are generally loose;
therefore, the presence of these materials could lead to premature bond failure. Grit blasting
is the preferred to mechanical abrasion as the latter tends to trap contaminants near the
surface of the material (Cadei et al. 2004). In addition to removing weaker surface layers,
grit blasting creates a chemically active, coarse surface which promotes chemical bonding
and mechanical interlock (Schnerch, 2005).

A primer should be applied immediately to prevent possible oxidation of the chemically
active surface (Cadei et al., 2004). The chemistry of the primer should be compatible with
the adhesive to be used. While primers and adhesion promoters may not increase the static
strength of the adhesive bond, they may improve the durability of the bond under
environmental exposure conditions (Mertz and Gillespie, 1996). Care should be taken to
ensure proper application of any primers as improper application could result in premature
failure by debonding. The CFRP laminates should be installed in a very short time after the
surface preparation to minimize the possibility of recontamination or oxidation of the
surface.
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Preparation of the strengthening materials

Since composites can easily be damaged if they are mishandled in comparison to other
construction materials, they should be inspected before the strengthening process for any
signs of damage such as splitting, warping or fiber breakage which may have occurred during
manufacture, transportation or storage of the materials.

Pultruded laminates are often

fabricated with a sacrificial peel ply layer. In this case the only surface preparation required
is removing the peel ply immediately before bonding (Cadei et al., 2004). If a peel ply is not
available the surface of the pultrusion should be abraded and cleaned with an appropriate
solvent. West (2001) recommends abrasion by bead blasting. Care should be taken not to
damage the fibers by over abrading the surface. No surface preparation of the composite is
necessary if unimpregnated fiber sheets will be applied by a wet lay-up process (Cadei et al.,
2004).

2.3

DURABILITY OF THE BOND

Environmental exposure can adversely affect the performance of the bond in two primary
ways. Galvanic corrosion occurs when two electrically dissimilar materials are electrically
connected in the presence of an electrolyte. Intimate contact between carbon and a metallic
substrate under the effect of environmental exposure may result in corrosion of the metal at
an accelerated rate. Additionally, the durability of the adhesive bond itself may be adversely
affected by exposure to adverse environmental conditions.

Four components need to be present for galvanic corrosion to occur. These include two
electrically dissimilar materials, an anode and a cathode. There must also be an electrical
connection between the two materials in the presence of an electrolyte. If any of these four
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components are removed galvanic corrosion cannot proceed. In the presence of these four
factors, electrons travel from the anode to the cathode and the anodic material deteriorates.
When carbon and steel are in direct contact, galvanic corrosion could occur causing
accelerated deterioration of the steel. In addition to the sizing agents which are applied to
carbon fibers, a thin layer of adhesive can provide enough of an electrical barrier between
steel and carbon fiber to reduce the rate of galvanic corrosion of the steel. Increasing the
thickness of the adhesive layer can further reduce the corrosion rate (Tavakkolizadeh and
Saadatmanesh, 2001a). A glass fiber scrim layer can also be provided in the adhesive
between the carbon and the steel to further insulate the two materials and reduce the
likelihood of galvanic corrosion (West, 2001).

In addition to galvanic corrosion, exposure to environmental conditions can cause accelerated
deterioration of the adhesive bond itself. Exposure to moisture, humidity, salts and deicing
chemicals can reduce the long-term capacity of adhesive bonds. Exposure to moisture can be
particularly damaging to the adhesive. Moisture can enter an adhesive bond by diffusion
through the adhesive or one of the adherends, by capillary action along cracks in the adhesive
or by wicking along the interface. Once in the joint, water can cause reversible or permanent
damage to the adhesive (Hollaway and Cadei, 2002). Several investigations have been
conducted which have generally found that the use of silane primers with thermosetting
epoxy adhesives can improve the long-term durability of adhesive joints under various
environmental conditions (Mertz and Gillespie, 1996; West, 2001).
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RETROFIT OF CAST AND WROUGHT IRON STRUCTURES

The earliest metallic structures, particularly in Europe, were largely constructed from cast
and wrought irons (Hollaway and Cadei, 2002). In recent years, the use of CFRP materials
for the repair of historical cast iron structures has been investigated by several researchers.
Hill et al. (1999) conducted an extensive experimental and numerical investigation on the use
of resin infusion of CFRP materials for the retrofit of cast iron compression struts after a
series of failures of London Underground system. Subsequently, the process was used to
strengthen a series of cruciform compression struts in a vent shaft in the London
Underground East Tube Line. Leonard (2002) describes the details of a similar repair project
in which carbon fiber composites were used to strengthen a series of overstressed cast iron
compression struts in the Shadewell Station vent shaft.

In both of these projects the

application of externally bonded CFRP effectively reduced the stresses in the overstressed
members.

Rostasy et al. (2005) conducted an investigation on the strengthening of cruciform cast iron
girders in a historical building and demonstrated that the CFRP plates can be used to
strengthen historic cast iron girders. The study also showed that conventional methods of
analysis can be used to design the strengthening. Rostasy et al. recommended using careful
sampling techniques to determine the material properties of historical metals. Moy et al.
(2004) investigated the use of externally bonded CFRP for the strengthening of wrought iron
structures. They found that, for a strengthening system to be effective, CFRP should be
applied to both the tension flange and the compression flange of wrought iron beam members
to prevent possible delamination of the wrought iron in the compression zone. Hollaway and
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Cadei (2002) discuss several field applications in which composites have been used to
retrofit several historical cast iron structures throughout the United Kingdom.

2.5

RETROFIT OF STEEL BEAMS WITH CFRP MATERIALS

Researchers have considered various approaches to study the effectiveness of composite
repair systems for steel wide flange sections. The first group considered repair of naturally
deteriorated girders which represents the behavior of a real field application.

Other

researchers have simulated damage by notching part or all of the tension flange of a beam.
This method can, however, create a harsh stress concentration at the location of the notch
which does not accurately represent the effect of widespread deterioration. Alternatively,
some researchers have opted to test undamaged plain steel beams. Others have tested steelconcrete composite beams which are representative of composite construction which is
frequently used in many highway bridges.

Research in the field of unstressed composite materials for flexural strengthening of beams
has established confidence in the technique. Based on the success of laboratory trials, several
field applications have been reported.

Additionally, the beneficial effects of using

prestressed CFRP have been investigated. Limited research on the use of composites for
shear strengthening of steel beams has also been conducted.

2.5.1

Repair of naturally deteriorated steel beams

Two severely corroded bridge girders taken from a decommissioned bridge were repaired
using 6.4 mm thick CFRP laminates bonded to the top and bottom surfaces of the tension
flange of the beams (Mertz and Gillespie, 1996).

Testing of the two beams prior to
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strengthening indicated elastic stiffness reductions of 20 percent and 32 percent respectively.
Application of the CFRP increased the elastic stiffness of the two beams to 83 percent and
97 percent of the stiffness of the uncorroded beams. Similarly the plastic moment capacities
of the beams were increased to 85 percent and 113 percent of the original capacity of the
undamaged girders.

Application of the CFRP repair system reduced elastic strains by

20 percent and inelastic strains 75 percent as compared to the unrepaired girders at the same
load level.

2.5.2

Repair of notched steel beams

Liu et al. (2001) tested four small-scale wide-flange beams in three-point bending with a
span of 2.44 m. Three of the beams were artificially damaged by removing a 100 mm long
section of the tension flange at mid-span to simulate the effect of severe corrosion of the
tension flange. One of the notched beams was repaired using a full length CFRP laminate
bonded to the bottom side of the tension flange of the beam. The second beam was repaired
using a quarter length CFRP patch. Two unstrengthened beams were also tested, one with
and one without the simulated damage. The two unstrengthened beams failed due to lateraltorsional buckling. The two strengthened beams failed due to delamination of the CFRP
initiating at the notch location. The full length and quarter length strengthening systems
increased the capacity of the beams by 56 percent and 41 percent respectively compared to
the notched control beam but were not capable of restoring the lost capacity to the level of
the un-notched beam.

Tavakkolizadeh and Saadatmanesh (2001b) tested a total of eight small scale steel beams in
four point bending with a span of 1.22 m. The tension flange of six of the beams were
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notched with 3.2 mm and 6.4 mm deep notches representing 40 percent and 80 percent loss
of the tension flange respectively. The beams were subsequently repaired with different
lengths of 0.13 mm thick CFRP patches. The remaining two beams were notched and tested
without strengthening. In general the strengthening techniques were capable of restoring the
strength and stiffness of the notched beams to levels comparable to that of an undamaged
beam. The beams were loaded and unloaded at 2.5 mm displacement intervals. Residual
deflections within the elastic region were small, however, after yielding of the steel
significant residual deflections were observed.

2.5.3

Strengthening of plain steel beams

Edberg et al. (1996) presented an experimental study in which five different configurations of
glass (GFRP) and carbon (CFRP) fiber reinforced polymers were attached to the tension
flange of small scale steel wide flange beams using adhesive bonding and a combination of
adhesive bonding and mechanical fasteners. The beams were tested with a span of 1.37 m in
four-point bending. Application of the different strengthening configurations increased the
elastic stiffness in the range of 11 percent to 30 percent while the yield load increased by
between 37 percent to 71 percent. The beams were loaded and unloaded within the elastic
region prior to failure and only one of the strengthening systems exhibited any substantial
deterioration of stiffness indicating a deterioration of the bond between the steel and the
CFRP. Prior to testing the beams to failure a steel plate was bolted to the top flange of the
beams to prevent buckling of the compression flange.

A similar study was conducted by Ammar (1996) in which a total of four W200x15 beams
with a span of 1.37 m were tested in four point bending. The tension flange of two beams
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was covered with 5.3 mm thick graphite pultrusions. One beam was tested and exhibited a
23 percent increase in stiffness as compared to an unstrengthened control beam. A steel plate
was bolted to the compression flange of the second beam and the beam was tested to failure
demonstrating a 56 percent increase in the yield load as compared to an unstrengthened beam
tested using the same configuration.

Patnaik and Bauer (2004) tested three small-scale built-up wide-flange beams in four-point
bending with a span of 3.15 m. Two of the beams were strengthened by adhesively bonding
full length standard modulus CFRP laminate strips across the entire width of the bottom of
the tension flange of the beams. The reported plastic moment capacity of both strengthened
beams was approximately 14% greater than that of the unstrengthened beam.

2.5.4

Retrofit of steel-concrete composite girders

Two sets of steel-concrete composite beams consisting of a steel W200x36 beam and a
710 mm x114 mm concrete slab with a span of 5.95 m were subjected to overloading
conditions and subsequently repaired with externally bonded CFRP laminates (Sen et al.,
2001). The two sets of beams used two different steel strengths of 310 MPa and 370 MPa.
The beams were pre-loaded to levels beyond yield of the steel tension flange in a four-point
bending configuration to simulate damage due to severe overloading conditions. Significant
residual deflections were measured after unloading. The beams were subsequently repaired
by bonding CFRP laminates along the central 3.65 m of the tension flange of the beam and
retested.

Both 2 mm thick and 5 mm thick laminates were used for the strengthening

schemes. The CFRP repair system effectively increased the yield strength and ultimate
capacity of the damaged beams.

Consequently, repair of damaged steel beams with
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externally bonded CFRP could potentially be used to restore or even increase the allowable
service load levels of steel structures subjected to severe overloading. Additionally, the
effectiveness of the strengthening system was more pronounced in the post-elastic region of
the beams suggesting that the repaired beam would exhibit less damage under overloading
conditions than the unretrofitted composite girder. The study did not explicitly examine the
behavior of the repaired beams under overloading conditions.

An experimental study was conducted at the University of Arizona in which three steelconcrete composite beams were strengthened with CFRP laminates bonded to their tension
flanges (Tavakkolizadeh and Saadatmanesh, 2003c). The test beams consisted of a W355x45
steel beam acting in full composite action with a 910 mm x 75 mm concrete slab. The beams
were strengthened with one, three, and five layers of 76 mm x 1.27 mm CFRP strips. Two
strips were applied beside each other in each layer of the strengthening. The retrofitted
beams were then loaded and unloaded at several load levels thereby demonstrating the effect
of overloading conditions on the strengthened beams. The beams were tested in a four-point
bending configuration with a 4.78 m span and a 500 mm long constant moment region.

Similarly to the results of Sen et al., the strengthening system effectively increased the yield
load of the strengthened beams; however, the elastic stiffness increase was minimal. The
increase in the yield load of a beam as a result of the application of CFRP could result in a
comparable increase in the service load since under service loading conditions it is favorable
for materials to remain within their elastic range.
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The effect of the strengthening system on the post-elastic behavior of the beams was
significant. Applying one, three and five layers of CFRP reduced the strain in the tension
flange of the steel beam by 21 percent, 39 percent and 53 percent respectively as compared to
the calculated strain in the tension flange of an unstrengthened steel beam at the same load
level of 350 kN. As a result, the inelastic deformation of the beams and the measured
residual deflections upon unloading were reduced. Increasing the number of layers of CFRP
resulted in a decrease in the residual deflection upon unloading of the three different beams
at equivalent load levels. This demonstrates that the use of externally bonded CFRP can
reduce the permanent damage experienced by a structure subjected to overloading conditions.
It should be noted, however, that due to the low modulus of elasticity of the CFRP large
amounts of strengthening would be required to significantly reduce the residual deflections
and the use of high modulus CFRP would be more efficient in this regard. Upon reloading
the elastic stiffness’ of the beams were within 10 percent of their initial values. Hysteresis
effects upon unloading and reloading were minimal.

Ultimate capacity increases for the beams strengthened with one, three and five layers of
CFRP were 44 percent, 51 percent and 76 percent respectively. The beams strengthened with
one and five layers of CFRP both failed by crushing of the concrete deck while the beam
strengthened with three layers of CFRP failed due to debonding of the strips caused by
improper curing of the adhesive between the CFRP layers. The strain in the CFRP at failure
decreased with the increase in the number of layers indicating a reduction in the efficiency of
the use of the CFRP.
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In a similar study, three steel-concrete beams with the same dimensions as those in the
previous study were notched with 1.27 mm wide notches of varying lengths through the
entire thickness of the flange to represent 25 percent, 50 percent and 100 percent loss of the
cross-sectional area of the tension flange of the steel beam (Tavakkolizadeh and
Saadatmanesh, 2003b). The beams were subsequently strengthened with one, three and five
layers of CFRP respectively. The elastic stiffness of the beams was restored to 86 percent
and 102 percent of the original elastic stiffness of the undamaged beams. The post elastic
stiffness’ of the repaired beams were increased by up to 32 times as compared to the
calculated post-elastic stiffness of an undamaged girder. Also, similarly to the un-notched
girders, increasing the number of CFRP layers reduced the measured residual deflections
upon unloading of the beam in the post-elastic region. The externally bonded CFRP strips
restored the elastic stiffness and ultimate strength of the damaged beams to levels
comparable to the calculated stiffness and strength of an undamaged beam.

Damage was simulated for four W200x22 steel concrete composite beams by removing a
portion of the tension flange along the entire length of the beams (Al-Saidy et al., 2004).
Two different levels of damage were simulated to represent 50 percent and 75 percent loss of
the area of the tension flange. Three of the beams were repaired using two different repair
schemes. In the first repair scheme CFRP laminates were bonded to the bottom portion of
the web of the beam. In the second scheme the laminates were bonded to the web and the
remaining portion of the tension flange of the beam. The beams were tested in a four point
bending configuration with a 3.05 m span and a 914 mm constant moment region. Two
undamaged, unrepaired beams and one damaged unrepaired beam were also tested as control
specimens. Strength increases ranging between 6 percent and 24 percent as compared to the
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undamaged beams were reported. While the capacity of the beams could be restored to
levels higher than those for the undamaged beams, only 50 percent of the lost stiffness was
recovered.

The previous studies all used CFRP materials with a modulus of elasticity less than or
approximately equal to that of steel.

Substantial benefits can be realized by using a

strengthening material with a higher modulus of elasticity than the substrate material to be
repaired. Schnerch (2005) used externally bonded high and intermediate modulus CFRP
laminates to strengthen two large-scale steel-concrete composite beams.

The beams

consisted of a W310x45 steel section acting in composite action with an 840 mm x 100 mm
concrete slab. A four-point bending load configuration was used with a 6.4 m span and a
1.0 m constant moment region. The modulus of elasticity of the intermediate and high
modulus CFRP materials was 229 GPa and 457 GPa respectively. The intermediate and high
modulus strengthening systems increased the ultimate capacity of the beams by 16 percent
and 45 percent respectively. Elastic stiffness increases of 10 percent and 36 percent for the
beams strengthened with intermediate modulus and high modulus CFRP respectively. Due
to the low tensile rupture strain of the higher modulus CFRP materials, rupture of the CFRP
occurred at relatively low mid-span deflection levels. The mid-span deflection of both beams
upon rupture of the CFRP strips was approximately 40 percent of the mid-span deflection of
the beams upon crushing of the concrete.

2.5.5

Field demonstration projects

Two field demonstration projects have been reported in the United States by Miller et al.,
(2001) and Mosallam (2005).

Miller reported that the installation of the CFRP was
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conducted with relative ease in a short amount of time.

Additionally, the results of

conventional simplified methods of analysis assuming perfect bond between the steel and the
CFRP correlated well with the measured results of load tests that were conducted on the
strengthened bridge. The bridge in Miller’s study was not in need of rehabilitation, but the
bridge was mainly retrofit to examine the long term behavior of the system. Based on
experimental findings reported by Mosallam (2005) the Sauvie Island Bridge in Oregon was
strengthened using two different composite systems and structural health monitoring is
ongoing.

2.5.6

Repair of steel beams using prestressed CFRP

Recently the beneficial effects of using prestressed CFRP to strengthen and repair steel
bridge members have been investigated.

Lee et al. (2005) used CFRP post-tensioning

tendons to strengthen the positive moment regions of a 3-span continuous bridge and
demonstrated that live-load and dead-load stresses could be counteracted by the prestress
forces thereby increasing the allowable live-load on the beams. Kitada et al. (2005) applied
six layers of prestressed CFRP to a small-scale H-beam and demonstrated that the yield
strength and rigidity of steel beams can be increased by 17 percent and 12 percent
respectively. The prestressing system also reduced the strain in the tension flange of the
beam under service load conditions. In a test of a large-scale steel-concrete composite beam,
Schnerch (2005) demonstrated that prestressed high modulus CFRP laminates could be
designed to achieve comparable stiffness increases to unstressed strengthening configurations
while using half the amount of CFRP.

Additionally, the prestressed system could be

designed so that the capacity of the beam is not increased thereby maintaining the original
ductility of the system.
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Shear retrofit of steel beams

In addition to flexural strengthening and repair of steel structures, the use of CFRP for repair
and strengthening of steel beams in shear has also been investigated. Shulley et al. (1994)
tested a series of small scale beams in three point bending in which a 100 mm hole in the
web was repaired using different configurations of glass and carbon fiber patches. While the
repaired girders exhibited slight increases in strength over an unrepaired beam in some
instances, debonding and buckling of the patch were observed in many of the specimens
which limited the capacity of the beams.

Patnaik and Bauer (2004) bonded unidirectional CFRP laminates to both sides of the web of
a steel beam with the fibers oriented in the vertical direction. The beams were tested in four
point bending.

The beam exhibited a 26 percent increase in shear strength over an

unstrengthened beam. The strengthening appeared to change the failure mode of the beam
from elastic web buckling to web yielding followed by inelastic web buckling.

2.6

RETROFIT OF TUBLAR STEEL SECTIONS

Wide flange sections are the most commonly used shapes in the transportation industry.
Tubular sections are used more commonly in other industries, such as the
telecommunications industry. Some researchers have investigated the use of CFRP for the
retrofit of hollow steel structures.

Vatovec et al (2002) tested a series of hollow square steel sections strengthened with
different configurations of CFRP strips bonded to the top and bottom flanges of the tubular
members. To prevent buckling of the top flange, the middle half of the beams were filled
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with concrete. Failure of the beams generally occurred due to delamination and buckling of
the CFRP in compression and delamination of the CFRP in tension with moderate strength
increases of between 6 percent and 26 percent.

Photiou et al. (2005) tested three rectangular hollow steel sections with three different
configurations of hybrid high modulus carbon/glass FRP and ultra-high modulus
carbon/glass FRP. The beams were tested in four point bending. A uniform thickness of the
steel tension flange was removed by machining to simulate the effect of uniform corrosion.
The first two beams were strengthened by U-shaped hybrid pre-impregnated wraps which
were bonded to the tension flange of the beams and up both sides of the webs. The third
beam was strengthened using a hybrid composite plate bonded to the tension flange of the
beam. The reported strain profiles through the depth of the sections were essentially linear.
The U-shaped wrapping scheme provided a residual composite action between the steel and
the FRP after rupture of the FRP which allowed the beams to sustain load even after rupture
while the sections strengthened with the composite plates could no longer carry load after
rupture.

Three 12-sided scaled steel monopoles, similar to those used in the telecommunications
industry, were tested at North Carolina State University (Lanier, 2005). The poles were
strengthened by attaching partial length high-modulus and intermediate modulus CFRP
laminates and fabrics on the top three and the bottom three faces near the base of the
monopoles. They were subsequently tested to failure in a cantilevered configuration with a
point load near their tip to simulate the effect of wind loading. Stiffness increases up to
39 percent as measured by the tip deflection of the monopoles were reported. Failure of the

23

CHAPTER 2

BACKGROUND

monopoles was due to buckling of the compression faces of the steel monopole accompanied
by rupture or debonding of the tension fibers and crushing of the compression fibers.

Ten and Hu (2005) tested CFRP-jacketed circular steel sections in axial compression to
suppress the effect of local buckling. The jacketing scheme increased the ductility of the
strengthened tubes without substantially increasing there strength. This technique shows
promise for use in seismic retrofit of circular steel compression members.

The bond between composites and curved surfaces, which is a considerably more complex
phenomenon than the bond between composites and flat surfaces, has recently been studied
by Ono et al. (2001) and Fawzia et al. (2005). Initial testing has demonstrated that the
distribution of strains through the thickness of CFRP wrapped circular steel tubes loaded in
tension and flexure is non-linear perhaps due to a combined effect between shear-lag and the
curvature of the steel surface. Further research is certainly required to fully understand the
behavior of these types of structures.

2.7

FATIGUE PERFORMANCE OF STEEL MEMBERS REPAIRED WITH CFRP

Static testing of steel beams retrofit with composites has demonstrated that externally bonded
CFRP can be used to restore the strength and stiffness of damaged beams and increase the
strength and stiffness of undamaged or lightly damaged beams. Before composite retrofit of
steel members can be widely applied, the fatigue performance of the system has to be
verified. Bonded details generally exhibit better fatigue performance than welded details.
As such, some investigators have considered using bonded composites to repair fatigue
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damage of steel members. Others have investigated the fatigue performance of the bonded
retrofit system.

FRP can be used to improve the fatigue performance of steel structures in one of two ways.
Existing fatigue cracks can be repaired using externally bonded FRP patches that are applied
locally in the vicinity of the crack. In this case the FRP acts primarily to retard the growth of
the crack and prevent further damage of the member. Unlike welded repairs, externally
bonded FRP does not change the properties of the base metal and as such should not reduce
the fatigue life of the substrate materials. Alternatively, externally bonded FRP materials can
be applied globally to an overstressed member to possible reduce the stress range in the
member potentially increasing the fatigue life of the structure.

2.7.1

Fatigue behavior of cracked members reinforced with CFRP

Application of a CFRP patch has several beneficial effects on limiting the growth of cracks
in metallic substrates. First, application of the CFRP patch can reduce the stress range in the
cracked member. Additionally, the composite patch can bridge the crack thus limiting the
crack opening and reducing the rate of propagation of the crack. Finally, prestressing the
composite patch can help promote crack closure by inducing a compressive stress field at the
crack tip (Bassetti et al., 2000). Experimental research has focused on patching of notched or
cracked coupons subjected to tensile fatigue. Two applications have been reported in which
notched beams were subjected to flexural fatigue.
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Fatigue of cracked or notched tension coupons

Investigation into the repair of cracks by application of a composite patch began in the
aerospace and marine industries for the repair of aircraft skins and ship hulls. In one study
side notched aluminum alloy tension coupons were repaired using a boron/epoxy tape and
tested in fatigue to simulate the repair of an aircraft structure (Baker, 1987). Patching
effectively reduced the crack growth rates for specimens with a long initial crack, but not for
specimens with a short initial crack. Some local delamination was observed near the patch
location but this did not induce failure of the specimens. In another investigation, aluminum
alloy tension coupons were reinforced with steel and CFRP patches (Allan et al., 1988). The
coupons consisted of two plates which were butted together, some of which were welded
together and others which remained unwelded. Testing demonstrated that application of a
reverse taper to the end of the patch increased the fatigue life of the repair by a factor of four.
The success of crack repair in these two fields shows promise for the retrofit of steel bridges
using CFRP materials.

Ammar. (1996) tested side notched steel specimens fabricated from the flange of a new A36
wide-flange section under three load cases. The first load case tested an unstrengthened
specimen in fatigue at a stress range of 59 MPa. The second load case tested a specimen
strengthened with graphite pultrusion at the same load range thus inducing a stress in the
steel away from the notch but within the strengthening of 44 MPa. This represents the
application of a graphite pultrusion strengthening system to a structure without increasing its
allowable live load. The third load case tested a strengthened specimen at a higher load
range to induce an equal stress range as for the unpatched specimens. This represents an
increase in the allowable live load carried by a structure after application of the patch. In
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both cases the application of the CFRP patch significantly reduced the crack propagation rate
of the specimen.

The use of prestressed CFRP patches for the repair of cracked, riveted steel bridge members
was investigated experimentally and numerically. Bassetti et al. (2000) tested a series of
small-scale, center-notched coupons to simulate the presence of a crack at the edge of a rivet
hole in a steel bridge girder. The coupons were repaired by bonding two CFRP strips on
either side of the notch. Strips with a modulus of elasticity of 155 GPa and 210 GPa were
used and both prestressed and non-prestressed configurations were considered. Several
variable were considered in the study, including the prestressing level, the elastic modulus of
the CFRP, the stress ratio of the fatigue cycle and the adhesive properties used in the repair.
Application of non-prestressed, 155 GPa CFRP patches increased the fatigue life of the detail
by about a three times while prestressing patches with the same modulus increased the
fatigue life of the detail by six times. Use of the higher-modulus CFRP in a prestressed
configuration increased the fatigue life of the detail by about twenty times. Additionally,
application of the prestressed patches significantly reduced the crack growth rate. This effect
was more pronounced at a lower stress ratio for which part of the stress range was in
compression after application of the prestressed patches. The adhesive properties did not
affect the performance of the repaired specimens. In general slight debonding of the CFRP
was observed when the crack front reached the CFRP strip; however, this did not result in
failure of the strengthening system.

A finite element analysis of the small scale specimens tested by Bassetti et al. demonstrated
that the effectiveness of the repair was significantly affected by the thickness of the adhesive.
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While a thicker adhesive layer allows greater shear deformations which reduces the
effectiveness of the technique (Colombi, 2003a), a thinner adhesive layer resulted in a greater
extent of debonding near the crack (Colombi, 2003b). A plasticity based model was also
developed to more accurately predict the fatigue crack growth rate (Colombi, 2005).

To investigate the effect of various parameters, 21 side-notched steel coupons and 8 coupons
with a central hole and crack starters on either side of the hole were repaired with different
configurations of CFRP overlays and tested in fatigue at a stress range of 117 MPa in the
virgin section of the plate away from the notch (Jones and Civjan, 2003). Applying a CFRP
patch to both faces of the coupon approximately doubled the fatigue life of the detail. Use of
a single sided patch did not significantly increase the fatigue life of the details due to out of
plane bending of the coupons. It was found that configurations in which CFRP overlays
were applied directly over the notch location resulted in the greatest increase in fatigue life.
Increasing the patch length by 50 percent only increased the fatigue life by about 10 percent
as compared to the shorter patch. However, the resulting scatter of results was much smaller.
It was also shown that application of the patch after initiation of the crack could increase the
remaining fatigue life of the detail by 170 percent. However, application of the patch prior to
initiation of the crack resulted in a greater increase in the fatigue life demonstrating the
benefits of using CFRP as a preventative measure. In all cases failure of the coupons
occurred due to debonding of the patch.

Matta et al. (2004) tested three double strap specimens consisting of two steel bars butted
together with a CFRP strip adhesively bonded on either side of the joint to transfer stresses
across the gap. The CFRP patches overlapped the steel bars by 205 mm on either end of the
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joint. The coupons were then subjected to fatigue loading at a stress range of 73 MPa in the
far-field portion of the steel coupon away from the repair. The load range was selected such
that the adhesive was subjected to repeated plastic straining at the upper portion of the stress
range. Price and Moulds (1991) recommend limiting stresses in an adhesive joint so that
they do not exceed the elastic limit of the adhesive, particularly under fatigue loading
conditions.

The coupons exhibited progressive loss of stiffness throughout the fatigue

loading program due to propagation of cracks through the adhesive, however, all of the
coupons were capable of sustaining 1 million load cycles. At the conclusion of the fatigue
tests the coupons were tested to failure and exhibited reductions in capacity between
12 percent and 17 percent as compared to unfatigued specimens.

Failure was due to

debonding of the patches. It is not clear whether similar damage would have occurred had
the stress in the adhesive remained below the elastic limit.

2.7.2.1 Flexural fatigue of cracked or notched beams
A full-scale riveted, non-prismatic bridge girder taken from a 91 year old rail bridge was
repaired using a combination of prestressed and unstressed CFRP strips (Bassetti et al.,
2000). The girder was tested in fatigue in a four-point bending configuration with a 4.59 m
span and a 1.26 m constant moment region. After sustaining 3 million cycles at a stress
range of 80 MPa, fatigue cracking was observed at two rivet holes in the constant moment
region. The girder was subsequently repaired using a combination of three prestressed and
two unstressed CFRP laminates with a modulus of elasticity of 210 GPa. The strengthened
girder was re-tested under the same load ranges that were used prior to strengthening. The
CFRP stress range in the repaired member was 5 percent lower than the stress range in the
member prior to the repair at the same load levels. The stress ratio was also reduced from 0.1
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to − 0.5 due to the compressive stresses induced by the prestressing. The girder was tested
up to 20 million cycles and no additional crack growth was observed.

21 small-scale S127x4.5 beams were notched on both sides by a 0.9 mm wide, 12.7 mm long
notch through the entire thickness of the tension flange to create a fatigue sensitive crack
detail (Tavakkolizadeh and Saadatmanesh 2003a). A control set of 15 beams were tested in
fatigue without strengthening in a four point bending configuration with a span of 1.22 m and
a 200 mm long constant moment region. Seven different stress ranges between 69 MPa and
345 MPa were considered.

The remaining six beams were strengthened by bonding a

1.27 mm thick by 76 mm wide CFRP patch to the middle 300 mm of the beam covering the
notches. The strengthened beams were tested under six stress ranges between 207 MPa and
379 MPa. All of the beams were tested at frequencies between 5 and 10 Hz and with a stress
ratio of 0.1.

Two of the control beams at the lowest stress levels did not fail after 1.2 million cycles. The
remaining control beams failed after a crack formed which propagated from the tip of one of
the notches to the tip of the other notch.

All of the repaired beams failed by total

delamination of the CFRP patch several cycles after the crack had propagated through the
entire tension flange. The CFRP patch repair increased the fatigue life of the notched beams
by 2.6 to 3.4 times. This represented an improvement of the fatigue classification of the
detail from AASHTO Category D to AASHTO Category C. Furthermore, the crack growth
rates for the repaired beams were an average of 64 percent lower than those for the
unrepaired beams. Additionally, the repaired beams did not exhibit any drop in stiffness until
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the crack propagated to a length of 20.5 mm as compared to 14.5 mm at the onset of the
stiffness degradation of the repaired beams.

2.7.3

Fatigue behavior of uncracked members reinforced with CFRP

In some applications externally bonded CFRP can be applied to uncracked members to repair
general widespread corrosion of the member or to increase the capacity of the member.
While this is generally a less harsh test of the strengthening system than a crack repair
application, it provides an opportunity to investigate the fatigue performance of the bonded
retrofit system in the absence of other stress-risers. The retrofit system should exhibit a
fatigue life at least comparable to that of existing steel details which are commonly used in
bridges and structures. While the fatigue performance of steel details is well defined, the
fatigue behavior of adhesives is still not well understood. Unlike steel, S-N curves do not
exist which relate the stress range in an adhesive to the expected fatigue life (Cadei et al.,
2004). Cadei et al. recommend limiting the maximum adhesive shear stress to between
20 percent and 30 percent of the ultimate static strength of the adhesive in a given fatigue
cycle. The fatigue behavior of FRP materials is better understood and for CFRP materials
the maximum allowable stress range can be as high as 80 percent of the ultimate strength of
the material (Cadei et al., 2004). To characterize the fatigue performance of externally
bonded CFRP repair systems, testing has been conducted on both un-notched steel coupons
and un-notched steel beams. One investigation has also been reported in which the use of
adhesively bonded composites for seismic retrofit was examined.
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2.7.3.1 Fatigue of un-notched tension coupons
Grabovac et al. (1992) tested a tapered aluminum coupon patched on both sides with a CFRP
patch to simulate the repair of a ship deck at locations of a transition in the deck thickness.
The coupon ultimately failed due to rupture of the aluminum near the grips at approximately
100,000 cycles. The stress range was not reported. Slight debonding was observed at the
ends of the strip but not at the location of the thickness transiton.

The fatigue durability of steel members strengthened with CFRP laminates was investigated
by testing seven steel tension coupons reinforced on both sides with CFRP laminates (Miller,
2000). The coupons were subjected to 2.55 million load cycles at a stress range of 84 MPa in
the unreinforced portion of the steel bar which is consistent with the fatigue threshold for
AASHTO Category C’ fatigue details. The objective of the study was to demonstrate that the
CFRP strengthening system had a fatigue life at least equal to that of typical fatigue sensitive
details which are commonly used in typical steel bridges. For four of the specimens, tested
with an epoxy based adhesive, a silane adhesion promoter was used. All seven of the test
coupons completed the 2.55 million cycle course without exhibiting any signs of
delamination indicating that the bond between the steel and the CFRP should not be the
limiting factor in the determination of the fatigue life of a strengthened steel member.

Matta et al. (2004) tested three steel bars reinforced on both sides by a CFRP strip to examine
the effect of occasional overloading under cyclic loading conditions on the behavior of an
adhesively bonded repair. The coupons were subjected to a fatigue program which subjected
the adhesive to a maximum stress level that was below the elastic limit of the material. At
250,000 cycle intervals, a single overloading cycle was applied which stressed the adhesive
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to nearly twice its elastic limit. During the first overloading cycle a noticeable permanent
offset in strain was measured, however subsequent cycling and overloading cycles did not
result in a significant strain offset. At the conclusion of a 1 million cycle loading course, the
coupons were tested to failure and exhibit a similar stress-strain behavior to that of
unfatigued coupons. The bonds demonstrated a performance at least comparable to that of
AASHTO Category E steel details. Since no degradation in the performance of the coupons
was observed it is likely that fatigue loading could have continued and the bond may have
performed to a higher AASHTO category.

2.7.3.2 Flexural fatigue of un-notched beams
Two full-scale deteriorated S24x80 American standard steel beams that were taken from a
decommissioned bridge were tested in three-point bending with a span of 6.17 m to
10 million cycles at a stress range of 34 MPa in the tension flange of the repaired beam
(Miller, 2000). The stress range used represents twice the measured stress range at the
tension flange of a bridge which was the subject of a future field demonstration project. The
beams were strengthened by adhesively bonding 5.3 mm thick, 37 mm wide CFRP plates to
cover the top and bottom of the tension flange. The two beams were laterally braced using
cross-bracing which connected the two beams to each other to prevent lateral-torsional
buckling. The two beams were tested simultaneously using the same test setup. Both beams
completed a 10 million cycle fatigue loading course without exhibiting any indication of
delamination of the strips or degradation in stiffness of the beams.

Moy (2002) investigated the effect of cyclic loading on the curing of epoxy adhesives. A
total of 14 127x76UB13 steel beams were tested in two investigations.

In the first
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investigation four beams were strengthened by bonding CFRP plates to their tension flange.
Immediately after application of the strengthening, during curing of the adhesive, three of the
beams were subjected to cyclic loading conditions. The fourth beam was allowed to fully
cure and was tested as a control beam. In the second investigation, five pairs of beams were
strengthened simultaneously. One of the beams in each pair was subjected to cyclic loading
during curing of the adhesive while the other was allowed to cure undisturbed. The stiffness
of the beams was evaluated by conducting periodic static tests throughout the duration of the
cyclic loading. The testing confirmed the gradual increase in the stiffness of the adhesive
with time. Beams subjected to higher loads during curing did not develop the full stiffness of
the adhesive. It was recommended that the shear stress in the adhesive be limited to 1 MPa
prior to full curing of the adhesive.

Subsequent tests to failure of the same beams

demonstrated that cyclic loading at higher load levels also reduced the ultimate capacity of
the strengthened beams (Moy and Nikoukar, 2002). The loss in stiffness and strength of the
beams was attributed to the loss in stiffness of the adhesive caused by the cyclic loading
which resulted in a shear lag affect.

Measured strain profiles which were reported at

different load levels were linear through the section and through the adhesive joint.

Two half-scale, W200x52, steel beams were tested under cyclic loading conditions to
evaluate the effectiveness of two different composite strengthening systems for application to
the Sauvie Island Bridge in Oregon (Mosallam, 2005). The first strengthening system used
commercially available CFRP laminates which were bonded to the central 1.83 m of the
beam while the second used a proprietary composite panel which consisted of a hybrid
glass/carbon FRP face sheet with fibers oriented in a 0o/90o orientation attached to an
aluminum honeycomb. The two beams were subjected to 628,000 load cycles and 855,000
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load cycles respectively with an average load of 70 kN. The load range for the tests was not
reported. Both beams were tested in four point bending with a span of 3.81 m and a 91 mm
constant moment region. Upon conclusion of the fatigue program the beams were tested to
failure.

The two composite systems increased the ultimate capacity of the beams by

15 percent and 28 percent respectively as compared to an unstrengthened control beam.

2.7.3.3 Seismic repair of steel moment frame connections
An experimental investigation was conducted in which graphite/epoxy composite stiffeners
were used to retrofit the beam-to-column connections of steel moment frames (Mosallam,
1998). The joints were tested under low-cycle fatigue conditions under constant amplitude
stress reversals to simulate seismic action.

The adhesively bonded composite stiffener

demonstrated a 25 percent increase in ductility as compared to a typical welded ‘as-built’
detail and an increase in ductility of two times as compared to an adhesively bonded steel
stiffener. Ductility is a primary consideration in seismic applications and therefore the
adhesively bonded composite stiffener could be a viable repair technique.

2.8

ANALYSIS AND DESIGN

The analysis and design of steel beams strengthened with externally bonded composites is
generally conducted using two uncoupled procedures. The shear and peel stresses in the
adhesive are calculated using a closed form solution to the differential equations of
equilibrium using a shear-lag analysis.

The analysis and design of the composite

strengthening materials is generally conducted using a moment-curvature analysis which
typically neglects the effect of shear-lag between the steel and the composite strengthening.

35

CHAPTER 2
2.8.1

BACKGROUND

Analysis of bond stresses and design of the adhesive

The analysis of the bond stresses in an adhesive joint are usually conducted using a stressbased approach which employs a shear-lag model. In the shear-lag model, stresses are
transferred between the adherends by shear deformation of the adhesive layer. This approach
has the advantage that it allows calculation of the bond stresses along the entire length of the
adhesive joint as a function of the geometric and material properties of the adhesive and the
adherends. The common simplifying assumption used in this approach is that the stress
distribution through the adhesive thickness is constant. Using this approach the adhesive is
allowed to deform in a shear mode and compatibility is enforced at the interface between
each of the adherends and the adhesive.

The differential equations of equilibrium are

assembled and solved using the boundary conditions of the joint.

Closed form solutions have been developed for a number of different joint configurations.
For lap-joints, a model developed by Hart-Smith is recommended by Cadei et al. (2004).
Albat and Romilly (1999) presented a solution which additionally considers shear-lag
through the adherends by the use of a correction factor. This solution was experimentally
verified by Miller (2000). Other researchers have developed solutions for cover plated
beams (Täljsten, 1997; Smith and Teng, 2000; Cadei and Stratford, 2004). In addition, Smith
and Teng provide a comparison of several other previously derived solutions and outline the
various strengths and weaknesses of the different approaches.

These models typically predict very high shear and peel stresses at the termination of the
joint which rapidly deteriorate away from the ends of the strengthening. Consequently, for a
thorough analysis or design of an adhesive joint it is insufficient only to consider the average
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shear stress in the joint by dividing the applied force by the area of the adhesive. Rather, the
maximum principal stress at the end of the joint should be calculated from the maximum
shear and peel stresses determined using an appropriate bond model (Cadei et al., 2004).
Carpenter (1991) investigated the influence of a number of simplifying assumptions used in
various lap-joint theories using a finite element approach. The study demonstrated that the
peak shear stress in the joint was insensitive to the simplifying assumptions that were made.
The maximum peel stress was insensitive to many of the simplifying assumptions, but certain
assumptions could lead to an error of up to 30 percent in the maximum peel stress.

Design of the adhesive joint for a retrofit system can be conducted using the same principles
discussed above.

For design purposes, the geometric and material properties of the

adherends and the adhesive should be selected such that a debonding failure does not occur.

To reduce the likelihood of failure by debonding it is beneficial to reduce the shear and peel
stresses at the end of the adhesive joint. Sen and Liby (1994) used a combination of bolts
and specially designed clamps near the end of the bonded CFRP strips to assist in the stress
transfer and prevent debonding. Liu et al. (2001) recommend using glass fiber wraps around
the bonded composite and the flange of the beam to help prevent delamination. Careful
detailing of the end of the adherends can also help reduce shear and peel stresses. Providing
a reverse taper and an adhesive fillet at the ends of a composite strip can significantly reduce
shear and peel stresses at the end of a joint (Hildebrand, 1994). This can be achieved by
tapering the thickness of the CFRP strip at its ends and placing the strip on the surface of the
flange such that the shorter face of the strip is next to the flange of the beam. The resulting
gap at the end of the strip should then be filled with adhesive during the bonding operation.
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Analysis of the section and design of the composite strengthening

Analysis of a strengthened beam is typically conducted using a moment-curvature analysis.
The analysis generally assumes a linear strain profile throughout the depth of the section.
Shear-lag effects through the adhesive joint are not considered and a perfect bond is assumed
to exist between the steel and the CFRP. The analysis assumes that the adhesive has
sufficient capacity to transfer the required stresses between the beam and the bonded
composite. The non-linear characteristics of the steel and the concrete should be considered
in the analysis. The moment curvature relationship of a strengthened cross-section can be
determined using a stepwise increment of the strain at the top surface of the beam. The
neutral axis depth of the section is iterated at each increment of strain until equilibrium is
satisfied.

The load-deflection behavior of the strengthened beam can be calculated by

integration of the curvature once the full moment-curvature relationship of the beam is
established.

Cadei et al. (2004) present a detailed description of the analysis for a strengthened metallic
member including both initial-stress and initial-strain conditions. The analysis accounts for
the effect of permanently acting loads, axial forces, thermal effects and prestressing of the
composite materials. In the design of a strengthening system the designer must ensure that
all of the other components of the structure have sufficient capacity to carry the increased
loads. Failure to do so may result in a failure elsewhere in the structure.

Other researchers (Sen and Liby, 1994; Mossallam, 2005) have successfully used finite
element methods (FEM) to predict the behavior of steel beams retrofit with CFRP. However,
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FEM can be complex and computationally intensive which limits its practicality for
widespread analysis and design of this type of member.

2.8.3

Shear-lag effects

As mentioned previously, the analysis of the bond stresses is conducted using a shear-lag
analysis which requires shear deformation of the adhesive.

In the sectional analysis,

however, a perfect bond and linear strain profile are assumed to exist between the steel and
the composite completely neglecting any possible shear-lag effects. In other words plane
sections are assumed to remain plane. The effect of shear-lag on the overall behavior of the
strengthened beam has been discussed by several researchers.

Several researchers have obtained excellent correlation between experimental results and the
predicted behavior using a moment-curvature analysis (Al-Saidy, 2004; Schnerch 2005). In
other reported cases the results of a moment curvature analysis over-predicted the stiffness of
the strengthened member (Tavakkolizadeh and Saadatmanesh, 2003c). This was attributed to
a shear-lag effect between the steel and the CFRP strips.

Sen and Liby (1994) identified dramatic non-linearity of the strain profile between the steel
tension flange and the bonded composite at the mid-spans and quarter-spans of several test
beams. In some cases the measured strain in the CFRP was substantially lower than the
strain in the steel tension flange which is consistent with the assumption of a shear-lag effect.
In other cases, however, the strain in the CFRP was higher than that in the tension flange of
the steel. In still other cases the strain profiles were essentially linear. A definite trend in the
results could not be identified. In this study clamps and bolts were provided near the ends of
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the composite materials which may have possibly affected the strain at the level of the CFRP
materials. Mosallam (2005) also identified a slight shear-lag effect through the thickness of
the aluminum honeycomb core of a composite panel used to strengthen a steel beam at higher
load levels. In an investigation on the bond behavior of CFRP strips bonded to cracked steel
beams, Nozaka et al. (2005) identified a shear-lag effect through the thickness of the CFRP
laminate near the crack location. The presence of the crack, however, makes it difficult to
ascertain whether the measured behavior was due to shear-lag or due to localized variations
in stress due to the presence of the crack.

Ono et al. (2001) tested two beams consisting of two 40 mm thick by 100 mm wide steel
plates which were bonded together in a sandwich type configuration using two different
bonding methods. For the first beam the two plates were bonded together by a 1 mm thick
epoxy layer. For the second beam a 0.22 mm thick layer of unidirectional carbon fiber was
placed between the two steel plates and the plates were subsequently bonded together. The
beams were tested in three-point bending with a span of 300 mm and with the joint oriented
in the horizontal plane. A noticeable shear-lag effect was observed for the beam bonded with
the 1 mm thick epoxy layer but not for the beam bonded with the carbon fiber fabric inserted
in the joint. Due to the low shear-span to depth ratio of these beams, of approximately 1.8,
however, flexural theory may not govern the behavior of these beams and shear effects may
be more significant.

Oehlers et al. (1997) demonstrated analytically that partial-interaction between a concrete
slab and a steel beam which are connected by mechanical shear connectors in typical
composite construction, could result in a reduction of the capacity of the section as compared
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to the full-interaction condition. In this case partial-interaction is due to a slip at the interface
between the two materials which is similar to a shear-lag effect through an adhesive joint. It
was also suggested, however, that in chemically bonded interfaces the stiffness of the
attachment tends to infinity and thus the full-interaction condition is approached.

Based on an approach used for laminated timbers, Moy and Nikoukar (2002) demonstrated
that for an adhesive with a modulus of elasticity of less than about 10 MPa the effective
moment of inertia of a strengthened section, and thus the stiffness of the strengthened
member, could be reduced significantly. A similar trend was observed experimentally.
However, the measured strain profile in the beam tests was linear and did not exhibit a shearlag affect through the adhesive joint between the steel and the composite. Moy and Nikoukar
suggested that assuming a linear strain profile provides a reasonably accurate prediction of
the behavior of the retrofit member.

2.9

RESEARCH SIGNIFICANCE

A review of previous research on the use of composites for strengthening and repair of steel
structures has identified several areas in which additional research would be beneficial.

•

Based on the findings of several experimental investigations, it has been shown that
externally bonded CFRP can be used to effectively strengthen and repair steel bridge
members. A limited number of tests on steel-concrete composite beams strengthened
with conventional modulus carbon fibers have identified that the use of the composite
retrofit systems can substantially improve the performance of bridge members
subjected to overloading conditions. Other research has demonstrated that the use of
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externally bonded high modulus CFRP can increase the stiffness of steel-concrete
composite beams and affect similar improvements in the performance of bridge
members under service loading conditions. It follows that the use of high-modulus
CFRP for the retrofit of steel-concrete composite bridge members could significantly
reduce damage and otherwise improve the performance of these members under
overloading conditions.

This has not yet been experimentally or analytically

investigated.

•

The use of externally bonded, prestressed and non-prestressed CFRP for repair of
cracked steel members has been studied using both small-scale steel tension
specimens and full-scale and small-scale steel beams.

Additionally, testing of

uncracked small-scale steel coupons and full-scale steel beams has demonstrated that
bonded CFRP retrofit systems exhibit fatigue lives similar to or superior to commonly
used steel details. There have been no reported investigations on the fatigue behavior
of steel-concrete composite beams strengthened with CFRP, nor have there been any
reported studies investigating the fatigue behavior of steel beams retrofit with high
modulus CFRP. A proposed method of determining allowable service load increases
when designing high-modulus CFRP retrofit systems would be beneficial.

The

fatigue performance of the retrofit under these service loading conditions must first be
verified.

•

Currently, shear-lag analysis, which mandates shear deformation of the adhesive
layer, is the most commonly recommended method of determining bond stresses in
metallic structures retrofit with composite materials. On the other hand, the moment-
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curvature analyses which are commonly conducted to determine the behavior of the
reinforced section and member assume perfect bond between the steel and the CFRP
and neglect shear-lag effects. Experimental and analytical results do not identify a
consistent trend as to whether shear-lag effects between the steel and the composite
significantly affect the flexural behavior of reinforced steel beams. The effects of
shear-lag should be study in more depth to verify the validity of the plane sections
remain plane assumption.
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EXPERIMENTAL PROGRAM
3.1

INTRODUCTION

An experimental research program was conducted at the Constructed Facilities Laboratory,
North Carolina State University in three phases to examine the behavior of steel concrete
composite beams strengthened with high modulus CFRP materials. The first phase of the
study examined the behavior of the strengthened beams under overloading conditions. The
second phase studied the behavior of the strengthened beams subjected to fatigue loading
conditions. The third phase examined the possible presence of shear-lag between the steel
tension flange and the CFRP laminates. This chapter discusses detailed information of the
experimental program, including design of the specimens, construction of the specimens,
material properties, instrumentation, test setup and test procedure used for the three studies.

3.2

OVERLOADING STUDY

A series of small-scale steel concrete composite beams were fabricated and tested to examine
the behavior of steel-concrete composite beams strengthened with high modulus CFRP and
subjected to overloading conditions. This section discusses detailed information on the
design of the specimens, construction of the specimens, material properties, test setup
instrumentation, and test procedure used in the overloading phase of the experimental
program.
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Design of the test specimens

Three steel-concrete composite beams were strengthened with high-modulus CFRP laminates
and tested to examine the behavior under overloading conditions.

Two beams were

strengthened by externally bonding high-modulus CFRP to the underside of the tension
flanges of the steel beam while the third beam remained unstrengthened and was used as a
control specimen. The beams were approximately quarter-scale of typical steel-concrete
composite girders used for highway bridges. A typical test beam used in the experimental
program is shown schematically in Figure 3.1.

Each of the beams consisted of a standard W 200 x 19 steel beam and a 525 mm x 65 mm
concrete deck slab cast to act in composite action with the steel beam. Shear transfer
between the steel and the concrete was provided by two rows of 12 mm diameter x 50 mm
long mild steel stud-type shear connectors spaced 50 mm apart on center. Studs were spaced
longitudinally at 100 mm on center along the entire length of the beams. The typical slab
was reinforced with 6 mm plain welded wire fabric placed at the mid-height of the slab. The
transverse and longitudinal wires were spaced at 100 mm on center to limit shrinkage
cracking and to ensure effective use of the slab in composite action with the steel beam. The
total length of the beam was 3.35 m as shown in Figure 3.1.

Full depth transverse stiffeners were provided on either side of the web of the steel beam at
the support locations to prevent local web yielding and web crippling.

Partial depth

transverse stiffeners, terminated at 40 mm from the tension flange, were provided on either
side of the web on all of the steel beams at the location of the applied loads to prevent web
side-sway buckling as specified by the AISC Manual of Steel Construction (2001).
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Figure 3.1: Schematic of the overloading test beams
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Two of the three beams examined in phase I were strengthened with high-modulus CFRP
laminate strips externally bonded to the underside of the tension flange of the steel beams.
Two different levels of strengthening were used. The first strengthening level consisted of
two 19 mm wide, 4 mm thick CFRP laminate strips, which corresponds to a reinforcing ratio
of 4.3 percent relative to the area of the steel beam cross-section. The second strengthening
level consisted of two 38 mm wide, 4 mm thick laminate strips, which corresponds to a
reinforcement ratio of 8.6 percent. The reinforcing ratio represents the ratio of the total fiber
area (based on the fiber volume fraction of the laminate) to the cross-sectional area of the
steel beam. The first reinforcement ratio was designed for a target of approximately 25
percent increase in the ultimate strength and elastic stiffness of the beam. The second
reinforcement ratio was designed for a target of approximately 70 percent increase in the
ultimate strength and a 50 percent increase in the stiffness of the beam. The calculated
strength and stiffness increases are based on a moment curvature analysis which is described
in Chapter 5.

3.2.2

Construction of the test specimens

Construction of the beams took place in four stages. The first stage included installation of
the shear studs to the steel beams. The second stage included casting of the concrete deck
slabs in composite with the steel beams. The third stage included preparation of the CFRP
strips for application and the final stage included installation of the CFRP to the tension
flange of the steel beam. The following sections describe each stage in detail.
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3.2.2.1 Installation of the shear studs
The steel beams were cut into 3.35 m lengths and delivered to the Constructed Facilities
Laboratory with transverse stiffeners that were welded by Fabco Industries in Raleigh, NC.
The stiffeners were welded to the beam using 3 mm fillet welds made by an automated
process. Shear studs were welded at the Constructed Facilities Laboratory using Nelson Stud
Welding’s Series 4500 welder. One electrode of the welder was grounded to the steel beam
and a special welding gun was attached to the other electrode. The head of a stud was placed
into the end of the welding gun and a small porcelain ferrule was placed on the tip of the stud
to contain the weld. The stud was pushed against the top surface of the flange and the trigger
of the welding gun was pulled to activate the welder. The stud welding equipment and
process are shown in Figure 3.2 (a) – (d).

(a) Series 4500 welder

(b) Stud welding gun

Figure 3.2: Installation of the shear studs
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(c) Nelson stud and ferrule

(d) Attaching the Nelson studs

Figure 3.2 (continued): Installation of the shear studs

3.2.2.2 Construction of the concrete deck
The three beams that were to be used in the overloading study were cast simultaneously with
two other beams, one which was used as a prototype beam and one which was used for the
shear-lag study. All of the beams were cast at the Constructed Facilities Laboratory.

The five test beams were cast in an inverted position to simplify the casting process. The
wood forms were fabricated and coated with form release oil. The welded wire fabric was
placed into the forms and was supported by 32 mm steel slab bolsters and was thus located at
the mid-height of the deck slab. The steel beams were supported by 65 mm concrete dobbies
in an inverted position with the shear studs projecting downwards into the forms. The
completed formwork is shown in Figure 3.3. Concrete was provided by Thomas Concrete,
Raleigh, NC. The measured concrete slump was 100 mm at the time of casting. The
concrete slabs were covered with moist burlap and plastic and were moist cured for 5 days
after which the forms were removed and the beams were air cured.
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Concrete dobbie
Figure 3.3: Inverted formwork for the overloading and shear-lag beams

3.2.2.3 Preparation of the CFRP strips
The preparation and installation procedures for the CFRP strips followed the
recommendations for the installation of high-modulus CFRP strips onto steel bridges
provided by an earlier study Schnerch (2005). Prior to the installation of the CFRP strips
onto the steel surface, several steps were taken to prepare the laminates for bonding. The
strips were cut to 2745 mm lengths using a fine toothed hacksaw. The strips were then cut
longitudinally to the selected width using a water-cooled concrete saw. To ensure that the
laminate widths were consistent, fences were set to the appropriate width on either side of the
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blade. A water-cooled saw was used to avoid possible overheating of the blade and to reduce
the possibility of splitting the laminate.

Adams (1986) and Hildebrand (1994) suggest that
providing a reverse taper and a spew fillet for the

Spew Fillet
CFRP
Adhesive

adhesive at the end of a bonded joint, as shown in
Figure 3.4, can substantially reduce peel stresses
at the end of a bonded CFRP strip thus reducing

Steel

the likelihood of a debonding failure.

Figure 3.4: Reverse-tapered joint end detail

In this study, the laminates were reverse-tapered by a 20o angle using a special fixture and a
belt sander to reduce the peeling stresses induced at the ends of the strips therefore avoiding
possible premature failure due to peeling of the laminates.

3.2.2.4 Bonding of the CFRP strips
Proper bonding of the laminate strips to the steel tension flange is critical to the effectiveness
of the strengthening system. Surface preparation, mixing of the adhesive, spreading of the
adhesive on the CFRP surface and appropriate clamping forces are important parameters
which can significantly affect the bond strength of the CFRP to the steel surface.

Prior to bonding of the CFRP, the bottom surface of the steel tension flange was grit blasted,
as shown in Figure 3.5, to remove mill-scale, rust, paint and debris and to roughen the steel
surface. This increased the surface area available for bonding and improved the mechanical
interlock between the steel and the adhesive. The grit-blasted surface was then cleaned by
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pressurized air to remove any impurities remaining on the surface from the grit blasting
process. The steel surface was brushed with acetone to remove any chemical impurities on
the surface. Acetone was applied generously so that it was dripping off of the surface of the
steel to ensure that the dissolved contaminants were removed rather than redistributed on the
surface of the steel.

Figure 3.5: Sandblasting tension flange prior to bonding

Since the CFRP laminates were fabricated with a roughened surface with a glass fiber peel
ply, the surface preparation for the laminates was minimal.

The exposed ends of the

laminates where the reverse tapers were fabricated were wiped with methyl alcohol to
remove the dust generated by the sanding process. The peel ply was removed immediately
prior to application of the adhesive to reduce the likelihood of possible contamination of the
surface. Bonding of the laminates to the steel surface was performed on the same day as the
grit blasting to prevent the formation of corrosion products on the surface of the steel.
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The contents of one cartridge of SP Systems Spabond 345 adhesive was emptied into a clean
dry stainless steel bowl and mixed with a paddle mixer and an electric drill. Each cartridge
contained enough adhesive to strengthen two beams within the pot life of the adhesive. Once
the adhesive was completely mixed, the peel ply was removed from the surface of the
laminate and the adhesive was spread over the surface of the laminate using a plastic trowel.
The thickness of the adhesive was regulated using a trowel with 3 mm deep triangular
notches in its end. The laminates were then carefully attached to the surface of the steel
flange and firmly pressed against the surface.

The application of the adhesive and

installation of the CFRP laminate strips are shown in Figures 3.6 (a) and (b) respectively.

(a) Applying adhesive to the CFRP

(b) Installation of the CFRP strips

Figure 3.6: CFRP laminate strip installation process

Two strips were bonded to the bottoms of each of the beams. When both laminates were
installed a wooden clamping system was used to clamp the CFRP strips to the beam as
shown in Figure 3.7. To ensure that the wooden clamps provided even clamping force, a
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38 mm x 140 mm wooden board padded with foam was placed between the clamps and the
strengthened tension flange of the beam. The clamping force was applied for twelve hours to
ensure that the adhesive had set sufficiently prior to removal of the clamps. The adhesive
was allowed to cure at ambient room temperature (approximately 20oC) for at least one week
prior to testing.

The measured adhesive thickness achieved using this procedure was

between 0.07 mm and 0.21 mm with an average of 0.1 mm. Figure 3.8 shows the completely
bonded laminates for the lower reinforcement ratio.

Figure 3.7: Clamping of CFRP laminates during curing
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Figure 3.8: CFRP laminate strips after bonding to tension flange of steel beam

To prevent debonding of the laminate, unidirectional CFRP fabric wraps were placed
transversely to the CFRP strips at the ends of the laminates and 150 mm away from each load
location towards the supports. The CFRP sheets were wrapped around the flange up to the
web-to-flange fillet on each side of the beam. The wraps were bonded using Sika Sikadur
330 two part epoxy adhesive. The fibers were pressed gradually against the surface of the
flange using a plastic trowel to remove any possible entrapped air. The wraps were installed
approximately after 12 hours of bonding of the laminates to ensure that the SP Spabond 345
adhesive had hardened and to prevent possible interaction between the Spabond 345 and the
Sikadur 330 adhesives. Installation of the transverse wraps is shown in Figure 3.9.
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Figure 3.9: Installation of transverse wraps

3.2.3

Material Properties

This section describes the properties of the different materials used in the overloading study,
including the structural steel, the concrete, the high modulus CFRP and the epoxy adhesive.

3.2.3.1 Structural steel
The steel beams were fabricated using ASTM A992 steel. The material properties of the
steel were determined by cutting and testing seven tension coupons according to ASTM A
370-02. Coupons were cut from a beam stub taken from the same heat of steel as that used
for the test beams. Three coupons were taken from the beam web and two were taken from
each of the beam flanges. The stress-strain relationship for the seven coupons is presented in
Figure 3.10. The test setup and the seven coupons after failure are shown in Figures 3.11 (a)
and (b) respectively. The tensile properties of the flange steel and web steel are presented in
Table 3.1 (a) and (b) respectively.
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Figure 3.10: Measured steel tensile stress-strain relationship

(a) Steel tension coupon test Setup

(b) Steel tension coupon failures

Figure 3.11: Steel tension coupon tests
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Table 3.1: Steel coupon material properties
(a) Flange Properties

F1
12.72
6.02
377

Width, w (mm)
Thickness, t (mm)
0.2% Offset Strength,
fy (MPa)
Elastic Modulus, E (GPa)
207
Yield Strain, εy (mm/mm) 0.0018
Ult. Strength, fu (MPa)
469
Ult. Strain, εu (mm/mm) 0.35

F2
12.73
6.14
375

F3
12.72
6.39
372

F4
12.72
6.36
389

AVERAGE
12.72
6.23
378

ST. DEV.
0.01
0.2
7

203
0.0018
466
0.35

195
0.0019
469
0.32

201
0.0019
469
0.35

201
0.0019
468
0.34

5
0.0
2
0.01

W2
12.73
5.62
397

W3
12.73
5.64
397

AVERAGE
12.73
5.64
389

ST. DEV.
0.01
0.02
14

207
0.0019
478
0.33

207
0.0019
471
0.37

202
0.0019
473
0.35

8
0.0
4
0.02

(b) Web Properties

W1
12.75
5.66
372

Width, w (mm)
Thickness, t (mm)
0.2% Offset Strength,
fy (MPa)
Elastic Modulus, E (GPa)
193
Yield Strain, εy (mm/mm) 0.0019
Ult. Strength, fu (MPa)
470
Ult. Strain, εu (mm/mm) 0.36
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3.2.3.2 Concrete
Concrete for the overloading beams was provided by Thomas Concrete, Raleigh, North
Carolina.

Aggregate size of 9 mm was used in all concrete mixes to ensure adequate

distribution of the concrete in the forms.

Three cylinders were tested after 28 days according to ASTM C39-03 and the concrete was
found to have an average compressive strength of 43 MPa. An additional four cylinders were
tested during the testing of the beams to establish the complete stress-strain relationship of
the concrete. To determine the cylinder strain three pairs of linear motion transducers were
placed around the circumference of the cylinder to measure the axial deformation of the
cylinders. Stress was calculated using the measured load from the machine and the cylinder
cross-sectional area. The ultimate strain of the concrete was calculated as the strain when the
stress in the concrete degraded to 80 percent of the peak strength. Figures 3.12 (a) and (b)
present the test setup and a typical failure of the concrete cylinder respectively. Figure 3.13
presents the stress-strain relationships for the four cylinders. The concrete cylinder material
properties are presented in Table 3.2.

(a) Concrete cylinder test setup

(b) Typical concrete cylinder failure

Figure 3.12: Concrete cylinder tests
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Figure 3.13: Measured concrete compression stress vs. strain relationships for the overloading beams

Table 3.2: Concrete cylinder material properties for the overloading beams

Diameter, d (mm)
Height, H (mm)
Elastic Modulus, E (MPa)
Peak Strength, fc’ (mm/mm)
Strain at Peak, εc’ (mm/mm)
Ultimate strain, εcu

CYL. 1
102.6
198.9
15,298
42.7
0.0034
0.0043

CYL. 2
101.2
198.6
15,744
44.3
0.0035
0.0040

CYL. 3
101.4
198.9
15,603
43.7
0.0035
0.0046

CYL. 4 AVERAGE
101.2
101.6
198.6
198.8
16,729
15844
46.0
44.2
0.0037
0.0035
0.0047
0.0044

ST. DEV.
0.7
0.2
620
1.4
0.0001
0.0003

3.2.3.3 High modulus CFRP
Mitsubishi Chemical America’s Dialed K63712 high-modulus pitch-based carbon fiber was
used to strengthen the test beams. The carbon fibers were pultruded into a laminate with a
nominal thickness of 4 mm and a nominal width of 100 mm by Epsilon Composite, a French
pultrusion company.

To ensure that the composite surface was properly prepared for

adhesive bonding, the laminate strips were manufactured with pre-roughened surfaces and
glass fiber peel ply’s on either face. The fiber and composite properties of the laminate as
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provided by Mitsubishi Chemicals America and Epsilon Composite respectively are
presented in Table 3.3. The composite properties were determined by an independent testing
laboratory.

Table 3.3: High modulus carbon fiber material properties

Ultimate Strain, εu (mm/mm)
Tensile Modulus of Elasticity, E (GPa)
Ultimate Strength, fu (MPa)
Fiber Volume Fraction, FVF (%)

FIBER PROPERTIES
AVERAGE
0.004
634
2620
N/A

LAMINATE PROPERTIES
AVERAGE
ST. DEV.
0.00334
0.0002
460
8
1543
30
71
Not Reported

3.2.3.4 Epoxy adhesive
The CFRP laminate was bonded to the surface of the steel flange using SP Systems’ Spabond
345 two-part epoxy adhesive with the fast hardener provided in 400 mL cartridges. This
adhesive was selected from a set of six adhesives in a study conducted by Schnerch et al.
(2005) at North Carolina State University.

The study demonstrated that SP System’s

Spabond 345 was most suitable for bonding HM-CFRP laminates to steel surfaces as it
developed the ultimate rupture strain of the laminate in the shortest development length. The
adhesive was also viscous enough to be applied to an overhead surface and capable of
holding the CFRP strips to the steel flange until adequate clamp force could be applied. The
working pot life of the adhesive was approximately 30 minutes when used at room
temperature.

The adhesive’s mechanical properties were determined by testing three tension coupons in
accordance with ASTM D638-03. The uncured adhesive was formed into a 5 mm thick plate
by thoroughly mixing the two parts and spreading the mixed adhesive onto a thin plastic film.
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The adhesive was smoothed to a uniform thickness and allowed to cure at room temperature.
Three tapered coupons were cut from the plate and instrumented by two electrical resistance
strain gauges to measure longitudinal and transverse strain. The three coupons were tested in
a 20-kip Instron Universal Testing Machine. All three coupons failed in a brittle mode
within the gauge length of the longitudinal strain gauge. The test setup and failed specimens
are shown in Figure 3.14 (a) and (b) respectively while Figure 3.15 presents the longitudinal
stress based on the measured applied load vs. the measured longitudinal and transverse strain
of the three coupons. Table 3.4 summarizes the mechanical properties of the three adhesive
coupons.

(a) Epoxy coupon test setup

(b) Epoxy coupon failures

Figure 3.14: Epoxy adhesive coupon tests
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Figure 3.15: Measured adhesive stress vs. strain relationships

Table 3.4 Spabond 345 adhesive coupon material properties

Width, w (mm)
Thickness, t (mm)
Elastic Modulus, E (MPa)
Ult. Long. Strain, εu (mm/mm)
Poisson’s Ratio, ν
Shear Modulus, G (MPa)

3.2.4

SP345-1
12.79
5.283
2916
0.015
0.40
1043

SP345-2
12.78
5.249
3052
0.015
0.40
1091

SP345-3
12.78
5.232
2972
0.015
0.37
1083

AVERAGE
12.78
5.255
2977
0.015
0.39
1072

ST. DEV.
0.01
0.026
68
0.000
0.02
25

Test setup

All three of the overloading beams were tested in a simply supported configuration using a
span of 3050 mm between the centerline of the supports and a four-point loading
configuration. Load was applied using a 490 kN MTS closed loop actuator operating in
displacement control. The two line loads covered the entire width of the concrete deck slab
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through two 150 mm square steel HSS sections. A 12 mm thick neoprene rubber pad and
quick setting plaster were placed under the line loads to eliminate any irregularity in the
concrete surface. The test setup is shown schematically in Figure 3.16.

490 kN MTS actuator

150 mm square HSS
Test beam
spreader beam
neoprene pad
(plaster as needed)

lateral brace

pin support
(Neoprene pad)

roller support
(Neoprene pad)
W 360 x 216 support
610

150 mm steel plate

3050

Figure 3.16: Test setup schematic

The beams were supported on steel pin and steel roller supports. These supports rested on
W 360 x 216 stiffened steel beams, which in turn rested on 150 mm thick steel floor plates.

The control beam was tested with minimal lateral bracing and did not exhibit any instability.
Small adjustable steel posts were placed under each of the four corners of the slab and were
adjusted to touch the underside of the slab to prevent overturning due to a possible imbalance
in the loading.

Initial testing of a strengthened prototype specimen indicated that the strengthened beams
could possibly fail due to global instability of the test setup. To prevent instability of the
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overloading beams, the concrete slab of the beams were lateral braced at the support
locations. Also, the top and bottom of the spreader beam were laterally braced to prevent
rotation of the top flange of the beam. The test beams were braced at the ends using
specially fabricated steel clamps to prevent possible twisting during loading. Figure 3.17 (a)
and (b) show the test setup with and without the lateral bracing respectively. The support
conditions for the unstrengthened and strengthened overloading beams are shown in
Figure 3.18 (a) and (b) respectively.

(a) Test setup without lateral bracing
Figure 3.17: Test setups for the (a) unstrengthened and (b) strengthened overloading beams
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(b) Test setup including lateral bracing
Figure 3.17 (continued): Test setups for the (a) unstrengthened and (b) strengthened overloading beams

(a) Steel pin & adjustable post

(b) Steel pin & web clamps

Figure 3.18: Support conditions for the (a) the unstrengthened and (b) strengthened overloading beams
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Instrumentation

The overloading beams were instrumented to measure deflections and strains at several
locations along the beam. The strain measurements were of primary interest for the shear-lag
study and are described in Section 3.4.1. This section describes the layout of the deflection
measurement devices and the data acquisition system used in the overloading study.

3.2.5.1 Deflection measurement devices
Deflections were measured using Linear Motion Transducers (LMT’s).

Both string

transducers and conventional linear transducers were used to measure deflections at various
locations. When possible, deflections were measured at the same location on either side of
the beam to monitor possible overturning and/or torsion of the beam and to obtain more
reliable measurements of deflection. The deflections along the beams were measured at or
close to the supports, at mid-span and at quarter points.

The location of deflection

measurement devices are shown in Figure 3.19.
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Figure 3.19: Locations of linear motion transducers to measure deflections

Two conventional LMT’s were used to measure the relative movement between the concrete
slab and the steel beam at both ends of the overloading control beam. The measured slip was
negligible and as such the LMT’s were not used for the remaining tests.

3.2.5.2 Data Acquisition System
Data was recorded using an Optim Megadac 3415AC data acquisition system at a frequency
of 2 Hz. The data acquisition system was controlled by a personal computer running TCS
software. Load, stroke, strain and deflections were all recorded by the data acquisition
system.

During testing the data was monitored graphically using a macro running on

Microsoft Excel.
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Test program

Three beams were tested in the overloading study. Two of the beams were strengthened with
two different levels of strengthening to determine the effect of the reinforcement ratio on the
overloading behavior of the strengthened beams. The third beam remained unstrengthened to
serve as a control specimen for the overloading study. The test matrix for the overloading
study is presented in Table 3.5.

Table 3.5: Test matrix for the overloading study

BEAM
DESIGNATION
ST-CONT
OVL-1
OVL-2

STRENGTHENING
None
2 x 4 mm x 19 mm
2 x 4 mm x 38 mm

REINFORCEMENT
RATIO
0 percent
4.3 percent
8.6 percent

Beam ST-CONT was loaded in stroke control at a rate of 0.5 mm/min prior to yielding of the
steel and 2 mm/min after yielding of the steel. Beams OVL-1 and OVL-2 were loaded and
unloaded in stroke control at a rate of 0.5 mm/min prior to rupture of the CFRP and
2 mm/min after rupture of the CFRP. Each of the overloading beams was subjected to
several loading and unloading cycles as outlined in Table 3.6. The target unloading levels
were based on the predicted yield deflection, ∆y, of the respective beams.

69

CHAPTER 3

EXPERIMENTAL PROGRAM

Table 3.6: Unloading cycles for overloading beams

UNLOADING
CYCLE
1st
2nd
3rd
4th
5th
6th

-

-

7th

-

-

th

-

-

8

3.3

ST-CONT
TARGET ACTUAL
3.7 mm
3.7 mm
(0.4 ∆y)
9.2 mm
8.6 mm
(∆y)
14.0 mm 14.0 mm
(1.5 ∆y)
27.3 mm 27.3 mm
(3.0 ∆y)
-

OVL-1
TARGET ACTUAL
3.7 mm
3.7 mm
(0.4 ∆y)
8.6 mm
8.6 mm
(0.8 ∆y)
10.2 mm 10.0 mm
(∆y)
11.5 mm 11.5 mm
(1.1 ∆y)
13.5 mm 13.5 mm
(1.3 ∆y)
After
19.3 mm
rupture

26.2 mm
(2.6 ∆y)
-

26.2 mm
-

OVL-2
TARGET ACTUAL
3.7 mm
3.8 mm
(0.4 ∆y)
8.6 mm
7.9 mm
(0.8 ∆y)
10.8 mm 10.6 mm
(∆y)
11.7 mm 11.7 mm
(1.1 ∆y)
13.4 mm 13.4 mm
(1.2 ∆y)
15.2 mm 15.2 mm
(1.4 ∆y)
After
23.7 mm
rupture

26.2 mm
(2.4 ∆y)

26.2 mm

FATIGUE STUDY

Three steel concrete composite beams were fabricated and tested to examine the behavior of
steel-concrete composite beams strengthened with high modulus CFRP and subjected to
fatigue loading conditions. This section discusses detailed information on the design of the
specimens, construction of the specimens, material properties, test setup instrumentation, and
test procedure used for the fatigue phase of the experimental program.

3.3.1

Design of the test specimens

The beams used in the fatigue study were approximately quarter-scale steel-concrete
composite girders of typical highway bridges similar to those used in the overloading study
Two of the beams were strengthened by externally bonding high-modulus CFRP to the
underside of the tension flanges of the steel beam while the third beam remained
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unstrengthened and was used as a control specimen. The design of the test specimens is
described in detail in Section 3.2.1.

3.3.2

Construction of the test specimens

Construction of the beams took place in four stages including installation of the shear studs
to the steel beams, casting of the concrete deck slabs in composite with the steel beams,
preparation of the CFRP strips for application and installation of the CFRP to the tension
flange of the steel beam. Several of the construction stages were performed as described in
Section 3.2.2 for the overloading beams, however, several of the construction stages were
modified as described below.

3.3.2.1 Installation of the shear studs
Fabrication of the steel beams and installation of the shear studs followed the same procedure
described in Section 3.2.2.1 for the overloading beams.

3.3.2.2 Construction of the concrete deck
The three beams for the fatigue study and two additional beams intended to be used for a
thermal effect investigation were cast in the same manner as described in Section 3.2.2.2 for
the overloading beams. During casting of the concrete the measurements of the slump were
25 mm and 75 mm. The beams were cast in inverted configuration as shown previously in
Figure 3.3. After five days of moist curing the forms were removed. Inspection of the beams
revealed large voids at the ends of the beams. Further inspection revealed the possible
presence several additional voids near the mid-span of the test beams. To eliminate the
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uncertainty of the test results using these beams, it was decided to remove the concrete and
reuse the steel beams using different form work for the deck slab.

The three fatigue beams were cast in an upright position as shown in Figure 3.20. To achieve
greater stability for the fatigue beams, 150 mm long concrete end blocks extending across the
entire width of the slab were used. The end blocks were reinforced with 9.5 mm diameter
steel stirrups. The typical formwork for the end-blocks is shown in detail in the insert for
Figure 3.20 The centerline of the end-blocks coincided with the centerline of the transverse
stiffeners at the support.

Figure 3:20: Upright formwork for fatigue beams; general view and end block detail
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During the test program one of the three fatigue beams was damaged due to a sudden
unexpected movement of the actuator during testing. The beam was replaced by another
beam using the same upright formwork that was used for the construction of the other fatigue
beams.

3.3.2.3 Preparation of the CFRP strips
The CFRP strips were prepared following the same procedure described in Section 3.2.2.3
for the overloading beams.

3.3.2.4 Bonding of the CFRP strips
Two different bonding procedures were used for the two different strengthened beams tested
in fatigue to determine the effect of the adhesive thickness and installation procedure on the
fatigue life of the strengthening system.

To investigate the effect of the bonding procedure on the fatigue behavior of steel-concrete
composite beams strengthened with CFRP, two of the fatigue test beams were strengthened
using the same reinforcement ratio but two different bonding techniques. The first beam was
strengthened using the same procedure described in Section 3.2.2.4 for the overloading
beams. Measurement of the cured adhesive thickness indicated that the bonding procedure
described in Section 3.2.2.4 resulted in an average adhesive thickness of 0.1 mm. For the
second fatigue beam the use of glass bond-line spacer beads to control the adhesive thickness
and the use of a silane adhesion promoter, which is commonly used to improve the
environmental durability of adhesive joints, were investigated.
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For the second fatigue beam a primer coating of Dow Corning Z-6040 silane was applied to
the surface of the steel. The surface of the steel was sand-blasted and cleaned as described
previously.

The silane was then applied according to the recommendations of a Dow

Corning representative (Personal Communication, March 24, 2005). The silane was diluted
in methanol to a 3 percent solution and mixed thoroughly. The solution was then brushed
onto the bottom surface of the tension flange of the steel beam. The silane was allowed to air
dry for at least one hour prior to installation of the strips.

To control the final thickness of the cured adhesive joint, E-glass bond line spacer beads with
a nominal diameter of 0.8 mm to 1.2 mm provided by MoSci corporation were mixed into the
adhesive prior to applying the adhesive to the surface of the CFRP strips. Approximately one
gram of glass beads were added to every 100 grams of adhesive to ensure adequate
distribution of the beads within the bond line. A thick layer of adhesive was spread onto the
CFRP strips and the CFRP strips were pressed against the steel surface. The strips were then
clamped as using wooden clamps as described previously. Measurement of the cured
adhesive thickness indicated that this bonding procedure resulted in an adhesive thickness
ranging between 0.93 mm and 1.0 mm with an average of approximately 1.0mm

The suitability of the use of silane and glass bond-line spacer beads, was verified prior to
strengthening the fatigue beam by testing a series of nine double-lap shear coupons. Three of
the coupons were prepared without using silane or glass beads. Three of the coupons were
prepared with glass beads but without silane. The remaining three coupons were prepared
using silane and glass beads as described above. The coupons were allowed to cure for one
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week and were tested in tension at a rate of 0.6 mm/min. The use of the silane and the glass
beads did not seem to affect the capacity or the behavior of the double lap shear coupons.

Prior to installation of the CFRP strips on both of the fatigue beams a simulated dead load
was applied to the unstrengthened fatigue beams using an independent test scheme to
simulate actual loading conditions of a real bridge. The dead load test scheme and the
procedure used to apply the dead load are described in Section 3.3.4.

3.3.3

Material Properties

The material properties of the structural steel, the high modulus CFRP and the epoxy
adhesive used for the fatigue study were the same as those described for the overloading
study and are described in detail in Section 3.2.3. Since the concrete deck slabs for the
beams were cast at separate times, however, the concrete material properties were different.

Two different sets of concrete properties were used for the three different fatigue beams. The
unstrengthened beam and the beam strengthened using the standard bonding procedure were
cast at the same time while the beam which used glass beads and a silane primer was cast
separately.

For the first two beams three cylinders were tested 28 days after casting

according to ASTM C39-03 and the concrete was found to have an average compressive
strength of 30 MPa. An additional three cylinders were tested during the testing of the
fatigue beams to establish the complete stress-strain relationship of the concrete. Figure 3.21
presents the stress-strain relationships for the three cylinders. The concrete cylinder material
properties are presented in Table 3.7.
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Figure 3.21: Measured compression stress vs. strain relationships for the second concrete batch

Table 3.7: Cylinder material properties for the second concrete batch

Diameter, d (mm)
Height, H (mm)
Elastic Modulus, E (MPa)
Peak Strength, fc’ (mm/mm)
Strain at Peak, εc’ (mm/mm)
Ultimate strain, εcu

CYL. 1
101.4
198.6
15,059
35.0
0.0036
0.0047

CYL. 2
101.9
195.1
14,652
34.8
0.0036
0.0048

CYL. 3 AVERAGE
101.5
101.6
193.6
195.8
16,227
15,312
33.3
34.4
0.0034
0.0035
0.0049
0.0049

ST. DEV.
0.3
2.6
818
0.9
0.0001
0.0001

For the remaining fatigue beam three cylinders were tested 28 days after casting according to
ASTM C39-03 and the concrete was found to have an average compressive strength of
58 MPa.

The same three cylinders were used to establish the complete stress-strain

relationship of the concrete. Figure 3.22 presents the stress-strain relationships for the three
cylinders. The concrete cylinder material properties are presented in Table 3.8.
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Figure 3.22: Measured compression stress vs. strain relationships for the third concrete batch

Table 3.8: Cylinder material properties for the third concrete batch

Diameter, d (mm)
Height, H (mm)
Elastic Modulus, E (MPa)
Peak Strength, fc’ (mm/mm)
Strain at Peak, εc’ (mm/mm)
Ultimate strain, εcu

3.3.4

CYL. 1
102.0
200.9
20,121
58.6
0.0038
0.0044

CYL. 2
102.3
199.9
19,714
58.3
0.0039
0.0045

CYL. 3 AVERAGE
101.7
102.0
202.6
201.1
20,605
20,156
57.8
58.2
0.0037
0.0038
0.0042
0.0044

ST. DEV.
0.3
1.4
446
0.4
0.0001
0.0002

Test setup

All three of the fatigue beams were tested in a simply supported configuration using a span of
3050 mm between the centerline of the supports and a four-point loading configuration
similar to that used for the overloading beams and shown in Figure 3.16. Fatigue loading
was applied using a 490 kN MTS closed loop actuator operating in load control. To prevent
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possible undesirable movement of the beams during application of the fatigue loads, the steel
pin and roller supports were replaced by two 75 mm thick neoprene pads at the support
locations. Lateral stability was provided to the beam using lateral braces and concrete end
blocks at the support locations. The support conditions for the fatigue beams are shown in
Figure 3.23.

Neoprene pad
Figure 3.23: Support conditions for the fatigue beams

To simulate actual field conditions, the dead load was simulated by applying two
concentrated loads to each of the fatigue beams prior to the installation of the CFRP strips.
The dead load was sustained throughout the curing process of the CFRP laminates until the
beam was tested under fatigue loading conditions. This procedure is believed to represent
the service loading conditions of a real bridge strengthened with CFRP. Dead load was
applied using an independent loading scheme as shown schematically in Figure 3.24.
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920

12 mm THREADED ROD
225 kN LOAD CELL
100 mm SQUARE HSS

Figure 3.24: Schematic of dead load setup for fatigue beams

The loading scheme to simulate the dead load consisted of two 100 mm square steel HSS
sections placed across the entire width of the concrete deck slab at 460 mm on either side of
mid-span. A ½” diameter threaded rod was passed through a hole in each end of the HSS
tubes and through holes in the concrete strong floor in the laboratory. A 225 kN Strainsert
strand load cell was placed on each threaded rod to measure the applied load. Load was
applied by tightening a nut on the threaded rod above the load cell. The setup is shown in
Figure 3.25.
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Figure 3.25: Dead load setup

3.3.5

Instrumentation

The fatigue beams were instrumented to measure deflections and strains at several locations
along the beam. The strain measurements were of primary interest for the shear-lag study
and will be described later in the chapter.

Deflections were measured using the same instrumentation described for the overloading
beams. Deflections were only measured at the mid-span and near the supports of the beam.
Due to the geometry of the end blocks and the lateral braces used at the supports of the
fatigue beams, the instrumentation used to measure the settlement of the neoprene pads at the
support locations was placed with a slight offset away from the centerline of the support. To
account for this offset the theoretical deflection at the location of the LMT’s was calculated
using simplified beam theory.

The settlement of the neoprene pad was taken as the
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difference between the measured deflection and the calculated deflection at the location of
the instrumentation for a given load level. Load, stroke, strain and deflection data was
recorded using an Optim Megadac 3415AC data acquisition system interfacing with a
personal computer running Microsoft Excel. Data was collected at various intervals during
the fatigue loading program at a frequency of 50 Hz.

Additionally the applied simulated dead load was measured using four independent Strainsert
225 kN strand load cells. Threaded rods were passed through the center of the load cells and
the load cells were placed on top of an HSS section. A washer was placed on top of the load
cell and the load was applied by tightening of a nut against the load cell. The four load cells
were attached to an indicator box to display the readings. The setup is shown in Figure 3.26.

(a) 225 kN Strainsert load cell

(b) Indicator box for the Strainsert load cells

Figure 3.26: Load cells used for measurement of dead load
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To allow comparison of the behavior of the beams when loaded using the actuator and the
independent dead load scheme, the measured dead load was converted to an equivalent
actuator load which induced an equal moment in the constant moment region of the beam.

3.3.6

Test program

Three beams were tested in the fatigue study. Two of the beams were strengthened with the
same level of strengthening but using two different bonding procedures as outlined in Section
3.3.2.4 to determine the effect of the bonding procedure on the fatigue behavior of steelconcrete composite beams strengthened with CFRP.

The third beam remained

unstrengthened to serve as a control specimen for the fatigue study. The test matrix for the
fatigue study is presented in Table 3.9.

Table 3.9: Test matrix for the fatigue study

BEAM
DESIGNATION
FAT-CONT
FAT-1

None
2 x 4 mm x 19 mm

0 percent
4.3 percent

FAT-1b

2 x 4 mm x 19 mm

4.3 percent

STRENGTHENING

REINFORCING
RATIO

BONDING PROCEDURE/
ADHESIVE THICKNESS
N/A
standard bonding
procedure/0.1 mm
modified bonding
procedure/1.0 mm

The minimum load and load range for the test beams were selected to simulate the effect of
increasing the live load level for a strengthened beam due to the presence of the CFRP
materials. Three conditions were considered to determine the increased live load level for a
strengthened beam. To maintain the fatigue life of the beam, the maximum stress in the
tension flange of the beam due to the dead load and the increased live load should not exceed
60 percent of the yield strength of the steel. This is consistent with the maximum stress level
for most typical unstrengthened steel bridges and structures under service loading conditions.
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To satisfy the strength requirements, the total factored load calculated using the appropriate
dead load and live load factors, αD and αL respectively, should not exceed the ultimate
capacity of the strengthened beam. Also, to ensure that the structure remains safe in case of
total loss of the strengthening system, the total load, including the dead load and the
increased live load should not exceed the residual capacity of the unstrengthened beam.
These three conditions are illustrated in Figure 3.27 with respect to the typical load deflection
behavior of a strengthened beam.

The figure also shows the dead load level and the

increased live load level for the strengthened beam. Due to the negligible weight of the
composite materials, the dead load level for the strengthened beam is equal to the dead load
acting on the beam prior to installation of the strengthening.

σD+L
αD D + αL L
D+L

Strengthened Capacity, Us

#
#
#

0.6 σy
US
UUS

Load

Unstrengthened Capacity, Uus

Live Load, L

Factored Load
(αD D + αL L)

Dead Load, D
Deflection

Figure 3.27: Criteria for selection of the live load level for a strengthened steel beam

The minimum load and load range for the two strengthened beams tested in the fatigue study
were selected based on the proposed increase of the live load level. To simulate the dead
load, the minimum load was selected as the equivalent load to induce 30 percent of the yield
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stress in the steel tension flange of the unstrengthened beam. The load range was selected to
simulate the increased live load level which was governed by the maximum stress limit
proposed above. The minimum load and load range for the three fatigue beams are presented
in Table 3.10.

Table 3.10: Minimum and maximum loads for fatigue beams

Minimum load (kN)
Load range (kN)

FAT-CONT
50
50

FAT-1
50
60

FAT-1-1.2
50
60

Under the loading conditions used in the fatigue study, the design fatigue life of the
unstrengthened beam was 2.2 million cycles when calculated in accordance with the
AASHTO LRFD Specifications (2004). All three fatigue beams were tested for 3 million
cycles at a frequency of 3 Hz to investigate the fatigue behavior of the strengthened beams at
the proposed increased live load level.

Several cycles of data were recorded at

predetermined intervals to monitor the degradation of the beams. Load, stroke, strain and
deflection were recorded at 1000, 10k, 25k, 50k, 75k, 100k, 250k cycles and every 250k
cycles for the remainder of the 3 million cycles course.

All three fatigue beams were loaded to the dead load level using the dead load setup as
described previously. The simulated dead load was maintained using the dead load setup
during the strengthening of the beams and throughout the curing of the adhesive. After the
adhesive had completely cured, the actuator was then lowered until it became in contact with
the top surface of the beam. The actuator was held in place in stroke control while the dead
load setup was released to transfer the dead load to the actuator. Once the entire load was
transferred to the actuator the fatigue program was started. Throughout the fatigue testing
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the beams were visually inspected for any signs of damage or degradation. The steel beams
were whitewashed with hydrated lime to facilitate inspection. Upon completion of the
fatigue loading, the beams were tested monotonically to failure in stroke control at rates of
0.5 mm/min prior to rupture of the CFRP and 2.0 mm/min after rupture to evaluate the postfatigue behavior of the beams.

3.4

SHEAR-LAG STUDY

To investigate the possible presence of a shear-lag phenomenon one beam was fabricated
using the procedure described in Section 3.2.2 and strengthened with a reinforcement ratio of
CFRP of 8.6 percent. This beam was constructed simultaneously with the overloading beams
and the material properties were the same as those used in the overloading study described in
Section 3.2.3. The beam was tested monotonically using an identical setup to that used for
the strengthened overloading beams and deflections were measured in the same manner. The
beam was additionally instrumented with electrical resistance strain gauges and PI gauges at
the mid-span cross-section to investigate the possible presence of shear-lag effects between
the steel tension flange and the CFRP laminates. Since overloading and fatigue loading
conditions may possibly affect the shear-lag behavior of the strengthening system, the four
strengthened beams tested in the previous two phases of the experimental program were also
instrumented to measure the strains at various locations along the beam to investigate the
shear-lag effect.

The design of the specimens, construction of the specimens, material properties and test
setup for the additional shear-lag beam are described in detail in Section 3.2. This section
presents a detailed description of the instrumentation used to measure shear-lag effects in the
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steel-concrete composite beams subjected to monotonic loading, overloading and fatigue
loading conditions. The test program for the shear-lag investigation is also presented.

3.4.1

Instrumentation

To measure strain at various locations on the various test beams, two different types of
electrical resistance strain measurement devices were used. Localized strain measurements
were made using conventional electrical resistance strain gauges while average strain
measurements were made using PI gauges. Data acquisition was conducted using the system
described in Section 3.2.5.2.

3.4.1.1 Localized Strain Measurements
Electrical resistance strain gauges were used in several locations at the mid-span crosssection of the test beams as shown in Figure 3.28 (a) – (c). Strain gauges are identified by a
letter indicating the material on which the gauge was applied with S for steel, C for concrete
and F for CFRP. This is followed by a number to identify the location of the gauge. Strain
gauges were used to measure longitudinal strain in the CFRP, longitudinal strain in the steel
compression flange and longitudinal strains in the concrete deck.

For the overloading control beam strain gauges were used to measure longitudinal strains at
several locations through the mid-span cross section. Gauges located near or below the level
of the bottom of the partial depth stiffeners (gauges S5, S6, S7, S8 and S9 in Figure 3.27 (a)),
however, were found to be sensitive to local instabilities due to web side-sway buckling and
local residual stresses as the strain approached the yield strain of the steel. For the remaining
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beams strain gauges were placed on the tips of the steel tension flanges to monitor local
strains and measure the effect of possible local instability.

S1
145

97

48 S7

S2
S3
S4
S5
S6

Level of bottom of
partial depth stiffeners

S8 S9
(a) Overloading control beam

C1

S1

20
C2

S1

CFRP STRIPS
S2

S3
F1 F2

(b) Strengthened shear-lag and overloading beams

CFRP STRIPS
S2

S3
F1 F2

(c) Fatigue beams

Figure 3.28: Strain gauge layouts at mid-span cross-sections of test beams

Two different types of electrical resistance strain gauges were used to measure strain. 6 mm
Tokyo Sokki Kenkyujo type FLA-6-11-5L 120 ohm strain gauges were used to measure steel
and CFRP strains while 60 mm Tokyo Sokki Kenkyujo type PL-60-11-3L 120 ohm strain
gauges were used to measure concrete strains.

All strain gauges were attached using

Vishay’s M-Line M-Bond 200 adhesive.
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3.4.1.2 Average Strain Measurements
PI gauges were installed to measure the average longitudinal steel strains at locations where
electrical resistance strain gauges could be affected by possible local instability or residual
stresses and to measure the average longitudinal concrete strains at the top surface of the
concrete deck. Tokyo Sokki Kenkyujo PI gauges 100 mm long and 200 mm long were used.
PI gauges were attached to determine the strain profile at the mid-span section of all of the
test beams and at the quarter-span section of the two strengthened fatigue beams.

To

determine the shear-lag between the CFRP laminates and the steel surface and to investigate
the possible presence of residual stresses in the steel beam, PI gauges were also installed on
the tension flanges at the centerline and at the tips of each flange for the monotonically
loaded beam and the two strengthened overloading beams. The PI gauge layout for the
different beams is shown in Figure 3.29 (a) – (c). PI gauges are identified by the prefix PI
followed by a letter indicating the material on which the gauge was placed and a number
identifying the gauge location.
40

PI C1
17

Level of bottom of
partial depth stiffeners
17
20

PI S1

(a) Overloading control beam
Figure 3.29: PI gauge layouts at mid-span cross-sections of test beams
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PI C1

20
PI C2

PI S1
PI S2

PI C1

PI S1

CFRP STRIPS

CFRP STRIPS

97
PI S3

PI S5

PI F1

PI F2
F1
PI F1 PI S4 PI
(b) Shear-lag and overloading beams

PI F2
PI S2

(c) Fatigue beams

Figure 3.29 (continued): PI gauge layouts at mid-span cross-sections of test beams

As shown in Figure 3.29 (a) all of the PI gauges were installed with a typical offset of 17 mm
from the surface of the beams. To account for this offset the strains measured by the PI
gauges were adjusted according to the linear strain profile in the cross-section at each load
level as shown in Figure 3.30. The PI gauge measurements on the CFRP strips were adjusted
using the same linear profile to monitor any possible shear-lag effects.
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PI C1

Linear strain
profile

- Measured strain values
- Linearly adjusted strain for gauge PI C1
Figure 3.30: Linear adjustment of PI gauge measurements

3.4.2

Test Program

A total of five beams were studied in the shear-lag investigation.

One beam was

strengthened with CFRP with a reinforcement ratio of 8.6 percent and tested under
monotonic loading conditions to investigate the shear-lag effect. Additionally, the two
strengthened beams tested in the overloading study and the two strengthened beams tested in
the fatigue study were instrumented with strain gauges and PI gauges as mentioned
previously to measure the shear-lag effect. This provided the opportunity to investigate the
possible presence of shear-lag in steel-concrete beams strengthened with various
reinforcement ratios of CFRP, using different bonding configurations and subjected to
different loading conditions.

The test matrix for the shear-lag study is presented in

Table 3.11.
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Table 3.11: Test matrix for the shear-lag study

BEAM
DESIGNATION
SHL
OVL-1
OVL-2
FAT-1
FAT-1b

STRENGTHENING/
REINFORCEMENT RATIO
2 x 4 mm x 38 mm/
8.6%
2 x 4 mm x 19 mm/
4.3%
2 x 4 mm x 38 mm/
8.6%
2 x 4 mm x 19 mm/
4.3%
2 x 4 mm x 19 mm/
4.3%

BONDING PROCEDURE/
ADHESIVE THICKNESS
standard bonding
procedure/0.1 mm
standard bonding
procedure/0.1 mm
standard bonding
procedure/0.1 mm
standard bonding
procedure/0.1 mm
modified bonding
procedure/1.0 mm

LOADING
SCHEME
Monotonic
Overloading
Overloading
Fatigue
Fatigue

Beam SHL was loaded monotonically to failure using a 490 kN MTS hydraulic actuator
operating under displacement control. The beam was loaded at a rate of 0.5 mm/min prior to
rupture of the CFRP strips and 2.0 mm/min after rupture of the CFRP strips.

The

overloading and fatigue beams were tested as described in Sections 3.2.6 and 3.3.6
respectively.
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Chapter 4
EXPERIMENTAL RESULTS
4.1

INTRODUCTION

This chapter presents the test results of the experimental program described in Chapter 3 to
study the overloading, fatigue and shear-lag, behavior of steel-concrete composite beams
strengthened with high modulus CFRP materials.

Section 4.2 presents the experimental results of the three beams that were tested to
investigate the effect of overloading conditions. The results of the unstrengthened control
beam, ST-CONT, and the two strengthened beams, OVL-1 and OVL-2, are presented in
detail in this section.

Section 4.3 presents the experimental results of the three beams that were tested to study the
effect of fatigue loading conditions. The results of the unstrengthened control beam, FATCONT, and the two strengthened beams, FAT-1 and FAT-1b, are discussed in this section.

Section 4.4 presents the detailed results of beam SHL which was tested monotonically to
study the possible presence of a shear-lag phenomenon. The measured strain profiles for the
strengthened beams that were tested in the overloading and fatigue studies are also presented
and discussed.
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RESULTS OF THE OVERLOADING STUDY

This section presents the results of the three beams, ST-CONT, OVL-1 and OVL-2 which
were tested under overloading conditions. The load-deflection and load-strain behavior of
the three beams is summarized in this section followed by a discussion of the test results and
a summary of the major findings of the study.

4.2.1

Behavior of beam ST-CONT

Beam ST-CONT was tested under overloading conditions as an unstrengthened control beam
for the overloading study. The load-deflection behavior of the beam is presented in Figure
4.1. The figure presents the net mid-span deflection, which accounts for the deflection
measured at the supports.

250
Concrete Crushing (222 kN)

Total Applied Load, 2P (kN)

200

150

525 mm x 65 mm RC slab
W 200 x 19 steel beam

100
P

P

50

1220 mm

610 mm

1220 mm

0
0

10

20

30

40

50

60

70

Net Mid-span Deflection (mm)
Figure 4.1: Load-deflection behavior for beam ST-CONT
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Beam ST-CONT was unloaded four times prior to crushing of the concrete at the levels
prescribed in Table 3.6. As shown in Figure 4.1, the behavior of the beam was essentially
linear upon unloading and reloading and exhibited minimal hysteresis. From the figure it can
also be seen that upon reloading, the deflection of the beam returned to the same load and
deflection measured immediately prior to the unloading cycle.

The measured residual

deflections prior to yielding of the steel beam were relatively small. After yielding, however,
the residual deflections increased noticeably as seen in Figure 4.1.

The initial measured load-deflection behavior of the beam was linearly elastic up to yielding
of the tension flange of the steel beam. The tension flange yielded gradually due to the
presence of different levels of residual stresses at the tips of the flange and at the flange-web
junction which are induced during the cooling process of the beam after the hot rolling stage.
Figure 4.2 presents the load-strain envelope up to a strain of 0.004 mm/mm measured by the
PI gauge which was located near the center of the bottom flange of the beam. From the
figure it is clear that the load-strain behavior became non-linear prior to reaching the yield
strain of the steel.

Due to different rates of cooling in hot-rolled wide flange beams,

compressive residual stresses often form at the flange tips while tensile stresses form near the
middle of the flange which is consistent with the observed behavior for the beam shown in
the figure. The average measured strain near the center of the tension flange of the steel
beam reached the yield strain at a load of 137 kN and a mid-span deflection of 8.4 mm.
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Figure 4.2: Strain envelope measured by the PI gauge at the tension flange of beam ST-CONT

Figure 4.3 presents the localized strain measured by the strain gauges on the tension flange of
the steel beam.

As seen in the figure, the measured load-strain behavior became

discontinuous and began to diverge at a load of 127 kN. This may have been due to the
localized effect of high levels of residual stresses or possibly due to lateral movement of the
tension flange of the beam due to web sidesway buckling or local instability or due to a
combination of the above factors. However, the average strain measured by the PI gauge at
the same location, which is presented in Figure 4.2 previously, did not exhibit the same
behavior and followed the same trend as the load-deflection envelope indicating that the
effect was localized.
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(a) Localized strain measurements
Figure 4.3: Strain envelopes measured by the strain gauges at the tension flange of beam ST-CONT

Strain gauges were also placed at three different locations on the web of the steel beam. The
measured load-strain envelopes are presented in Figure 4.4.
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Figure 4.4: Strain envelopes at the web of beam ST-CONT
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From the figure it is clear that the measured load-strain envelopes for gauges S3 and S4
followed the same trend as the load-deflection envelope of the beam. However, gauge S5
was located near the tension flange of the steel and near the level of the bottom of the partial
depth stiffeners which were located at the load locations.

Consequently the localized

measured strain may have been affected by the behavior of the tension flange of the beam.

The load-strain envelopes measured by the two strain gauges at the top flange of the steel
beam are shown in Figure 4.5. As seen in the figure the measured strains are in good
agreement with each other. The elastic neutral axis of the section was located near the
interface between the steel beam and the concrete slab. Consequently, the strain measured at
the top flange of the beam was negligible until yielding of the tension flange occurred. After
the tension flange yielded, the neutral axis of the beam moved into the concrete slab and the
measured load-strain behavior followed the same trend as the load-deflection behavior of the
beam as shown in the figure.
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Figure 4.5: Strain envelopes at the top flange of beam ST-CONT
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The load-strain envelope measured by the PI gauge at the top surface of the concrete deck,
shown in Figure 4.6, followed a similar trend to the load-deflection behavior. The measured
strain at the top surface of the concrete deck at crushing of the concrete was 0.0056 mm/mm
which was higher than the ultimate strain of the concrete cylinders that were tested to
determine the material properties. This may have been due to confinement of the concrete by
the shear studs near the load location.
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-0.001

0

Concrete Strain (mm/mm)

Figure 4.6: Strain envelope at the top surface of the concrete deck of beam ST-CONT

Failure of beam ST-CONT occurred due to crushing of the concrete near one of the load
locations at an ultimate load of 222 kN and a corresponding mid-span deflection of 66.2 mm.
A typical crushing failure of the overloading beams is shown in Figure 4.7 (a) while Figure
4.7 (b) shows the typical deflected shape of the beams immediately after crushing of the
concrete.
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Crushing of
the Concrete
(a) Crushing of the concrete at the location of the load

(b) Deflected shape of the beam after crushing of the concrete
Figure 4.7: Typical crushing failure for the overloading beams
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Behavior of beam OVL-1

Beam OVL-1 was strengthened with a reinforcement ratio of 4.3 percent and tested under
overloading conditions. The load-deflection behavior of the beam is presented in Figure 4.3.
Beam OVL-1 was unloaded five times prior to rupture of the CFRP and twice after rupture at
the levels prescribed in Table 3.6. The behavior of the beam upon unloading and reloading
was essentially linear with minimal hysteresis. The measured residual deflections were
relatively small prior to rupture of the CFRP but increased after rupture as shown in
Figure 4.8.
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Figure 4.8: Load-deflection behavior for beam OVL-1

The average measured strain at the tension flange of the steel beam reached the yield strain at
a load of 181 kN and a corresponding mid-span deflection of 10.5 mm, however, similarly to
100
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beam ST-CONT, yielding was gradual due to the presence of different levels of residual
stresses. The strains measured by the PI gauges and the strain gauges at the tension flange of
the steel beam followed a similar trend to those for beam ST-CONT and are presented in
Appendix A.

The strain at the CFRP strips was measured at mid-span by two PI gauges and two strain
gauges. The load-strain envelopes measured by the various gauges, presented in Figure 4.9,
were in good agreement up to rupture of the CFRP.
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Figure 4.9: Strain envelopes at the CFRP strips of beam OVL-1

Rupture of the CFRP strips occurred in a brittle manner within the constant moment region
of the beam at an average measured strain of 0.0037 mm/mm. The corresponding load and
mid-span deflection of the beam at rupture of the strips were 259 kN and 17.4 mm
respectively. The sudden rupture of the CFRP was accompanied by longitudinal splitting of
the strips near the rupture locations and local delamination within the strips near the supports.
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Failure of the strips is shown in Figure 4.10. There was no indication of a failure in the
adhesive between the steel flange and the CFRP strips which is evidence that the bond
strength of the adhesive joint was adequate. After rupture of the CFRP the behavior of the
beam was similar to that of beam ST-CONT.

Rupture

Splitting

Rupture

Figure 4.10: Failure of the CFRP strips for beam OVL-1

Strains were also measured at mid-span at the mid-height of the web of the beam, at the top
flange of the steel beam and at the top surface of the concrete deck slab. The measured loadstrain envelopes followed a similar trend to the load-deflection behavior of the beam and are
presented in Appendix A.
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Failure of the beam occurred due to crushing of the concrete at a load of 216 kN and a midspan deflection of 52.3 mm. The average measured strain at the top surface of the concrete
deck slab was 0.0041 mm/mm immediately prior to failure.

4.2.3

Behavior of beam OVL-2

Beam OVL-2 was strengthened with a carbon fiber reinforcement ratio of 8.6 percent and
tested under overloading conditions. The load-deflection behavior of beam OVL-2, shown in
Figure 4.11, followed the same trend as that of beam OVL-1. Beam OVL-2 was unloaded
six times prior to rupture of the CFRP and twice after rupture at the levels prescribed in
Table 3.6. The behavior of the beam upon unloading and reloading, shown in the figure
below, was similar to that of beam OVL-1.
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Figure 4.11: Load-deflection behavior for beam OVL-2
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The measured strains at the various locations at the mid-span cross-section followed the same
trend as those for beam OVL-1 and are presented in Appendix A.

The average measured strain in the tension flange of the steel beam reached the yield strain at
a load of 253 kN and a corresponding mid-span deflection of 12.5 mm. The effect of
residual stresses in the tension flange of the beam was similar to that for the previous two
beams.

Rupture of the CFRP strips occurred within the constant moment region of the beam at a load
of 358 kN and a mid-span deflection of 20.3 mm. The average measured strain in the CFRP
immediately prior to rupture was 0.0037 mm/mm. Due to the sudden nature of the failure,
rupture of the strips was accompanied by delamination within the CFRP laminate as shown
in Figure 4.12. Similarly to beam OVL-1, there was no evidence of failure within the
adhesive layer.

Delamination

Figure 4.12: Failure of the CFRP strips for beam OVL-2
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Crushing of the concrete occurred at a load of 216 kN and a net mid-span deflection of 61.1
mm. The measured strain at the top surface of the concrete deck slab immediately prior to
crushing was 0.0054 mm/mm.

4.2.4

Discussion of the test results

The performance of the two strengthened beams, tested for the overloading study, was
superior to the performance of the unstrengthened beam under service loading conditions and
overloading conditions and at ultimate. The presence of the CFRP increased the ultimate
capacity of the beams as a function of the reinforcing ratio used. Additionally, both the
elastic stiffness and the yielding load of the beams were increased. This behavior permits
increasing of the allowable live load level which could be carried by the strengthened beams.
Under overloading conditions, the strengthened beams exhibited significantly lower residual
deflections and less degradation of stiffness in comparison to the unstrengthened beam.

4.2.4.1 Service loading conditions
Installation of the high modulus CFRP affected the behavior of the strengthened beams under
service loading conditions in two aspects. First, application of the CFRP increased the elastic
stiffness of the beams. Secondly, installation of the strengthening reduced the strains in the
tension flange of the strengthened beams which consequently delayed yielding of the flange
therefore extending the elastic range.

Unlike conventional modulus CFRP, strengthening with high-modulus CFRP can
significantly increase the elastic stiffness of a beam even at relatively low reinforcement
ratios which can reduce deflections at service load levels.

Table 4.1 provides the
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strengthened and unstrengthened elastic stiffness of the overloading beams. The elastic
stiffness of the beams was calculated based on the slope of the load-deflection curve within
the loading range of 20 kN and 67 kN. For the two strengthened beams, OVL-1 and OVL-2,
the unstrengthened stiffness was calculated at the first reloading cycle immediately after
rupture of the CFRP shown in Figures 4.8 and 4.11 respectively.

Table 4.1: Elastic stiffness comparison for the overloading beams

BEAM ID
ST-CONT
OVL-1
OVL-2

REINF.
RATIO
0%
4.3 %
8.6 %

UNSTRENGTHENED
STIFFNESS
17.3 kN/mm
14.7 kN/mm
14.7 kN/mm

STRENGTHENED
STIFFNESS
18.6 kN/mm
21.5 kN/mm

STIFFNESS
INCREASE

27 %
46 %

The unstrengthened elastic stiffness of beam ST-CONT was slightly higher than the other
two beams. This may have been due to variations in the material and/or geometric properties
of the beams.

Test results indicate that increasing the reinforcement ratio of the CFRP is proportional to the
increase of the elastic stiffness of the beam.

Table 4.1 indicates that, doubling the

reinforcement ratio approximately doubled the increase in the elastic stiffness.

The yield loads and the corresponding deflections of the three beams used in the overloading
study are given in Table 4.2. Similarly to the findings of Sen and Libby (2001), using
standard modulus CFRP, the presence of the high modulus CFRP reduced the strain in the
tension flange of the steel beams thus extending the elastic region by increasing the yield
load level for the strengthened beams.
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Table 4.2: Yield loads and deflections for the overloading beams

BEAM ID
ST-CONT
OVL-1
OVL-2

REINF.
RATIO
0%
4.3 %
8.6 %

YIELD
LOAD
137 kN
181 kN
253 kN

PERCENT
INCREASE
32 %
85 %

YIELD
DEFLECTION
8.4 mm
10.5 mm
12.5 mm

PERCENT
INCREASE
25 %
49 %

From the table it can be seen that the beams reinforced by 4.3 and 8.6 percent exhibited
increases of 32 percent and 85 percent of the yield load respectively as compared to the
unstrengthened beam. Since yielding occurred at higher loads, the corresponding deflections
at yield of the beams were also increased as presented in Table 4.2. However, due to the
corresponding increase in the elastic stiffness of the beams, the increase in the deflection at
yield was smaller than the increase in the yield load.

As discussed previously, different levels of residual stresses in the beams resulted in
premature yielding of the tension flange of the beam. The increased strains in the steel
tension flange due to the effects of residual stresses may also have affected the strain in the
CFRP strips. The increased strains in the steel and the CFRP due to the effects of residual
stresses could result in a decrease in the global stiffness of the beams between yielding of the
steel and rupture of the CFRP. The effect of residual stresses should be considered in the
analysis and design of steel beams strengthened with CFRP.

As discussed in Chapter 3, the maximum allowable strain in the tension flange of a steel
beam under the combined effect of live load and dead load is typically limited to 60 percent
of the yield strain of the steel. Since the presence of the CFRP reduces the strain in the
tension flange of the steel beam and extends the elastic range, installation of the high
modulus CFRP can be used to increase the specified live load for the strengthened beams.
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Figures 4.13 (a) and (b) show the dead load level, and live load level for beams ST-CONT
and OVL-1 respectively with respect to the overall load-deflection relationship of each beam.
Since installation of the CFRP adds negligible weight to the structure, the dead load level for
the strengthened beam remains unchanged. The dead load level was selected to induce a
strain of 30 percent of the yield strain in the tension flange of the unstrengthened beam.
Using the same criteria, which limit the strain induced due to dead load and live load to
60 percent of the yield strain, the live load for the strengthened beam, OVL-1 was
determined to be 72 kN which represents a 56 percent increase in the live load. The figures
also show the factored ultimate loads calculated based on the AASHTO Strength I limit state
with a live load factor of 1.75 and a dead load factor of 1.25 for the two beams. The ultimate
capacities for both beams and the residual capacity for the strengthened beam are also shown.
It is important to note that the sum of the dead load and the increased live load for beam
OVL-1 is less than the residual capacity of the unstrengthened beam after rupture of the
CFRP system as seen in Figure 4.13 (b). As such, in the event of complete loss of the
strengthening system, the unstrengthened beam could still support the increased live loads.
Similarly to the unstrengthened beam, the AASHTO Strength I factored load for the
strengthened beam is lower than the ultimate capacity which provides an additional margin
of safety. The margin of safety for the strengthened beam is also on the same order of
magnitude as that for the unstrengthened beam. Finally, it can be seen from the figure that
application of the strengthening did not reduce the ductility of the system as the energy
dissipated by the strengthened beam, given by the area under the load deflection curve, is
even larger than for the same beam without strengthening.
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(a) Beam ST-CONT, 0 percent reinforcing ratio
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(b) Beam OVL-1, 4.3 percent reinforcing ratio
Figure 4.13: Dead, live and ultimate load limits for (a) an unstrengthened and (b) a strengthened beam
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Table 4.3 presents the dead load and live load levels, the AASHTO factored load, the
ultimate capacity and the residual capacity for the three overloading beams as well as the
allowable live load increase for the two strengthened beams. Based on the proposed criteria
the live load increased by 57 percent and 174 percent for the strengthened beams with
reinforcement ratios of 4.3 percent and 8.6 percent respectively.

Table 4.3: Service load level comparison

BEAM ID
ST-CONT
OVL-1
OVL-2
*

REINF.
RATIO
0%
4.3 %
8.6 %

DEAD
45
*
*

LOAD LEVEL (kN)
LIVE
AASHTO ULT.
46
137
222
72
182
259
126
277
358
**

RESIDUAL
216
216

LIVE LOAD
INCREASE
57 %
174 %

The dead load level for the unstrengthened beam was not measured
Based on the measured dead load level for beam ST-CONT

**

Due to the increase in the live load level, the live load deflections of the strengthened beams
were higher than the live load deflection of the unstrengthened beam.

However, the

increased stiffness of the strengthened beams helped minimize this difference. For all three
beams, the total deflection due to dead load and live load was less than the span / 360.

4.2.4.2 Ultimate loading conditions
From Figures 4.8 and 4.11 it is apparent that installation of the CFRP retrofit can
substantially increase the ultimate capacity of steel-concrete composite beams. The load and
deflection of the three beams used for the overloading study at rupture of the CFRP and at
crushing of the concrete are given in Table 4.4. The table also provides the strain in the
CFRP and the concrete at mid-span at rupture and at crushing respectively.
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Table 4.4: Ultimate load comparison for the overloading beams

BEAM
ID

REINF.
RATIO
ST-CONT
0%
OVL-1
4.3%
OVL-2
8.6%

LOAD
259 kN
358 kN

RUPTURE
DEF
17.4 mm
20.3 mm

εCFRP
0.0037
0.0037

CRUSHING
CAPACITY
DEF
LOAD
εCONC. INCREASE
222 kN 66.2 mm 0.0056
52.3
mm
216 kN
0.0041
20%
216 kN 61.1 mm 0.0054
66%

The ultimate capacity of the unstrengthened control beam was governed by crushing of the
concrete while the ultimate capacity of the two strengthened beams was governed by rupture
of the CFRP. The increase in the ultimate load for the strengthened beams was determined
by comparing the rupture load and the crushing load for the same beam. The test results
indicate that doubling the reinforcement ratio tripled the increase in the ultimate capacity of
the strengthened beams. While other researchers have reported that, for standard modulus
CFRP strengthening systems, increasing the amount of reinforcement reduces the efficiency
of utilization of the CFRP (Tavakkolizadeh and Saadatmanesh, 2003a) this does not appear
to be the case when using high modulus CFRP.

4.2.4.3 Overloading conditions
In addition to increasing the ultimate capacity and live load capacity of a beam, application
of the high modulus CFRP strengthening system can also reduce possible damage of the
members if they are subjected to severe overloading conditions. The permanent residual
deflection remaining in a beam after an overloading event can be used as a measure of the
damage sustained by the beam.
For all three beams tested for the overloading study the residual deflections remaining in the
beams at the dead load level after being unloaded at different load levels are plotted in
Figure 4.14. In this figure the solid markers indicate the measured residual deflections for
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the different unloading levels outlined in Table 3.6. Additionally, residual deflections at
several other load levels were calculated using the average measured unloading stiffness of
the beams. These points are indicated by hollow markers in Figure 4.14. For beams OVL-1
and OVL-2 the residual deflection upon unloading of the beams immediately prior to rupture
of the CFRP was calculated in the same manner and is indicated by an ‘X’ in the figure. The
service load levels for each of the three beams are also presented in the figure.
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Figure 4.14: Measured residual deflections at various unloading levels

From Figure 4.14 it is clear that the residual deflections at the service load levels for the
unstrengthened and strengthened beams are on the same order of magnitude and are less than
the span / 4000. At higher load levels, particularly at load levels beyond the yield load of the
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beams, the strengthened beams exhibited much lower residual deflections in comparison to
the unstrengthened beam at the same load level. For example, the residual deflection after an
unloading level of 171 kN, which corresponds to the allowable service load level for beam
OVL-2, the residual deflection for the unstrengthened beam, would be 3.4 mm while for the
strengthened beams, OVL-1 and OVL-2, the residual deflections would be 0.9 mm and
0.7 mm respectively. This represents a reduction in the residual deflection of approximately
four times. Under severe overloading conditions, an unstrengthened beam would experience
significant damage and substantial residual deflections which may necessitate replacement of
the structure while a strengthened beam would exhibit substantially lower residual
deflections and could remain serviceable. After rupture of the CFRP the residual deflections
of the strengthened beams were comparable to those for the unstrengthened beam as can be
seen in the figure.

All three beams exhibited a minimal degradation in the elastic stiffness upon unloading and
reloading at the various load levels. Figure 4.15 presents the reduction in the elastic stiffness
for the three overloading beams at the unloading levels outlined in Table 3.6. In general, the
reduction in stiffness for the strengthened beams prior to rupture of the CFRP was lower than
that for the unstrengthened beam at the same load level. This provides additional confidence
in the performance of the strengthening system under overloading conditions. After rupture
of the CFRP the stiffness of the strengthened beams was reduced suddenly to the original
stiffness of the unstrengthened beams as shown in Figure 4.15.
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Figure 4.15: Stiffness degradation under overloading conditions

4.2.5
•

Conclusions of the overloading study
The two beams strengthened with reinforcement ratios of 4.3 percent and 8.6 percent
exhibited increases of 20 percent and 66 percent of the ultimate capacity respectively.
Unlike conventional modulus CFRP, increasing the reinforcement ratio did not
reduce the efficiency of utilization of the high modulus CFRP.

•

Elastic stiffness increases of 27 percent and 46 percent were achieved using
reinforcement ratios of 4.3 percent and 8.6 percent respectively.

•

Application of the high modulus CFRP with reinforcement ratios of 4.3 percent and
8.6 percent extended the elastic range of the strengthened beams by 32 percent and
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85 percent respectively. Based on an allowable strain of 60 percent of the yield
strain, the allowable live load for the two strengthened beams was increased by
57 percent and 174 percent respectively.

•

The total deflection of the three overloading beams due to the combined effect of
dead load and the increased live load was less than the span / 360 in all cases.

•

The strengthened beams provided several margins of safety against collapse at the
increased live load levels. First, the sum of the dead load and the increased live load
level for both strengthened beams was less than the residual capacity of the
unstrengthened beam. Consequently, the unstrengthened structure could support the
increased live load in the event of an unexpected loss of the strengthening system.
Secondly, the AASHTO factored load for the two strengthened beams was less than
the ultimate capacity of the beams which provides an additional margin of safety
before collapse. Finally, the ductility of the strengthened system, measured by the
area under the load-deflection curve, is higher than for the unstrengthened beam.

•

Under overloading conditions the residual deflections for both strengthened beams
were about four times lower than for the unstrengthened beam at a load level of
171 kN. Thus, in the event of overloading, the unstrengthened beam may require
replacement while the strengthened beams could remain serviceable. Additionally,
the strengthened beams exhibited less degradation in stiffness under overloading
conditions than did the unstrengthened beam.
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RESULTS OF THE FATIGUE STUDY

This section presents the results of three beams, FAT-CONT, FAT-1 and FAT-1b, which
were tested to examine the fatigue behavior and subsequently loaded monotonically to
failure. The test results and behavior of the beams are discussed in detail in this section. A
comparison of the test results and a summary of the significant findings are also presented.

4.3.1

Behavior of beam FAT-CONT

Beam FAT-CONT was tested as an unstrengthened control beam for the fatigue study. The
beam was subjected to 3 million load cycles with a minimum load level of 50 kN and a load
range of 47 kN. These load levels were selected to simulate the effect of dead load and live
load based on the proposed allowable strain limits of 30 percent and 60 percent of the yield
strain respectively as discussed in Chapter 3 and in Section 4.2.4.1. Prior to the fatigue
loading program the beam was loaded to the dead load level using the independent loading
scheme described in Chapter 3. The load-deflection behavior of beam FAT-CONT upon
application of the simulated dead load and at various stages throughout the fatigue loading
course is presented in Figure 4.16.
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Figure 4.16: Cyclic load-deflection behavior of beam FAT-CONT

As shown in Figure 4.16, the load-deflection behavior of the beam remained linear and
elastic and exhibited a minimal degradation in stiffness throughout the entire 3 million cycle
loading course. The mean deflection of the beam, however, increased steadily which was
due to fatigue-creep behavior of the concrete deck slab. The measured load strain behavior at
the top surface of the concrete deck, the bottom surface of the top flange of the steel beam
and the top surface of the flange of the steel beam exhibited a similar trend to the loaddeflection behavior as shown in Figure 4.17 (a) – (c).
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Figure 4.17: Cyclic load-strain behavior of beam FAT-CONT

During application of the dead load, the measured strains became discontinuous at a load
level of 23 kN as shown in Figure 4.17; however, this discontinuity was not recorded for the
load-deflection behavior of the beam. This may have possibly been caused by jamming of
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the dead load setup during application of the simulated dead load. The discontinuity was
emphasized in the compression zone which suggests that the measured discontinuity of the
strain was localized.

During the initial stages of the fatigue loading course small longitudinal cracks were
observed at the top surface of the concrete deck near the centerline of the beam within the
constant moment region.

Propagation of these cracks may have caused the measured

increase of the compressive strains observed in Figure 4.17 (a) – (b). The nature of the
propagation of the cracks suggests that the crack growth was controlled by the transverse
reinforcement. Several transverse shrinkage cracks were also observed in the concrete deck
which may also have affected the measured local strains. The crack pattern at the top surface
of the concrete deck at the conclusion of the 3 million cycle loading course is shown in
Figure 4.18.

Shrinkage
Crack

Shrinkage
Crack

Longitudinal
Crack

Longitudinal
Crack
(a) North shear span

(b) South shear span

Figure 4.18: Crack pattern at the top surface of the concrete slab of beam FAT-CONT
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Figure 4.18 (continued): Crack pattern at the top surface of the concrete slab of beam FAT-CONT

At the completion of the 3 million loading cycles, beam FAT-CONT was tested
monotonically to failure. The load-deflection behavior of the beam, presented in Figure 4.19,
followed the same trend as the control beam used for the overloading study, ST-CONT. The
load-deflection behavior of the beam upon application of the simulated dead load prior to the
beginning of the fatigue loading program is shown by the initial dotted portion of the loaddeflection curve in the figure. Due to the fatigue-creep behavior discussed previously, the
curve reflects a small measured residual deflection at the beginning of the static loading test
as shown by the horizontal offset at the 50 kN load level in Figure 4.19.
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Figure 4.19: Static load-deflection behavior of beam FAT-CONT up to failure

During the monotonic test to failure the strain at the mid-span cross-section was measured at
the bottom flange of the steel beam, at the top flange of the steel beam and at the top surface
of the concrete deck.

The measured strains at these three locations are presented in

Figure 4.20.
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Figure 4.20 Measured strain for the monotonic load test of beam FAT-CONT

In Figures 4.20 (a) – (d) the dashed lines represent the load-strain behavior that was
measured during the application of the simulated dead load prior to the beginning of the
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fatigue loading. Similarly to the load-deflection behavior presented in Figure 4.19, the
residual strains at the 50 kN load level represents the effect of the fatigue-creep behavior.
Besides the observed offset due to fatigue-creep of the concrete deck, the load strain behavior
followed the same trend observed for the control beam tested in the overloading study, STCONT. Similarly to beam ST-CONT, the localized strain at the tension flange of the beam
became discontinuous prior to yielding of the steel as can be seen in Figure 4.20 (b).

Failure of the beam occurred due to crushing of the concrete at a measured load of 215 kN
and a corresponding mid-span deflection of 55.1 mm. The measured strain in the concrete
was 0.0032 mm/mm immediately prior to failure. It should be noted that near the conclusion
of the monotonic load test one of the lateral braces that were attached to the spreader beam
began to bind against the load frame. As a result, the actual load on the beam near failure
was possibly slightly lower than the measured load.

4.3.2

Behavior of beam FAT-1

Beam FAT-1 was strengthened with CFRP using a reinforcement ratio of 4.3 percent and an
average measured adhesive thickness of 0.1 mm. The beam was subjected to 3 million
fatigue loading cycles with a minimum load level of 50 kN and a load range of 56 kN. The
increased load range, as compared to the load range used for beam FAT-CONT, was selected
to simulate the effect of allowing an increase in the live load level due to strengthening the
beam with CFRP.

The maximum load level was determined by limiting the strain as

proposed in Chapter 3. To simulate actual field conditions of a real bridge, beam FAT-1 was
loaded to the dead load level using an independent loading scheme prior to installation of the
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strengthening. The load-deflection behavior for beam FAT-1 during the application of the
simulated dead load and at the various loading stages throughout the 3 million cycle fatigue
course is presented in Figure 4.21.

The increase in stiffness due to the application of the CFRP strengthening can be seen by the
change in the slope of the load-deflection relationship of the beam shown in Figure 4.21 at
the dead load level. Similarly to the unstrengthened control beam, beam FAT-1 exhibited
negligible degradation in the elastic stiffness throughout the 3 million cycle fatigue loading
course. As can be seen in Figure 4.21, beam FAT-1 also exhibited fatigue-creep behavior
similar to that observed for beam FAT-CONT.
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Figure 4.21: Cyclic load-deflection behavior of beam FAT-1
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The measured load-strain behavior at the top surface of the concrete deck and in both flanges
of the steel beam followed the same trend as that of beam FAT-CONT throughout the 3
million fatigue cycles. The measured strains at these locations followed a similar trend to the
load-deflection behavior and are presented in Appendix B. The strain measured at the
location of the CFRP strips throughout the 3 million cycle fatigue loading course is presented
in Figure 4.22. Since the CFRP strengthening was installed after application of the simulated
dead load, there was no strain induced in the CFRP until the beginning of the fatigue loading
program. The measured load-strain behavior at the CFRP strip remained linear throughout
the 3 million fatigue cycles.
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Figure 4.22: Measured strains at the CFRP during fatigue loading of beam FAT-1

Longitudinal cracking of the concrete deck slab, similar to that observed for beam FATCONT, was also observed throughout the fatigue loading program. The crack pattern at the
top surface of the concrete slab is shown in Appendix B.
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At the completion of the 3 million loading cycles, beam FAT-1 was tested monotonically to
failure. The load-deflection behavior of the beam, presented in Figure 4.23, followed the
same trend as beam OVL-1, which was strengthened to the same reinforcing ratio. The
residual deflection due to fatigue-creep of the concrete deck can be seen in the same figure.
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Figure 4.23: Static load-deflection behavior of beam FAT-1 up to failure

The strains measured at the mid-span cross-section during the monotonic test to failure are
presented in Figure 4.24.

The dashed lines represent the strains measured during the

application of the simulated dead load. The measured load-strain behavior shown in Figure
4.24 typically follows the same trend as the load-deflection behavior of the beam shown in
Figure 4.23. The effect of the CFRP is evident by the change in the slope of the load-strain
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curves at the 50 kN load level. Similarly to the other tested beams, the localized strains
measured at the tension flange of the beam became discontinuous prior to yielding of the
steel as shown in Figure 4.24 (c).

300
CFRP
Rupture

Total Applied Load (kN)

250
F1

200

F2
PI F2 PI F1

150

100
CFRP strips

50
PI F1 & F1

PI F2 & F2

0
0

0.001

0.002

0.003

0.004

0.005

CFRP Strain (mm/mm)

(a) Strain at the CFRP
300

300
CFRP
Rupture

250

Total Applied Load (kN)

Total Applied Load (kN)

250

200

150

100

0.002

0.003

200

150

100
S3

50
CFRP strips

εy = 0.0019

0.001

CFRP
Rupture

S2

CFRP strips

50

0
0.000

S2 S3

PI S2

0.004

0
0.005

0

0.0005

0.001

0.0015

0.002

0.0025

Steel Strain (mm/mm)

CFRP Strain (mm/mm)

(b) Strain measured by the PI gauge

(c) Strain measured by the strain gauges

at the bottom flange

at the bottom flange

Figure 4.24: Strain measurements for the monotonic load test of beam FAT-1
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Figure 4.24 (continued): Strain measurements for the monotonic load test of beam FAT-1

Failure of the CFRP occurred due to rupture and splitting of the strips at a load of 252 kN
and a corresponding mid-span deflection of 20.8 mm. The average measured strain in the
CFRP immediately prior to rupture of the strips was 0.0038 mm/mm. The failure of the
CFRP strips is shown in Figure 4.25.

Crushing of the concrete occurred at a measured load of 201 kN and a corresponding midspan deflection of 59.5 mm. The measured strain at the top surface of the concrete deck was
0.0051 mm/mm immediately prior to failure.
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Rupture and
splitting

Figure 4.25: Failure of the CFRP strips for beam FAT-1

4.3.3

Behavior of beam FAT-1b

Beam FAT-1b was strengthened with CFRP using a reinforcement ratio of 4.3 percent and an
average measured adhesive thickness of 1.0 mm. Additionally, a silane primer coat was
applied to the beam prior to installation of the strengthening. Similarly to beam FAT-1, the
beam was loaded to the dead load level prior to installation of the CFRP and subsequently
tested in fatigue to 3 million cycles with a minimum load level of 50 kN and a load range of
56 kN. The load-deflection behavior of beam FAT-1b upon application of the simulated
dead load and at various stages throughout the 3 million cycle fatigue course is presented in
Figure 4.26. The observed load deflection behavior throughout the fatigue loading program
followed the same trend as beam FAT-1.
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Figure 4.26: Cyclic load-deflection behavior of beam FAT-1b

The measured strains throughout the 3 million cycles of fatigue loading followed the same
trend as that of beam FAT-1. The load-strain curves are presented in Appendix B. The crack
pattern at the top surface of the concrete deck at the completion of the fatigue loading was
similar to that for the other two fatigue beams and is also presented in Appendix B.

At the completion of the 3 million cycle loading course, beam FAT-1b was tested
monotonically to failure. The load-deflection behavior of the beam, presented in Figure 4.27,
followed the same trend as that for beam FAT-1. At a load of 215 kN, prior to rupture of the
CFRP, the concrete end-blocks at the support locations of beam FAT-1b cracked vertically
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due to splitting forces at the end of the beam. The failure was localized and did not affect the
behavior of the beam.
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Figure 4.27: Static load-deflection behavior of beam FAT-1b up to failure

The load-strain behavior of the beam during the monotonic load test followed a similar trend
to the behavior of beam FAT-1. The load-strain curves are presented in Appendix B.

Failure of the CFRP occurred due to rupture of the strips within the constant moment region
of the beam as shown in Figure 4.28. The measured strain in the strips immediately prior to
rupture was 0.0036 mm/mm. The total measured load upon rupture of the strips was 250 kN
with a corresponding mid-span deflection of 18.0 mm.

The rupture of the CFRP was

accompanied by separation of the CFRP strips from the steel tension flange of the beam near
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the rupture location. Inspection of the failure location revealed that some adhesive remained
bonded to the surface of the steel flange while some adhesive was bonded to the CFRP strips
after rupture. However, the behavior indicated that the bond strength was sufficient to
develop the total strength of the CFRP strips as evident by the rupture failure mode. The
debonding was likely due to the sudden nature of the rupture failure.

Rupture

Figure 4.28: Failure of the CFRP strips for beam FAT-1b

Crushing of the concrete occurred at a load of 216 kN at which time the measured mid-span
deflection of the beam was 57.9 mm. The measured strain at the top surface of the concrete
deck immediately prior to crushing of the concrete was 0.0053 mm/mm.
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Discussion of the fatigue test results

The minimum and maximum fatigue loads and the corresponding strains in the tension flange
of the steel beams for the three fatigue beams are presented in Table 4.5. The table also
presents the increase in the load range for the two strengthened beams.

Table 4.5: Minimum and maximum loads and strains for the three fatigue beams

REINF.
RATIO

MIN.
LOAD

FATCONT

0%

50 kN

FAT-1

4.3%

50 kN

FAT-1b

4.3%

50 kN

BEAM ID

MIN.
STRAIN
0.00062
(0.3 εy)
0.00065
(0.3 εy)
0.00062
(0.3 εy)

MAX.
LOAD
97 kN
106 kN
106 kN

MAX.
STRAIN
0.0011
(0.6 εy)
0.0011
(0.6 εy)
0.0011
(0.6 εy)

LOAD
RANGE

PERCENT
INCREASE

47 kN

-

56 kN

20%

56 kN

20%

The minimum and maximum fatigue loads were selected to represent the dead load and live
load levels for a typical bridge, based on maximum allowable strain levels in the tension
flange of the steel beam of 30 percent and 60 percent of the yield strain respectively. The
resulting load range presented in Table 4.5 corresponds to the allowable live load for the
respective beams. Due to the presence of the high modulus CFRP, a live load increase of
approximately 20 percent was achieved using a reinforcement ratio of only 4.3 percent. The
two strengthened beams were subjected to 3 million fatigue loading cycles at the increased
live load level and exhibited similar behavior to the unstrengthened control beam which was
tested at a lower load range.

This behavior demonstrates the fatigue durability of the

strengthening system when loaded using the proposed increase of the live load.

The elastic stiffness of the three fatigue beams prior to installation of the CFRP, calculated
between loads of 0 kN and 50 kN, and after installation of the CFRP, calculated within the
loads of 60 kN and 100 kN, are presented in Table 4.6. The measured increase in the elastic
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stiffness is also given. Similarly to the overloading beams, a significant increase in the
elastic stiffness of the beams was achieved at a relatively low reinforcing ratio.

Table 4.6: Elastic stiffness comparison for the overloading beams

BEAM ID
FAT-CONT
FAT-1
FAT-1b

REINF.
RATIO
0%
4.3 %
4.3 %

UNSTRENGTHENED
STIFFNESS
14.3 kN/mm
11.6 kN/mm
14.4 kN/mm

STRENGTHENED
STIFFNESS
16.2 kN/mm
19.5kN/mm

STIFFNESS
INCREASE

40 %
35 %

The elastic stiffness of beam FAT-1 prior to installation of the strengthening was lower than
that for the other two beams. This was possibly due to the closure of shrinkage cracks which
were observed at the bottom surface of the concrete slab prior to the fatigue loading program.

Figure 4.29 (a) and (b) present the stiffness and the deflection of the three fatigue beams
throughout the 3 million cycle course respectively.

The elastic stiffness presented in

Figure 4.29 (a) was normalized with respect to the initial stiffness of the beams at the
beginning of the fatigue program.

The mean deflections in Figure 4.29 (b) were also

normalized in the same manner.
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Figure 4.29: Comparison of the degradation of the fatigue beams with continued cyclic loading

As shown in Figure 4.29 (a), all three fatigue beams exhibited very little stiffness
degradations, less than 5 percent, throughout the 3 million cycle fatigue loading course.
Conversely, as shown in Figure 4.29 (b), the unstrengthened control beam, FAT-CONT,
exhibited nearly a 30 percent increase in the mean deflection throughout the 3 million cycle
course while both strengthened beams demonstrated a superior performance with a maximum
increase in the mean deflection less than 10 percent. From the figure it is clear that the
degradation of the two strengthened beams was comparable indicating that the adhesive
thickness and the presence of the silane primer coat had a negligible effect on the fatigue
degradation of the beams.

Upon completion of the fatigue loading program, the three fatigue beams were tested
monotonically to failure. Table 4.7 presents the loads, deflections and strains of the three
fatigue beams at rupture of the CFRP and at crushing of the concrete.
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Table 4.7: Ultimate load comparison for the fatigue loading beams

BEAM ID
*

FAT-CONT

FAT-1
FAT-1b**
*

REINF.
RATIO
0%
4.3%
4.3%

LOAD

RUPTURE
DEF

εCFRP

LOAD

252 kN
250 kN

20.8 mm
18.0 mm

0.0038
0.0036

215 kN
201 kN
216 kN

CRUSHING
DEF
εCONC.
55.1 mm
59.5 mm
57.9 mm

CAPACITY
INCREASE
0.0032
0.0051
25%
0.0053
16%

Load at crushing may have been affected by jamming of the lateral bracing
Deck slab cast using higher strength concrete

**

The loads, deflections and strains, presented in Table 4.7, are comparable to those for the
overloading beams with the same reinforcement ratios, presented in Table 4.1.

Table 4.8 presents the dead load and service load levels, the AASHTO factored load, the
ultimate capacity and the residual capacity for the three fatigue beams. From the table it is
clear that the strengthened beams provide several margins of safety against collapse at the
increased live load level, as discussed in Section 4.2.4.1, even after being subjected to 3
million fatigue loading cycles.

Table 4.8: Service load level comparison

BEAM ID
FAT-CONT

FAT-1
FAT-1b
4.3.5
•

REINF.
RATIO
0%
4.3 %
4.3 %

DEAD
50
50
50

LOAD LEVEL (kN)
SERVICE AASHTO ULT.
97
145
215
106
161
252
106
161
250

RESIDUAL
201
216

LIVE LOAD
INCREASE
20 %
20 %

Conclusions of the fatigue study
Based on the conditions on the increased live load for a strengthened beam discussed
in Chapter 3, a live load increase of 20 percent was achieved for two beams
strengthened at a reinforcement ratio of 4.3 percent. Both beams were capable of
sustaining 3 million load cycles at the increased live load level with less than
5 percent degradation in stiffness which is comparable to the behavior of the
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unstrengthened control beam which was tested at a lower load range. Additionally,
the degradation of the mean deflection of the strengthened beams due to fatigue-creep
of the concrete deck was approximately one third of that for the unstrengthened
control beam.

•

Upon completion of the fatigue loading course the two strengthened beams exhibited
ultimate capacity increases of 16 percent and 25 percent respectively. Both beams
provided adequate margins of safety against collapse, similar to those discussed for
the overloading beams, even after being subjected to 3 million loading cycles. At the
completion of the fatigue loading course, the adhesive bond provided sufficient
strength to develop the full capacity of the CFRP strengthening as was evidenced by
the rupture failure of the CFRP strips for both strengthened beams.

•

The adhesive thickness and the additional use of a silane primer coat did not appear to
affect the fatigue behavior of the strengthening system.
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RESULTS OF THE SHEAR-LAG STUDY

This section presents the test results for the five strengthened beams that were tested to study
the possible presence of a shear-lag phenomenon between the steel tension flange and the
CFRP strips. Beam SHL was tested specifically for the shear-lag study and was loaded
monotonically to failure. The results for this beam are presented in detail in this section.
The strain profiles for the remaining four strengthened beams, OVL-1, OVl-2, FAT-1 and
FAT-1b are also presented in this section followed by a discussion of the test results and the
relevant findings of the shear-lag study.

4.4.1

Behavior of beam SHL

Beam SHL was strengthened with a reinforcement ratio of 8.6 percent with an average
measured adhesive thickness of 0.1 mm. The beam was tested monotonically to failure. The
load-deflection curve for the beam, presented in Figure 4.30, followed the same trend as the
load-deflection envelope of beam OVL-2. The measured elastic stiffness of the beam was
21.1 kN/mm. The average measured strain at the tension flange of the steel beam reached the
yield strain of the steel at a load of 226 kN and a corresponding mid-span deflection of
10.7 mm.
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Figure 4.30: Load-deflection behavior for beam SHL

Failure of the CFRP occurred in a similar manner as for beam OVL-2 due to rupture of the
strips and delamination within the strips as shown in Figure 4.31. The measured strain in the
CFRP immediately prior to rupture of the strips was 0.0036 mm/mm. The corresponding
load and mid-span deflection were 357 kN and 19.4 mm respectively.
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Delamination

Rupture

Figure 4.31: Failure of the CFRP strips for beam SHL

Failure of the beam occurred due to crushing of the concrete near one of the load locations at
a load of 220 kN and corresponding mid-span deflection of 61.5 mm. The measured strain at
the top surface of the concrete deck was 0.0056 mm/mm immediately prior to failure.

Strains were measured at the mid-span cross-section at five locations including at the CFRP
strips, at the bottom flange of the steel beam, at the mid-height of the web, at the top flange
of the steel beam and at the top surface of the concrete deck. The measured load-strain
curves followed a similar trend to the load-deflection curve of the beam and are presented in
Figure 4.32. The localized strain measured by the strain gauges at the tension flange of the
beam, shown in Figure 4.32 (c) became discontinuous in a similar manner to the behavior
observed for the beams tested in the overloading and fatigue studies.
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Figure 4.32: Strain measurements for beam SHL
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Figure 4.32 (continued): Strain measurements for beam SHL

The measured strains were used to construct the strain profile at the mid-span cross-section
for different load levels as presented in Figure 4.33. As seen in the figure, the measured
strain in the CFRP was slightly lower than expected throughout the loading. The observed
discontinuity is consistent with the presence of a shear-lag effect. However, the observed
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discontinuity may also be due to the effect of residual stresses in the tension flange of the
steel beam or possibly due to localized instability as discussed previously, or due to a
combination of these factors.
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Figure 4.33: Measured strain profiles at various load levels for beam SHL

4.4.2

Shear-lag effect for beam OVL-1

Beam OVL-1 was strengthened with a reinforcement ratio of 4.3 percent with an average
measured adhesive thickness of 0.1 mm and was tested under overloading conditions. At
mid-span, strain was measured at the same locations described for beam SHL. The measured
strains were used to construct the strain profile through the depth of the mid-span crosssection at different load levels as presented in Figure 4.34. As seen in the figure, the
measured strain profiles were essentially linear up to rupture of the CFRP. No shear-lag
effect was observed between the tension flange of the steel beam and the CFRP strips at any
stage in the loading of the beam.
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Figure 4.34: Measured strain profiles at various load levels for beam OVL-1

4.4.3

Shear-lag effect for beam OVL-2

Beam OVL-2 was strengthened with a reinforcement ratio of 8.6 percent with an average
measured adhesive thickness of 0.1 mm and was tested under overloading conditions. Strain
was measured at mid-span at the same locations described for beam SHL. The strain profiles
through the depth of the mid-span cross-section at different load levels for beam OVL-2 are
presented in Figure 4.35. As seen in the figure, the measured strain in the CFRP was slightly
higher than expected at all of the load levels. The observed discontinuity in the strain is
opposite in sign to what would be expected due to a shear-lag effect. Additionally, the
discontinuity is opposite in sign to the discontinuity observed for beam SHL which was
strengthened with the same reinforcement ratio.

The lack of a consistent trend in the

measured discontinuities suggests that the effect is not due to the presence of a shear-lag
phenomenon.
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Figure 4.35: Measured strain profiles at various load levels for beam OVL-2

4.4.4

Shear-lag effect for beam FAT-1

Beam FAT-1 was strengthened with a reinforcement ratio of 4.3 percent with an average
measured adhesive thickness of 0.1 mm. Prior to application of the strengthening the beam
was loaded to the dead load level of 50 kN. This load was maintained during the installation
of the CFRP. The strengthened beam was tested to 3 million load cycles to simulate service
loading conditions after which it was loaded monotonically to failure.

During the monotonic loading program, strain was measured at the mid-span cross-section
and at one of the quarter-span cross-sections at four locations including at the CFRP strips, at
the bottom flange of the steel beam, at the top flange of the steel beam and at the top surface
of the concrete deck.

Since the dead load was applied prior to installation of the strengthening, to investigate the
possible presence of a shear-lag effect the measured strain due to the effect of the live load
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only was considered at various load levels. The strain profiles at the mid-span cross-section
due to the effect of live load only are shown in Figure 4.36. The measured strain in the
CFRP is slightly lower than expected; however, this may be due to the effect of residual
stresses in the steel rather than due to the effect of shear-lag.

80 kN
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147 kN
201 kN
252 kN (Rupture)
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-0.006
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0.004

0.006

Live Load Strain (mm/mm)

Figure 4.36: Live load strain profiles at mid-span various load levels for beam FAT-1

The measured strain profiles at the quarter-span cross-section due to the effect of live load
are essentially linear as shown in Figure 4.37.
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Figure 4.37: Live load strain profiles at quarter-span at various load levels for beam FAT-1

4.4.5

Behavior of beam FAT-1b

Beam FAT-1b was strengthened with a reinforcement ratio of 4.3 percent with an average
measured adhesive thickness of 1.0 mm. The beam was loaded in a similar sequence to beam
FAT-1.

The measured strain profiles at the mid-span and quarter-span cross-sections,

presented in Figures 4.38 and 4.39 respectively, were similar to those measured for beam
FAT-1.

147

CHAPTER 4

EXPERIMENTAL RESULTS

98 kN
143 kN
187 kN (Yield)
232 kN
250 kN (Rupture)

-0.008

-0.006

-0.004

-0.002

0.000

0.002

0.004

0.006

Steel Strain (mm/mm)

Figure 4.38: Live load strain profiles at mid-span various load levels for beam FAT-1b
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Figure 4.39: Live load strain profiles at quarter-span at various load levels for beam FAT-1b

4.4.6

Discussion of the shear-lag test results

In general the observed strain profiles for all five of the strengthened beams tested in the
shear-lag study were essentially linear exhibiting a negligible discontinuity in the measured
strain between the tension flange of the steel beam and the CFRP strips. The observed
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discontinuities did not exhibit a consistent trend which indicates that the effect was not due to
a shear-lag phenomenon but possibly due to the presence of high levels of residual stresses in
the steel beam or due to possible lateral movement and instability of the tension flange of the
beam or a combination of these factors.

To investigate the effect of the adhesive thickness on the measured shear-lag, beam FAT-1b
was strengthened using an average adhesive thickness which was approximately 10 times
greater than that used for the beams OVL-1 and FAT-1 which were strengthened with the
same reinforcement ratio of 4.3 percent. Since the shear modulus of the adhesive was the
same for all of the beams, the increase in the thickness of the adhesive should be
accompanied by a proportional increase in the measured shear-lag. As seen in Figures 4.33,
4.35 and 4.37, no significant difference can be observed in the mid-span strain profiles of
beam FAT-1b and beams OVL-1 and FAT-1, which suggests that the shear-lag effect, if any,
is negligible. The measured strain profiles at the quarter-span for beams FAT-1 and FAT-1b,
shown in Figures 4.36 and 4.38 respectively, are also similar.

4.4.7
•

Conclusions of the shear-lag study
The measured strain profiles for the tested beams, which were strengthened with
CFRP with reinforcement ratios of 4.3 percent and 8.6 percent, were essentially
linear. The measured shear-lag was negligible for all five of the tested beams.

•

The manner in which the beams were loaded, monotonically, under overloading
conditions or under fatigue loading conditions, did not appear to have an effect on the
shear-lag behavior of the beams.
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Chapter 5
ANALYTICAL MODEL
5.1

INTRODUCTION

The main objective of this chapter is to develop a tool that can be used by engineers to
determine the increase of the live load that can be allowed for steel beams strengthened with
high modulus CFRP materials. The proposed method can also be used to predict the loaddeflection behavior, the ultimate strength and elastic stiffness of the strengthened beams.

This chapter describes a proposed analytical model to predict the moment-curvature and
load-deflection behavior of a steel beam strengthened using CFRP materials. Based on
proposed allowable strain limits, the analytical model can be used to determine the allowable
increase in live load that can be achieved by using externally bonded CFRP materials. The
model satisfies equilibrium and compatibility and is based on the assumption that plane
sections remain plane. Non-linearity of the material properties is considered including a
simplified approach which can be used to account for residual stresses in the steel member.
The analytical model is then validated using the results of the experimental program
presented in Chapter 4.

The discussion in this chapter is limited to the flexural analysis of steel-concrete composite
beams strengthened with CFRP materials. The bond stress in the adhesive between the steel
and the CFRP is not included since the analytical tool assumes perfect bond between the
CFRP and the steel. It should also be noted that the proposed increase in live load does not
include other possible modes of failure which can include local buckling, web shear, web
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crippling and lateral-torsional buckling. The capacity of the strengthened steel beam should
be assessed considering the above modes of failure before allowing an increase in the live
load level. The design and analysis for these other failure modes is described in several
design codes; therefore, it is not included herein.

5.2

ASSUMPTIONS OF THE ANALYTICAL MODEL

The analysis and design of steel-concrete composite beams strengthened with CFRP
materials is based on a moment-curvature analysis which satisfies equilibrium and
compatibility. In the analysis, plane sections are assumed to remain plane after deformation.
Thus, a perfect bond is assumed between the steel beam and the CFRP neglecting the
possible presence of shear-lag. This assumption was verified in the experimental phase of
the research. Possible slip between the concrete slab and the steel beam is neglected. Nonlinear characteristics of the concrete stress-strain are used. The model neglects tension
stiffening of the concrete. A simplified tri-linear material characteristic was used for the
steel wide flange beam to account for the effect of residual stresses. An elastic-perfectly
plastic material model is assumed for the longitudinal reinforcing steel of the concrete deck.
The CFRP is assumed to remain linear and elastic up to failure. Failure is assumed to occur
when the maximum strain in either the concrete or the CFRP reaches the ultimate value.
Since debonding of the CFRP strips was not observed for any of the test beams, this failure
mode was not considered in the analysis.
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DESCRIPTION OF THE ANALYICAL MODEL

The full moment-curvature relationship of a steel-concrete composite section strengthened
with CFRP is established by increasing the strain at the top surface of the concrete deck
incrementally. For a given strain, εc, the first step in the analysis is to assume a neutral axis
depth, c. The corresponding curvature of the section is defined as

φ=

εc

(eq 5-1)

c

From the top surface strain and the curvature, and based on the assumed linear distribution of
strain through the depth of the section, the strain at any level in the section, εx, can be
calculated as shown in Figure 5.1

εc

x
concrete slab
longitudinal reinforcement
steel wide flange beam
CFRP strips

φ

c

εx

Figure 5.1: Assumed linear strain profile for a CFRP strengthened steel-concrete composite beam

The strain is calculated at the levels in the cross-section at which the geometric or material
properties change. These levels include the top surface of the concrete deck, the centroid of
the longitudinal reinforcement, the interface between the concrete slab and the steel beam,
the inner surfaces of the flanges of the steel beam, the interface between the steel beam and
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the CFRP and the centroid of the CFRP strips. The strain can be calculated at each of these
layers as described in Figure 5.1 above.

Once the strain at the different layers is known the stress distribution, f(x), can be determined
from the constitutive relationships of the different materials. The force contribution, F, of the
different components of the section can be determined by integrating the stress profile. For
example, the force contribution of the concrete slab is given by,

c

Fc =

∫ b (x ) f (x )dx
c

c

(eq 5-2)

c − tc

where bc(x) is the width of the slab, which is generally constant and can be taken out of the
integration, c is the assumed neutral axis depth and tc is the thickness of the concrete slab.
The stress at any level in the concrete slab, fc(x) is a function of the strain at that level, εc,x
which can be related to the distance from the neutral axis, x, using the curvature of the
section as,

ε c , x = φx

(eq 5-3)

The stress in the concrete can be calculated using the equations proposed by Collins and
Mitchel (1991) as,

fc =

f c ' n (ε c , x / ε c ' )

n − 1 + (ε c , x / ε c ' )

nk

(eq 5-4)
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Where fc’ is the maximum strength of the concrete, εc’ is the corresponding strain and n is a
curve fitting factor defined as Ec/(Ec-Ec’) where Ec is the initial tangent modulus of the
concrete and Ec’ = fc’/εc’. The post-peak decay in the concrete stress is defined by the curve
fitting factor k. If the strength of the concrete, fc’, is the only known parameter, Collins and
Mitchell (1991) suggest that the remaining factors can be calculated, from the following
relationships:

E c = 3320 f c ' + 6900
fc '
17
f ' n
εc' = c
E n −1
f '
k = 0.67 + c
62
n = 0.8 +

(eq 5-5)

with fc’ in units of MPa. Alternatively, the values of fc’, εc’ Ec and Ec’ can be determined
directly if the full stress-strain curve of a characteristic concrete cylinder is obtained
experimentally. The value of k can then be determined to provide a best fit with the
measured post-peak stress-strain data. The ultimate strain of the concrete εcu, can be taken as
the strain when the stress in the concrete degrades to 80 percent of the concrete strength.

By substituting equations 5-3 and 5-4 into equation 5-2, the total force in the concrete slab is
given by,

c

Fc = bc

∫

c − tc

f c ' n (φx / ε c ' )
dx
nk
n − 1 + (φx / ε c ' )

(eq 5-6)
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The longitudinal reinforcing steel in the concrete slab can be treated as a lumped area, Ars, at
the centroid of the steel. The force contribution, Frs, of the reinforcement can be calculated
as,

Frs = Ars f rs

(eq 5-7)

where frs is the stress in the steel reinforcement. For simplification, the reinforcing steel can
be modeled as an elastic-perfectly plastic material with a modulus of elasticity, E, of
200,000 MPa and a yield strength, fy, of 400 MPa. If the stress-strain relationship of the
longitudinal reinforcement is determined from tensile tests of a representative tension
specimen, a more accurate approximation of the stress strain relationship can be obtained
using the modified Ramburg-Osgood equation (Collins and Mitchell, 1991).

The contribution of the steel wide flange section can be determined by the superposition of
two rectangles as shown in Figure 5.2.

bf
tf

d

tw

tf
Figure 5.2: Force contribution of the steel beam by superposition of two rectangles
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The force contribution, Fs+, of a large rectangle, can first be calculated as,

Fs + =

c − tc

∫ b f (x )dx
f

s

(eq 5-8)

c − tc − d

where fs(x) is the stress function for the steel beam. The void area bounded by the web of the
beam and the two flanges, shown by the unshaded area bounded by the dashed lines in the
figure, can be accounted for by subtracting the force contribution of a smaller rectangle. The
force contribution of the small rectangle, Fs-, can be calculated as,

c − tc − t f

Fs − =

∫ (b

f

− t w ) f s ( x )dx

(eq 5-9)

c − tc − d + t f

The total force contribution of the steel beam, Fs, can thus be calculated by,

Fs = Fs + − Fs −

(eq 5-10)

The stress strain behavior of steel in tension is often idealized by a bi-linear, elastic-perfectly
plastic material model shown in Figure 5.3. However, residual stresses which form during
the cooling of hot-rolled beams can cause premature yielding at different locations in the
cross-section. Since the magnitude and distribution of residual stresses vary throughout the
section, the actual tensile stress-strain curve of the steel beam, shown by the dashed line in
Figure 5.3, does not exhibit a definite yield point. Englekirk (1994) suggests that the
idealized tri-linear material model, shown in Figure 5.3, can be used to represent the stressstrain curve of steel to account for the effect of residual stresses.
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Stress
fy
Er

Tri-linear model
Elastic-perfectly plastic model

E

Actual behavior

Strain
εp εy

2 εy

Figure 5.3: Tri-linear material model for steel

The piecewise linear stress-strain relationship of the steel is given by the expression,


Eφx

f s ( x ) =  Eε p + E r (φx − ε p )

fy


φx < ε p
ε p < φx < 2ε y
2ε y < φx

(eq 5-11)

where E is the elastic modulus of the steel, εy is the yield strain of the steel which can be
determined from tests of representative steel coupons, Er is the second slope stiffness, fy is
the yield strength of the steel and εp is the proportional limit strain at which the actual stressstrain relationship of the steel diverges from a straight line due to the effect of residual
stresses. In the analytical model, the proportional limit strain is defined as,

εp =

f y − fr
E

(eq 5-12)
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where fr is the average residual stress level in the steel. Residual stresses can vary between
beams and the measurement of residual stresses is not practical in most applications. AISC
recommends that, for design, residual stresses can be taken as 69 MPa for hot-rolled steel
sections with typical yield strengths that typically range between 240 MPa and 400 MPa.

The total force contribution of the steel wide flange section can be determined by using
equation 5-10 to evaluate the integrals in equations 5-7 and 5-8, and using the results for
equation 5-9.

Finally, the force contribution of the bonded CFRP, FCFRP, can be calculated. Since the
thickness of the CFRP is relatively small compared to the depth of the beam, the CFRP can
be treated as a lumped area, ACFRP, located at the centroid of the CFRP strengthening. The
resulting force contribution is given by,

FCFRP = ACFRPε CFRP ECFRP

(eq 5-13)

where εCFRP is the strain at the centroid of the CFRP which can be evaluated from the
curvature of the beam and ECFRP is the modulus of elasticity of the composite material.

Once the force contribution of the individual components of the cross-section are calculated,
the total force on the cross-section can be calculated as the sum of the contributions,

F = Fc + Frs + Fs + FCFRP

(eq 5-14)
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The neutral axis depth is iterated until equilibrium is satisfied and the total force on the cross
section, given in equation 5-14, equals zero. The procedure is easily implemented in a
spreadsheet using a numerical integration technique such as Simpson’s rule to evaluate the
integrals.

Once force equilibrium is satisfied, the moment on the cross-section can be calculated by reevaluating the integrals a second time, however, including the distance from the neutral axis,
x in the integration. For example, the moment contribution of the concrete slab, Mc, can be
calculated as,

 f c ' n (φx / ε c ' )
x 
nk
c −tc  n − 1 + (φx / ε c ' )
c

M c = bc

∫


dx



(eq 5-15)

The moment contribution of the remaining portions of the cross-section can be evaluated
similarly. The total moment on the cross-section can then be calculated as

M = M c + M rs + M s + M CFRP

(eq 5-16)

Once the moment and curvature for a given top surface concrete strain are calculated, the
concrete strain can be increased incrementally and the procedure can be repeated to develop
the complete moment-curvature relationship of the section. In a strengthened beam, failure
can occur due to rupture of the CFRP or crushing of the concrete. Consequently, the strain at
the top surface of the concrete deck should be incremented until either the CFRP strain or the
concrete strain reaches their ultimate value.
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For a typical structure, a permanently acting load will be applied to the structure prior to
installation of the CFRP. Such loads can include the self-weight of the members and any
superimposed dead loads. The effect of these pre-applied loads can be accounted for using a
superposition of strains as shown in Figure 5.4. First, the initial strain distribution, εx,o, in the
unstrengthened section due to the effect of the pre-applied loads, shown in Figure 5.4 (a), can
be calculated. Under the effect of self-weight and superimposed dead load, a beam will
typically remain elastic and the initial strain can be calculated by elastic analysis.

If,

however, the pre-applied loads induce plastic strains in the section, the initial state of strain
should be calculated using a moment-curvature analysis as described above but neglecting
the contribution of the CFRP. The pre-applied loads will not induce any strain in the CFRP
materials.

The strain profile due to the effect of loads applied after installation of the strengthening can
be determined separately as shown in Figure 5.4 (b). For a given increment of the strain at
the top surface of the concrete slab due to the application of additional loads after installation
of the strengthening, the neutral axis depth of the strengthened beam can be assumed. The
corresponding curvature of the section, ∆φ, and the strain at any depth in the section, ∆εx, can
be calculated from equations 5-1 and 5-3 respectively. The total strain at any depth in the
section, shown in Figure 5.4 (c) is then given by,

εx = εx.o + ∆εx

(eq 5-16)

Since the pre-applied loads do not induce strain in the CFRP, a permanent offset in strain
exists between the steel and the CFRP as shown in Figure 5.4 (c).

The moment and
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curvature of the section are calculated by iterating c until equilibrium is satisfied following
the procedure described previously but using the strain as calculated by equation 5-16.

(a)

(b)

εx,o

∆εx

+

(c)

εx

=

strain offset
(a) initial strain profile due to initially applied loads
(b) incremental strain profile due to loads applied after strengthening
(c) total strain profile due to all applied loads
Figure 5.4: Dead load and live load strain profiles for a strengthened beam

Once the moment-curvature response of the section is known, the load-deflection response of
a beam with a known loading configuration and support conditions can be determined by
integration of the curvature using any commonly accepted method such as Moment Area
Theory or Conjugate Beam Theory.

Once the moment-curvature and load-deflection response of the beam are known, the
allowable live load increase due to installation of the CFRP can be determined based on an
allowable strain criteria. The dead load level of the existing structure will generally be
known prior to installation of the strengthening. For the purposes of this analysis, it is
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assumed that the applied dead load will induce a strain equivalent to 30 percent of the yield
strain of the steel in the tension flange of the steel beam. This is consistent with the dead
load level that was applied to the fatigue beams in the experimental program prior to
installation of the CFRP strengthening. Due to the negligible weight of the CFRP, the dead
load level for the strengthened beam will be equivalent to that for the unstrengthened beam.
For an unstrengthened steel beam, it is desirable to ensure that the structure remains elastic
under the combined effect of dead load and live load. For typical bridge structures, the strain
in the tension flange of the steel beam is limited to a maximum of 60 percent of the yield
strain under the combined effect of dead load and live load. To maintain the fatigue life of
the strengthened beam, the stress range for the strengthened structure at fatigue critical
details should remain the same as for the unstrengthened structure. Thus, the same strain
limit of 60 percent of the yield strain should be imposed at the increased live load level for
the strengthened beam. In the experimental program, two strengthened beams exhibited
fatigue performance at least equivalent to that of an unstrengthened beam when tested
between the proposed strain limits.

5.4

VALIDATION OF THE MODEL

The model described in the previous section was validated using the results of the seven
beams tested in the experimental program. The tested beams are separated into two groups
based on the method of the application of the load, namely static or fatigue loading. The first
group of beams, consisting of beams ST-CONT, OVl-1, OVL-2 and SHL, were tested under
static loading conditions. The second group of beams, consisting of beams FAT-CONT,
FAT-1 and FAT-1b were tested under fatigue loading conditions prior to being tested
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statically to failure. The validation of the analytical model for each group of beams is
presented in this section.

Additionally, the plane sections remain plane assumption is

validated by comparing the predicted and measured strain profiles for the most critical shearlag case identified in the experimental program.

5.4.1

Validation of the model for statically loaded beams

The material properties for the concrete and the structural steel used for the four beams tested
under static loading conditions was determined by testing representative concrete cylinders
and steel coupons as discussed in Chapter 5. The measured stress-strain curves for the
concrete and the steel were used to obtain accurate material properties to be input into the
analytical model. The material models described in the previous section were used to
generate a best fit to the experimentally determined stress-strain curves.

The concrete decks for all four of the statically loaded beams were cast using the same batch
of concrete. Four cylinders were tested to determine the full stress-strain behavior of the
concrete and a best-fit curve was fit to the results using the material model described in the
previous section. Figure 5.5 presents the measured stress-strain curve of the cylinders as well
as the best fit of the measured data. The coefficients used for the concrete material model are
presented in Table 5.1.
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Figure 5.5: Concrete material model for beams ST-CONT, OVL-1, OVL-2 and SHL

Table 5.1: Concrete properties for the statically loaded beams

MATERIAL PROPERTY
Peak strength, fc’
Strain at peak, εc’
Initial modulus, Ec
Chord modulus, Ec’
Fitting factor, n
Post peak factor, k
Ultimate strain, εcu

VALUE
44 MPa
0.0035 mm/mm
15844 MPa
12520 MPa
4.77
1.13
0.0045 mm/mm

The material properties for the structural steel for the wide flange beams were determined by
testing steel coupons taken from the web and flanges of a representative stub beam as
described in Chapter 3. The tri-linear material model described in the previous section was
used to model the test results as shown in Figure 5.6.
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Figure 5.6: Tri-linear material model for structural steel

As discussed previously, residual stresses form in a steel beam due to the restraint of the steel
caused by the different cooling rates at different locations. When a coupon is cut from the
material, the coupon is no longer restrained by the surrounding steel and the residual stresses
are relieved.

As such the stress-strain relationship determined by testing coupons is

essentially elastic-perfectly plastic and does not exhibit the premature yield due to the
presence of residual stresses. To determine a reasonable value for the proportional limit
strain, εp, to be used in the model, the average load-strain behavior at the tension flange of
the test beams, presented in Chapter 4, was considered.

Inspection of the test results

indicated that the typical proportional limit strain of the tested beams was approximately
0.0016 mm/mm. Based on this proportional limit strain, the average residual stress for the
beams is approximately 60 MPa which is close to the value of 69 MPa used by AISC. The
coefficients used for the steel material model are presented in Table 5.2.
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Table 5.2: Material properties for the structural steel material model

MATERIAL PROPERTY
Modulus of elasticity, E
Proportional limit strain, εp
Second slope stiffness, Er
Yield strain, εy
Yield strength, fy

VALUE
200,000 MPa
0.0016 mm/mm
27,273 MPa
0.0019 mm/mm
380 MPa

From the measured yield strain of the steel presented in Table 5.2, the allowable strain limits
at the dead load level and the live load level can be calculated. The strain at dead load,
corresponding to 30 percent of the yield strain is approximately 0.0006 mm/mm.

The

allowable strain at the live load level due to total effect of live load and dead load,
corresponding to 60 percent of the yield strain is approximately 0.0011 mm/mm.

The stress-strain behavior of the CFRP material was assumed to remain linear and elastic up
to rupture. The manufacturer of the CFRP laminates reported values of 460,000 MPa and
0.0034 mm/mm for the modulus of elasticity and rupture strain of the CFRP respectively.
The modulus of elasticity reported by the manufacturer was used in the analytical model.
However, the average measured strain in the CFRP at rupture for the beams tested in the
experimental program was 0.0037 mm/mm. The average measured rupture strain was used
in the analytical model rather than the strain reported by the manufacturer of the laminate.

Using the material properties described above and based on the geometric properties and
loading configuration of the beams, the analytical model was used to predict the sectional
response and member response of the four statically loaded test beams. From the predicted
sectional response of the beams, the load-strain envelopes were determined and compared to
the average measured load-strain response for each of the beams.

The measured and
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predicted load-strain envelopes at the steel tension flange for all four of the statically loaded
beams are presented in Figure 5.7. The envelopes for beam ST-CONT are plotted up to a
strain of 0.004 mm/mm while the envelopes for the remaining three beams are plotted up to
rupture of the CFRP.
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Figure 5.7: Comparison of load-strain envelopes at the steel tension flange for the statically loaded beams
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From the figure it can be seen that the predicted strains are in good agreement with the
measured values. The simplified tri-linear model provides a reasonable estimate of the effect
of the residual stresses as can be seen by the premature yielding exhibited by the measured
and predicted strains. However, the measured strains deviate from the prediction slightly,
particularly at strains higher than the proportional limit strain which may be due to the
variation in the magnitude and distribution of the residual stresses.

From the load-strain envelope at the tension flange of the beams, the dead load levels and
live load levels for all four beams can be predicted using the analytical model as the loads
corresponding to a strain of 30 percent of the yield strain and 60 percent of the yield strain
respectively. The measured live load levels can be determined from the experimental results.
Table 5.3 presents a comparison of the measured and predicted dead load and live load
levels. As discussed previously, since installation of the CFRP does not add significant
weight to the structure, the dead load level calculated for the unstrengthened beam, STCONT, was used for all four beams. The allowable dead load was based on an allowable
strain in the steel of 30 percent of the yield strain at the tension flange of the unstrengthened
beam. For each of the beams the live load level was selected based on a maximum allowable
strain in the steel of 60 percent of the yield strain.

Table 5.3: Comparison of measured and predicted dead and live load levels for statically loaded beams

BEAM ID

ST-CONT
OVL-1
OVL-2
SHL
*

REINF.
RATIO
0%
4.3 %
8.6 %
8.6 %

DEAD LOAD
MEASURED
PREDICTED
45 kN
44 kN
*
44 kN
*
44 kN
*
44 kN

LIVE LOAD
MEASURED**
PREDICTED
46 kN
44 kN
72 kN
75 kN
126 kN
102 kN
98 kN
102 kN

The dead load level for the unstrengthened beam was not measured
Based on the dead load level for beam ST-CONT

**
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With the exception of the live load level for beam OVL-2, the predicted live load and dead
load levels are all within 5 percent of the measured values. The live load level of beam
OVL-2 was under predicted by approximately 25 percent. The discrepancy between the
measured and predicted live load level for beam OVL-2 can be explained by inspection of
the load-strain envelopes in Figure 5.7 (c). From the figure it is clear that for a given load the
measured strains for beam OVL-2 are slightly lower than the predicted strains in the elastic
range of the beam. Because the slope of the load-strain curve is relatively high, a small
change in the accuracy of the measured strains at the tension flange of the beam can have a
significant effect on the measured live load level. The higher measured value of the live load
level for beam OVL-2 can be attributed to the lower measured strain at the tension flange of
the beam prior to yielding of the steel. However, the predicted live load level for beam
OVL-2 is conservative and use of the analytical model is safe.

The analytical model was also used to predict the complete load-deflection envelope of the
four beams. The load-deflection envelope for beam ST-CONT was predicted up to crushing
of the concrete while the envelopes for the three strengthened beams were predicted up to
rupture of the CFRP. As discussed in Chapter 4, the behavior of the strengthened beams
after rupture of the CFRP was similar to that of an unstrengthened beam. Thus the predicted
behavior for beam ST-CONT was also used to predict the post-rupture behavior of the
strengthened beams. The measured and predicted load-deflection curves for the four beams
are compared in Figures 5.8 to 5.11.
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Figure 5.8: Measured and predicted load-deflection envelopes for beam ST-CONT (ρ = 0%)
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Figure 5.9: Measured and predicted load-deflection envelopes for beam OVL-1 (ρ = 4.3 %)
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Figure 5.10: Measured and predicted load-deflection envelopes for beam OVL-2 (ρ = 8.6%)
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Figure 5.11: Measured and predicted load-deflection envelopes for beam SHL (ρ = 8.6%)
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From the figures it is clear that the experimental results are in good agreement with the
predicted load-deflection envelopes for all four beams. Table 5.4 presents a comparison of
the measured and predicted ultimate capacity increases and elastic stiffness increases for the
three strengthened beams. The unstrengthened stiffness of beam SHL was not measured and
therefore the stiffness increase cannot be reported.

Table 5.4: Ultimate capacity and elastic stiffness increases for statically loaded beams

BEAM ID

OVL-1
OVL-2
SHL

REINF.
RATIO
4.3 %
8.6 %
8.6 %

ULTIMATE CAPACITY INCREASE
MEASURED
PREDICTED
20%
26%
66%
70%
62%
70%

ELASTIC STIFFNESS INCREASE
MEASURED
PREDICTED
27%
26%
46%
48%
48%

As shown in the table, the ultimate capacity increases were over predicted by 4 – 8 percent.
The elastic stiffness increases was under predicted by 1 percent for beam OVL-1 and over
predicted by 2 for beam OVL-2.

5.4.2

Validation of the model for fatigue loaded beams

The results of the three beams tested in fatigue, presented in Chapter4, were also used to
validate the analytical model. The material properties for the steel and the CFRP for the
fatigue beams were the same as those used for the statically loaded beams and are described
in the previous section. The concrete material properties for the fatigue beams were different
from those used for the statically loaded beams.

The concrete slabs for the three beams tested in fatigue were cast using two different batches
of concrete. The first batch of concrete was used for the first two fatigue beams, FAT-CONT
and FAT-1. Three cylinders were tested to determine the full stress-strain curve for the
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concrete. The measured stress-strain curve of the cylinders and the best fit of the measured
data are presented in Figure 5.12.
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Figure 5.12: Concrete material model for beams FAT-CONT and FAT-1

The second batch of concrete was used for the third fatigue beam, FAT-1b. The measured
stress-strain curve for the three cylinders that were tested to determine the material properties
and the best fit of the measured data are presented in Figure 5.13.
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Figure 5.13: Concrete material model for beam FAT-1b

The coefficients used in the material models for the two batches of concrete used for the
fatigue beams are presented in Table 5.5.

Table 5.5: Concrete properties for the fatigue loaded beams

MATERIAL PROPERTY
Peak strength, fc’
Strain at peak, εc’
Initial modulus, Ec
Chord modulus, Ec’
Ultimate strain, εcu
Fitting factor, n
Post peak factor, k

FIRST BATCH
34 MPa
0.0035 mm/mm
15183 MPa
9844 MPa
0.0049
2.84
1.22

SECOND BATCH
58 MPa
0.0038 mm/mm
20147 MPa
15402 MPa
0.0043
4.25
1.92

Beams FAT-CONT, FAT-1 and FAT-1b were all tested to 3 million load cycles in fatigue.
The beams were tested between the dead load level and their respective live load levels,
which were selected based on the proposed strain criteria. At the conclusion of the fatigue
loading program the beams were loaded statically to failure. Beam FAT-CONT was tested
as an unstrengthened control beam for the fatigue study. Beams FAT-1 and FAT-1b were
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strengthened under the effect of a pre-applied dead load of approximately 50 kN, prior to
installation of the CFRP strengthening to simulate the actual behavior of a strengthened
beam. Both beams used a reinforcement ratio of 4.3 percent, however, the two beams used
two different adhesive thicknesses and two different bonding techniques.

Figure 5.14 presents a comparison between the predicted and the measured load-strain curves
at the tension flange of the steel beam for the three fatigue beams. The load strain-curve for
beam FAT-CONT is plotted up to a strain of 0.005 mm/mm while the curves for beams FAT1 and FAT-1b are plotted up to rupture of the CFRP. The plotted strains were measured
during the static load test to failure of the beams after the fatigue loading course. As
discussed in Chapter 4, the three beams exhibited a fatigue-creep behavior which resulted in
an offset in the measured strain at the conclusion of the fatigue loading course. To allow
direct comparison of the measured results with the predicted strains, the measured strain
offset was not included in Figure 5.14.

The effect of the pre-applied dead load was

considered in the analytical model for the two strengthened beams by superposition of the
strain profiles as described in Section 5.3.
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Figure 5.14: Comparison of load-strain curves at the steel tension flange for the fatigue loaded beams

In Figures 5.14 (b) and (c) the effect of the CFRP in reducing the strains in the tension flange
of the steel beam can be seen by the change in the slope of the load-strain curves at the dead
load level of approximately 50 kN. The predicted-load strain curves correlate well with the
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measured strains in the elastic region. Beyond the proportional limit of the steel, however,
the measured strains for the two strengthened beams are significantly higher than the
predicted strains. This is possibly due to the effect of varying residual stresses in the steel
beams. Alternatively, the increase in strain may be due to fatigue damage of the beams at the
microscopic level in the steel, concrete, adhesive or the CFRP which could not be observed
during the inspection of the beam. The proposed analytical model does not account for
fatigue degradation of the materials. Finally, the increase in the strain may be the result of
partial interaction between the steel beam and the concrete slab due to the longitudinal cracks
which were observed at the top surface of the concrete slab. Further research is needed to
conclusively determine the cause of the discrepancy between predicted strains and the
measured results.

The measured and predicted live load and dead load levels for the three fatigue beams are
presented in Table 5.6. As discussed previously these loads were selected to induce strains
of 30 percent and 60 percent of the yield strain of the steel in the tension flange of the steel
beam.

Table 5.6: Comparison of measured and predicted dead and live load levels for fatigue loaded beams

BEAM ID

FAT-CONT
FAT-1
FAT-1b

REINF.
RATIO
0%
4.3 %
4.3 %

DEAD LOAD
MEASURED
PREDICTED
50 kN
49 kN
50 kN
49 kN
50 kN
48 kN

LIVE LOAD
MEASURED
PREDICTED
47 kN
40 kN
56 kN
53 kN
56 kN
56 kN

The analytical model under predicted the live load level for the two strengthened fatigue
beams, FAT-1 and FAT-1b, by 0 – 5 percent. The live load for the strengthened beam was
under predicted by 15 percent. This was due to the slightly lower measured strains in the
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steel tension flange in the elastic range shown in Figure 5.14 (a). The predicted live load
levels are conservative in all three cases. The dead loads were under predicted by 2 – 4
percent of the measured values.

The load-deflection behavior for the three beams was predicted using the analytical model.
The strengthened beams were modeled to predict the behavior up to rupture of the CFRP
while the unstrengthened beams were modeled to predict the post-rupture behavior of the
beams. The effect of the pre-applied dead load was accounted for in the analytical models
for the strengthened beams as described in Section 5.3. The predicted load deflection curves
for beams FAT-CONT, FAT-1 and FAT-1b are compared to the loads and deflections that
were measured during the static load test to failure after the fatigue program in Figures 5.15
to 5.17 respectively.

To allow direct comparison of the predicted values with the

experimental results, the observed deflection offset due to the effect of fatigue-creep
behavior, described in Chapter 4, was not included in the plot of the measured data.

178

CHAPTER 5

ANALYTICAL MODEL

250

Total Applied Load (kN)

200

150

100

Measured behavior
Predicted behavior

50

0
0

10

20

30

40

50

60

Net Mid-span Deflection (mm)

Figure 5.15: Measured and predicted load-deflection curves for beam FAT-CONT (ρ = 0%)
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Figure 5.16: Measured and predicted load-deflection curves for beam FAT-1 (ρ = 4.3%)
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Figure 5.17: Measured and predicted load-deflection curves for beam FAT-1b (ρ = 4.3%)

As seen in the figure, the predicted load-deflection curves closely match the measured
behavior of the three beams. Table 5.7 presents a comparison of the measured and predicted
ultimate capacity increases and elastic stiffness increases for the two strengthened beams.

Table 5.7: Ultimate capacity and elastic stiffness increases for statically loaded beams

BEAM ID

FAT-1
FAT-1b

REINF.
RATIO
4.3 %
8.6 %

ULTIMATE CAPACITY INCREASE
MEASURED
PREDICTED
25%
34%
16%
27%

ELASTIC STIFFNESS INCREASE
MEASURED
PREDICTED
40%
40%
35%
32%

The elastic stiffness increases for the strengthened beams were under predicted by 0 – 3
percent. However, the analytical model over-predicted the ultimate capacity increases by 9 –
11 percent. The lower measured value for the ultimate capacity increase may have been due
to the effect of partial interaction between the steel beam and the concrete slab due to the
effect of the longitudinal cracks which were observed throughout the fatigue loading program
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or possibly due to fatigue deterioration of the steel, concrete, adhesive or CFRP at the
microscopic level.

Further investigation is required to fully understand the observed

behavior.

5.4.3

Validation of plane sections assumption

As discussed in Chapter 4, the measured strain profiles for all seven of the tested beams were
essentially linear and generally did not exhibit strain discontinuities between the steel tension
flange and the CFRP. In the few cases when discontinuities were observed, the measured
discontinuities did not exhibit a trend that was consistent with the behavior anticipated due to
the presence of a shear-lag effect. The lack of a significant shear-lag effect is further
confirmed by the accurate prediction of the measured load-strain and load-deflection
behavior of the beams using the analytical model which is based on the assumption that plane
sections remain plane and neglects the presence of a shear-lag effect. To further validate the
plane sections assumption, the predicted linear strain profile can be compared to the
measured strain profile for the most critical conditions for shear-lag.

As discussed in Chapter 4, the measured discontinuity in strain between the steel tension
flange and the CFRP was most significant for beams OVL-2 and SHL which were reinforced
at the higher reinforcement ratio of 8.6 percent. For these beams, the shear stress in the
adhesive would be the highest immediately prior to rupture of the CFRP. The measured
strain profiles immediately prior to rupture of the CFRP for the two beams are plotted in
Figure 5.18. The predicted strain profile immediately prior to rupture is also plotted in the
figure.
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Figure 5.18: Comparison of measured and predicted strain profiles

As can be seen in the figure, the analytical model accurately predicts the average measured
strains for both beams. The opposite signs of the measured strain discontinuities relative to
the predicted strains indicates that the discontinuity is likely not due to a shear-lag effect.
Additionally, in the presence of a shear-lag effect the greatest discrepancy between the
measured strains and the predicted strains should be observed at the level of the CFRP.
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Since the greatest discrepancy seen in the figure occurs at the level of the bottom of the
tension flange of the steel beam, the discontinuity is likely not due to a shear-lag effect.

5.5

CONCLUSIONS OF THE ANALYTICAL STUDY

•

An analytical model based on a moment-curvature analysis which satisfies the
conditions of equilibrium and compatibility was derived which can accurately be used
to predict the load-strain and load-deflection behavior of steel-concrete composite
beams strengthened with CFRP materials. The analytical model was verified with the
measured results of the experimental program.

•

The simplified tri-linear material model for the steel provided a reasonable
approximation of the effects of residual stresses due to the hot-rolling process.
However, further research is required to gain a thorough understanding of the effect
of residual stresses on the behavior of the strengthened beams.

•

For beams subjected to static loading conditions, the analytical model accurately
predicted the dead load and live load levels of an unstrengthened steel-concrete
composite beam and two strengthened beams to within 5 percent of the measured
experimental values. For a third strengthened beam the predicted live load was
approximately 25 percent lower than the measured live load due to a discrepancy in
the measured strains. However, for the third strengthened beam, the predicted live
load was conservative, and thus use of the analytical model would be safe.
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The analytical model accurately predicted the ultimate capacity increase and the
elastic stiffness increase for the three strengthened beams tested under static loading
conditions to within 4 – 8 percent and 1 – 2 percent of the measured values
respectively.

•

For two strengthened beams subjected to fatigue loading conditions, the analytical
model accurately predicted the dead load and live load levels to within 5 percent of
the measured experimental values.

In both cases the predicted live loads were

conservative. The analytical model also accurately predicted the strain and deflection
response of the beams under the effect of a pre-applied simulated dead load.

•

The analytical model under predicted the elastic stiffness increases for the two
strengthened fatigue loaded beams by 1 – 2 percent of the measured values.

•

The predicted and measured ultimate capacity increases for the fatigue loaded beams
did not show good agreement. This may have been due to possible partial interaction
between the steel beam and the concrete slab, fatigue deterioration the beams at the
microscopic level or the effect of residual stresses in the steel section. Further
research is required to identify the cause of the discrepancy.

•

Comparison of the predicted and measured strain profiles for two strengthened beams
verified the negligible effect of shear-lag for steel beams strengthened with CFRP
which validates the assumption that plane sections remain plane.
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Chapter 6
CONCLUSIONS
6.1

SUMMARY

Due to the deterioration of existing steel infrastructure as well as the increased load demands
on steel bridges and structures, there is a need to develop a cost-effective, durable retrofit
system that can be used to repair and/or strengthen existing steel beams. Previous research
was conducted at North Carolina State University to develop an externally bonded, high
modulus CFRP retrofit system that can be used to increase the ultimate capacity and elastic
stiffness of steel structures. This research discusses an experimental research program which
was conducted in three phases to investigate the behavior of steel-concrete composite bridge
beams strengthened with high modulus CFRP and subjected to overloading conditions and
fatigue loading conditions, as well as to investigate the possible presence of shear-lag
between the steel and the CFRP. Based on the findings of the experimental research, the
allowable increase in live load that can be achieved using high modulus CFRP was
established using allowable strain criteria. In the analytical phase of the research, a momentcurvature model was developed that can be used to predict the increase in the live load level
for steel beams strengthened with CFRP materials. The model was validated using the test
results of the experimental program which demonstrated that the model can be used to
accurately predict the allowable increase in live load, ultimate capacity and elastic stiffness
that can be achieved using externally bonded CFRP strips.
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6.2.1

Conclusions of the overloading study

The two strengthened beams tested in the overloading study exhibited superior behavior to
the unstrengthened beam under service loading conditions, under overloading conditions and
at ultimate. Due to the presence of the CFRP the live load capacities of the two beams
strengthened with reinforcement ratios of CFRP of 4.3 percent and 8.6 percent respectively,
were increased by 57 percent and 174 percent respectively. The experimental results also
indicate that installation of the high modulus CFRP strengthening system can help reduce the
damage incurred by a beam due to overloading conditions by up to four times at a load level
of 171 kN for the tested beams. The ultimate capacity of the strengthened beams was
increased by up to 66 percent at a reinforcement ratio of 8.6 percent and increasing the
reinforcement ratio did not reduce the efficiency of the strengthening system for the tested
beams.

6.2.2

Conclusions of the fatigue study

A methodology is proposed to determine the allowable increase in the live load level for
steel-concrete composite beams strengthened with high modulus CFRP materials.

The

increased live load can be determined based on three conditions which include satisfying an
allowable stress criterion, an ultimate capacity criterion and a residual capacity criterion.
Based on the proposed conditions, the allowable live load level for two strengthened beams,
strengthened using a reinforcement ratio of CFRP of 4.3 percent, was increased by 20
percent. The fatigue life of the two strengthened beams tested in the fatigue study was at
least comparable to that of an unstrengthened beam which was tested at a lower load range.
The test results indicate that the adhesive thickness and the presence of a silane adhesion
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promoter did not affect the behavior or the fatigue life of the strengthened beams. At the
conclusion of the fatigue loading program the two strengthened beams exhibited ultimate
strength increases between 16 percent and 25 percent at rupture of the CFRP as compared to
the load at crushing of the concrete.

6.2.3

Conclusions of the shear-lag study

None of the tested beams exhibited a significant shear-lag effect between the steel tension
flange and the CFRP.

The measured strain profiles were essentially linear for beams

subjected to monotonic loading, overloading and fatigue loading conditions. Increasing the
adhesive thickness did not have an observable effect on the presence of a shear-lag
phenomenon.

6.2.4

Conclusions of the analytical study

A moment-curvature analysis, which satisfies the requirements of equilibrium and
compatibility, can be used to predict the ultimate load increase, elastic stiffness increase and
allowable live load increase for a beam strengthened with high modulus CFRP. The model
accurately predicted the behavior of the four beams tested in the experimental program under
static loading conditions. For the beams tested in fatigue, the analytical model tended to
over-predict the ultimate capacity increases of beams subjected to fatigue loading conditions
by about 10 percent. This may have been due to possible partial interaction between the steel
beam and the concrete slab due to longitudinal cracking of the slab or due to possible fatigue
degradation of the beams at the microscopic level. Alternatively, the discrepancy may be due
to the variation of the distribution and magnitude of the residual stresses. None of these
factors were accounted for in the analytical model.
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Comparison of the predicted and measured strains and deflections for the beams tested in the
experimental program validated the assumption that plane sections remain plane and
confirmed that the effect of shear-lag between the steel and the CFRP, if any, is negligible.

6.3

FUTURE WORK

Future research can be directed in several areas to develop confidence in the use of high
modulus CFRP and to gain a more detailed understanding of the behavior of steel structures
reinforced using externally bonded CFRP strengthening systems:

•

Fatigue testing of large-scale or full-scale strengthened beams should be conducted to
verify the findings of this study and to confirm their applicability to full-scale bridge
members. Additionally, future test beams should include common fatigue sensitive
details such as full-depth transverse stiffeners to investigate the effect of the
strengthening system on the fatigue life of these details.

•

Research on the fatigue behavior of steel beams strengthened with prestressed high
modulus CFRP is limited. Prestressing can induce compressive stresses in the tension
flange of a steel beam. The presence of the compressive stresses could increase the
allowable stress range for the beam thus increasing the allowable live load increase.
However, prestressed beams tend to exhibit a lower ultimate capacity than unstressed
beams due to the pre-applied strain in the CFRP and the ultimate capacity of the
member may govern the design.

The allowable live load increase that can be

achieved for prestressed steel beams should be investigated.
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An analytical model should be developed which incorporates the effect of fatigue
damage on the constitutive relationships of the materials to more accurately predict
the post-fatigue behavior of steel beams strengthened with CFRP. Additionally, the
effect of residual stresses in the steel beam should be investigated more closely to
determine their effect on the behavior of statically loaded and fatigue loaded steel
beams strengthened with CFRP.

•

Due to differences in the coefficients of thermal expansion of steel and CFRP,
temperature changes may induce significant stresses on a strengthened steel beam as
well as on the bond between the steel and the CFRP. The response of strengthened
beams to thermal loading and to combined, thermal and mechanical loading should be
investigated. Additionally, thermal cycling may induce severe fatigue stresses on the
strengthened beam and the bond and should be considered.

•

To develop a durable system, the effect of moisture, chlorides and road salts on the
long-term durability of the strengthening system should be studied. Deterioration
could occur due to galvanic corrosion or due to deterioration of the adhesive bond
between the steel and the CFRP and both factors should be considered in detail.
Additionally, different means of improving the durability of the system such as
increasing the adhesive thickness, including a glass fiber insulating layer or using a
silane adhesion promoter should be investigated.

•

Shear strengthening of steel beams with CFRP materials has not been investigated
thoroughly. In addition to repairing beams with severe web distress, high modulus
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CFRP could be used to suppress local buckling and increase the shear capacity of
steel beams.
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Appendix A
DETAILED RESULTS OF THE OVERLOADING STUDY
The detailed results for beams OVL-1 and OVL-2 are presented in this appendix following
the order of the discussion in Chapter 4.
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Figure A.1: Measured strains for beam OVL-1
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Figure A.1 (continued): Measured strains for beam OVL-1
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Figure A.2 (continued): Measured strains for beam OVL-2
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DETAILED RESULTS OF THE FATIGUE STUDY
The detailed results for beams FAT-1 and FAT-1b are presented in this appendix following
the order of the discussion presented in Chapter 4.
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Figure B.2: Crack pattern at the top surface of the concrete slab of beam FAT-1
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Figure B.4: Crack pattern at the top surface of the concrete slab of beam FAT-1b
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Figure B.5: Strain measurements for the monotonic load test of beam FAT-1b
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Figure B.5 (continued): Strain measurements for the monotonic load test of beam FAT-1b
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