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ABSTRACT: This paper presents the details and relevant findings of an experimental program
which was conducted in three phases to investigate the behavior of steel-concrete composite
bridge girders strengthened with new high modulus carbon fiber reinforced polymer (HM
CFRP) materials. In the first phase, the feasibility of various HM CFRP strengthening systems
was examined. The second phase investigated the behavior of the strengthened beams under
overloading conditions. The fatigue durability of the strengthening system was investigated in
the third phase. Based on the findings of the experimental program, simplified design guide-
lines are presented for the design and analysis of steel-concrete composite bridge girders
strengthened with HM CFRP materials.

1 INTRODUCTION

Due to corrosion and the continuous demand to increase traffic loads, there is a need for an effi-
cient, cost-effective system which can be used for the repair and strengthening of steel highway
bridge girders. Recently, research has been conducted to investigate the use of carbon fiber rein-
forced polymer (CFRP) materials to address this need. CFRP materials have been used to repair
naturally deteriorated steel bridge girders (Mertz & Gillespie, 1996) and artificially damaged
steel-concrete composite girders (Tavakkolizadeh and Saadatmanesh, 2003b, Al-Saidy et al.,
2005). The previous research demonstrates that this technique can restore the elastic stiffness
and the ultimate capacity of the deteriorated members to levels comparable to that of the un-
damaged girder. CFRP laminates have also been used for the repair of overloaded steel-concrete
composite beams (Sen et al., 2001). The presence of the CFRP strips increased the yield load
and ultimate capacity of the repaired beams by up to 67 percent and 52 percent respectively. The
effectiveness of using CFRP materials for strengthening of undamaged steel-concrete composite
beams has also been investigated (Tavakkolizadeh and Saadatmanesh, 2003c). The use of exter-
nally bonded CFRP materials increased the ultimate capacity of the strengthened girders and
additionally helped to reduce residual deflections due to the effect of overloading conditions.
Studies on the fatigue durability of steel beams strengthened with CFRP materials have been
limited. Externally bonded CFRP patches can be used to reduce crack propagation rates and in-
crease the fatigue life of cracked steel members (Tavakkolizadeh and Saadatmanesh 2003a). In
another study, the fatigue durability of externally bonded CFRP materials which were used to
repair naturally deteriorated steel bridge girders was found to be comparable to that of conven-
tional steel details which are commonly used in steel bridge construction (Miller et al., 2001).
The majority of the previous research has focused on the use of conventional modulus CFRP
materials for the repair and strengthening of steel bridge members. While substantial strength
increases have been achieved, typically large amounts of strengthening are required to achieve a
comparable increase of the elastic stiffness. This is due to the relatively low modulus of elastic-
ity of the CFRP as compared to steel and also possibly due to the presence of shear-lag effects
between the steel beam and the CFRP materials (Tavakkolizadeh and Saadatmanesh, 2003c).



Recently, high modulus CFRP (HM CFRP) materials have become commercially available
which have a modulus of elasticity approximately twice that of conventional steel. This paper
presents the details and relevant findings of an experimental investigation which was conducted
to investigate the behavior of a new HM CFRP system which can be used for the strengthening
and repair of steel bridges. Additional details about the research program are available in
Schncerch (2005) and Dawood (2005). Design guidelines are also presented which can be used
for the design and analysis of steel-concrete composite girders strengthened with HM CFRP.

2 HM CFRP STRENGTHENING SYSTEM

Two types of unidirectional, pultruded CFRP laminates were used in the experimental program.
The first laminate, designated DC-1, was produced by Diversified Composites using an interme-
diate modulus carbon fiber (440 GPa), DIALEAD K63312, which is produced by Mitsubishi
Chemical Functional Products, Inc. The second laminate, designated THM-450, was manufac-
tured by Epsilon Composite using the higher modulus (640 GPa) DIALEAD K63712. The mate-
rial properties of the two laminates, as reported by their respective manufacturers, are presented
in Table 1. The values given for the THM-450 laminates are the average of test results for the
same laminates pultruded to two different thicknesses.

Table 1. Properties for the two types of CFRP laminates used in the experimental program
CFRP Laminate Thickness Tensile Strength ~ Tensile Modulus  Ultimate Strain

(mm) (MPa) (MPa) (mm/mm)
DC-I 32 1224 229 0.0051
THM-450 2.9 or 4.0 1534 457 0.0033

The CFRP laminates were bonded to the tension flange of the steel beams using the Spabond
345 two part epoxy adhesive with the fast hardener produced by SP Systems North America.
The tension flange of the steel beam was grit blasted to ‘white metal’ immediately prior to in-
stallation of the strengthening. The surface was subsequently cleaned by air blowing and solvent
wiping. The CFRP strips were installed and a clamping system was applied for 12 hours until
the adhesive had thoroughly set. The adhesive was allowed to cure for one week prior to testing.

3 EXPERIMENTAL PROGRAM

The experimental program was conducted in three phases to establish the feasibility of various
HM CFRP strengthening systems and to investigate the fundamental behavior of steel-concrete
composite beams strengthened with HM CFRP materials. The beams tested in all three phases
of the experimental program consisted of scaled steel-concrete composite beams. The typical
cross-section of the test beams is shown schematically in Figure 1. The beams were strength-
ened with different levels of CFRP materials and tested in a four point bending configuration as
shown in Figure 2. In the figures the primary dimensions represent the dimensions of the beams
that were tested in the first phase of the experimental program while the dimensions in parenthe-
ses represent the beams tested in the second and third phases.
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Figure 1. Cross-section dimensions of typical test beams
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Figure 2. Schematic of the test setup

The test matrix for the three phases of the experimental program is presented in Table 2. The
first phase consisted of three beams that were tested to investigate the feasibility of three differ-
ent configurations of CFRP strengthening systems. Two of the beams were strengthened with
high modulus and intermediate modulus (IM) CFRP materials respectively while the third beam,
HM-3.8-PS, was strengthened with prestressed HM CFRP strips. The reinforcement ratio of
CFRP was calculated as the ratio of the cross-sectional area of the carbon fiber, accounting for
the fiber volume fraction of the laminates, to the cross-sectional area of the steel beam.

In the second phase, the behavior of the beams under overloading conditions was investi-
gated. Two beams were strengthened with different reinforcement ratios of HM CFRP and sub-
jected to several unloading and reloading cycles to simulate the effect of severe overloading
conditions. The behavior was compared to that of a third unstrengthened control beam.

The third phase was designed to study the fatigue durability of the strengthening system.
Two different beams were strengthened with the same amount of CFRP materials, however, us-
ing different bonding techniques. Beam FAT-1 was strengthened using the typical strengthening
procedure described above while beam FAT-1b was strengthened using a modified bonding
technique. This involved increasing the final thickness of the cured adhesive and additionally
including the use of a silane adhesion promoter. The third beam remained unstrengthened as a
control beam for the fatigue study. All three beams were subjected to three million fatigue load-
ing cycles at a frequency of 3 Hz. The minimum load in the loading cycle, Py, was selected as
30 percent of the calculated yield load of the unstrengthened beams to simulate the effect of the
sustained dead-load for a typical bridge structure. The maximum load for the unstrengthened
beam was selected as 60 percent of the calculated yield load to simulate the combined effect of
dead-load and live-load resulting a load range, AP, of 50 kN. The maximum load for the two
strengthened beams was selected as 60 percent of the calculated increased yield load of the
strengthened beams to simulate the effect of a 20 percent increase of the allowable live-load
level for a strengthened bridge resulting in an increased load range, AP, of 60 kN.

Table 2. Test Matrix

Beam ID Reinforcement Ratio ~ CFRP Laminates Loading
Feasibility
IM-4.5-AB 4.5% CP-1 Monotonic
HM-7.6-AB 7.6% THM-450 Monotonic
HM-3.8-PS 3.8% THM-450 Monotonic
Overloading
ST-CONT 0% THM-450 unload/reload
OVL-1 4.3% THM-450 unload/reload
OVL-2 8.6% THM-450 unload/reload
Fatigue
FAT-CONT 0% THM-450 fatigue: Pyi,=50 kN, AP=50 kN
FAT-1 4.3% THM-450 fatigue: P;;;=50 kN, AP=60 kN
FAT-1b 4.3% THM-450 fatigue: P,,;;=50 kN, AP=60 kN

The measured yield strength of the steel beams was between 370 MPa and 380 MPa for the
various test beams. The measured concrete cylinder strength for the concrete deck slabs of the



different test beams ranged between 34 MPa and 58 MPa at the time of testing. All of the test
beams were instrumented to measure deflections at midspan and at the supports as well as to
measure strains at various locations along the midspan cross-section of the beam.

4 EXPERIMENTAL RESULTS

This section presents the results of each of the three phases of the experimental program and dis-
cusses the relevant research findings. The three phases of the experimental program are pre-
sented separately in the following sections.

4.1 Findings of the feasibility study

The load-deflection behavior of the three strengthened beams that were tested in the feasibility
study is presented in Figure 3. The load-deflection behavior of the three beams was essentially
linear up to yielding of the steel. After yield, the behavior became increasingly non-linear until
rupture of the CFRP occurred. After rupture of the CFRP the behavior of the beams followed a
similar trend to that of an unstrengthened beam until failure occurred due to crushing of the con-
crete. The ultimate capacity of the strengthened beams was governed by rupture of the CFRP
while for an unstrengthened beam the ultimate capacity is typically governed by crushing of the
concrete.

The findings of the experimental program demonstrate that the different strengthening sys-
tems investigated helped to increase the elastic stiffness and the ultimate capacity of the
strengthened beams as highlighted in Table 3. Both the intermediate-modulus and the high-
modulus strengthening systems resulted in a significant increase of the elastic stiffness and the
ultimate capacity of the strengthened beams. Alternatively, the prestressed beam was designed
to provide the maximum stiffness increase, without increasing the ultimate strength of the sec-
tion. This may be advantageous in cases where it is desired to improve the serviceability of a
member while maintaining the full ductility of the original section. By comparing the results of
beams HM-7.6-AB and HM-3.8-PS in Table 3, it is clear that the use of the prestressed lami-
nates helped to improve the efficiency of utilization of the strengthening system by reducing the
amount of strengthening required to obtain a comparable increase in the elastic stiffness.
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Figure 3. Load deflection behavior of three beams tested in the feasibility study

Table 3. Elastic stiffness and ultimate strength increases

Beam ID Stiffness increase  Rupture Load  Crushing Load  Strength increase
(%) (kN) (kN) (%)

IM-4.5-AB 10 418 359 16

HM-7.6-AB 36 491 338 45

HM-3.8-PS 31 343 346 -




4.2 Findings of the overloading study

Three beams were tested to investigate the behavior under simulated overloading conditions.
The typical load-deflection behavior of an unstrengthened beam (ST-CONT) and a strengthened
beam (OVL-2) are presented in Figures 4a and b respectively. Prior to yielding of the steel all of
the tested beams exhibited minimal residual deflections upon unloading. However, after yield-
ing, the unstrengthened beam exhibited a significant increase of the measured residual deflec-
tion, as shown in Figure 4a, while the strengthened beams continued to exhibit minimal residual
deflections up to rupture of the CFRP (Fig. 4b). In the event of overloading conditions, an un-
strengthened bridge may exhibit a significant residual deflection which may necessitate repair or
replacement of the structure while a similar strengthened bridge may remain serviceable.
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Figure 4. Typical load-deflection behavior of beams tested under overloading conditions

In addition to increasing the elastic stiffness and ultimate capacity of the beams as discussed
previously, the presence of the CFRP also helped to reduce the stress in the tension flange of the
steel beam, thereby increasing the yield load of the strengthened beams as can be seen in Fig-
ure 4. Table 2 presents the elastic stiffness increase, the yield load, the rupture load and the
crushing load for the three beams tested in the overloading study.

Table 2: Comparison of the overloading beams

Beam ID Reinforcement  Stiffness Yield Rupture Crushing
Ratio Increase Load Load Load
(%) (%) (kN) (kN) &N)
ST-CONT 0 N/A 137 N/A 222
OVL-1 4.3 27 181 259 216
OVL-2 8.6 46 253 358 216

The elastic stiffness, yield load and ultimate capacity of the beams were increased by
46 percent, 85 percent and 61 percent respectively using the higher reinforcement ratio. Inspec-
tion of Table 2 indicates that doubling the reinforcement ratio of the applied CFRP, from
4.3 percent to 8.6 percent, approximately doubled the elastic stiffness increase of the beams. In-
creasing the reinforcing ratio by two times also approximately tripled the increase of the meas-
ured yield load and ultimate capacity of the strengthened beams. This demonstrates that in-
creasing the reinforcement ratio did not reduce the efficiency of utilization of the CFRP
material. The improved performance of the strengthened beams indicates that it may be possi-
ble to increase the allowable live load level of a steel-concrete composite girder strengthened
with HM CFRP materials. A proposed methodology for determining the allowable increase of
the live load level is described later in this paper.



4.3 Findings of the fatigue study

Three beams were tested in the fatigue study. Beam FAT-CONT remained unstrengthened to
serve as a control beam for the fatigue study while beams FAT-1 and FAT-1b were strengthened
with a reinforcement ratio of CFRP of 4.3 percent using two different bonding techniques. The
two strengthened beams were tested with a 20 percent increase of the applied load range to
simulate the effect of increasing the allowable live load for the strengthened beams. All three
beams survived a three million-cycle fatigue loading course without exhibiting any indication of
failure. Figures 5a and b present the degradation of the stiffness and mean deflection respec-
tively of the three beams throughout the three million-cycle loading course. The values pre-
sented in Figure 5 are normalized with respect to the initial values at the beginning of the fatigue
loading program.
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Figure 5: Degradation of stiffness and mean deflection for the fatigue beams
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All three beams exhibited a minimal degradation of the elastic stiffness of less than 5 percent
throughout the three million fatigue loading cycles as shown in Figure 5(a). However, beam
FAT-CONT exhibited a nearly 30 percent increase of the mean deflection due to the applied fa-
tigue cycles as shown in Figure 5(b). This was likely due to the fatigue-creep behavior of the
concrete deck slab. Both of the strengthened beams exhibited superior performance with an in-
crease of only 10 percent in the measured mean deflection. The observed degradation of the two
strengthened beams throughout the three million fatigue cycles was similar which indicates that
the bonding technique did not affect the fatigue behavior of the strengthening system. At the
completion of the fatigue program, the three beams were loaded monotonically to failure. The
observed behavior of the three beams was similar to that of the beams tested in the previous two
phases of the experimental program which indicates that the applied fatigue cycles did not have
a significant effect on the behavior of the beams.

5 PROPOSED DESIGN GUIDELINES

Based on the findings of this research program a series of design guidelines have been devel-
oped which can be used by practitioners to design HM CFRP strengthening for steel-concrete
composite beams (Schnerch et al., 2005). This section presents a summary of the proposed flex-
ural design procedure including a discussion of the determination of the allowable increase of
the live-load level for a strengthened beam.

The flexural analysis and design of a steel-concrete composite beam strengthened with
HM CFRP materials are based on a non-linear moment-curvature analysis. The analysis satisfies
the requirements of equilibrium and compatibility and neglects the effect of shear-lag between
the steel and the CFRP. This assumption was verified by various strain measurements at differ-
ent locations on the beams tested in the experimental program. A non-linear material character-
istic is used to represent the stress-strain behavior of the concrete and the steel while the CFRP
is assumed to remain linear and elastic to failure. To account for the statistical uncertainty of the
material properties of the CFRP and for possible environmental degradation of the composite,
the ultimate strength of the CFRP materials should be taken as,



fFRP,u =Cy (fFRP,u - 30_) (1)

where frrp,, 1s the design strength of the FRP materials, Cg is the environmental degradation fac-
tor (typically taken as 0.85 for CFRP) f},,, is the mean strength of the FRP reported by the
manufacturer and o is the reported standard deviation of the FRP strength (ACI 440.2R-02,
2002). The average modulus of elasticity of the CFRP reported by the manufacturer should be
used in the analysis to accurately represent the behavior of the strengthened girder. The design
rupture strain of the CFRP can then be calculated using the design rupture strength and modulus
of elasticity of the composite.

The nominal moment-curvature behavior of the strengthened section can be established by
incrementally increasing the strain at the top surface of the concrete deck and iterating the neu-
tral axis depth until horizontal force equilibrium is satisfied. The nominal moment capacity of
the strengthened section, M, s, will typically occur when the strain at the level of the CFRP
reaches the design rupture strain of the material. The design ultimate capacity of the strength-
ened beam, My should be calculated as ¢M,s. To account for the brittle nature of failure, a
strength reduction factor, ¢, of 0.75 is recommended for rupture type limit states (AISC LFRD
Specification, 2001). After rupture of the CFRP, the analysis is similar to that of an unstrength-
ened steel-concrete composite beam until the crushing strain of the concrete is reached.

Based on the proposed moment-curvature analysis procedure, the allowable increase of live
load for a strengthened steel-concrete composite beam should be selected to satisfy three condi-
tions. These three conditions are shown in Figure 6 with respect to the moment-curvature re-
sponse of a typical steel-concrete composite beam section strengthened with HM CFRP materi-
als. Due to the presence of the additional layer of HM CFRP material, the yield moment of the
strengthened beam, My s, is greater than the yield moment of the unstrengthened beam, My ys.
Based on the findings of the fatigue study the total applied moment acting on the strengthened
section under service loading conditions, including the effect of dead load, Mp, and the in-
creased live-load, M;, should not exceed 60 percent of the increased yield moment of the
strengthened section. To satisfy the strength limit state, the total factored moment based on the
appropriate dead-load and live-load factors, op and oy respectively, should not exceed the ulti-
mate moment capacity of the strengthened section, Mys. Also, to ensure that the structure re-
mains safe in the case of total loss of the strengthening system, the total applied moment, includ-
ing the effect of dead-load and the increased live-load should not exceed the residual nominal
moment capacity of the unstrengthened section, M, us.
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Figure 6: Load levels and moment-curvature behavior for a strengthened beam




6 CONCLUSIONS

The findings of this research demonstrate that HM CFRP materials can be effectively used for
the repair and strengthening of steel-concrete composite bridge girders. The experimental pro-
gram demonstrated the feasibility of using various configurations of high and intermediate
modulus CFRP materials to increase the elastic stiffness, yield load and ultimate capacity of
steel-concrete composite beams. The presence of the CFRP can also help to reduce the residual
deflection due to overloading conditions. The fatigue durability of the strengthened beams is
comparable to that of an unstrengthened steel beam provided that the maximum applied mo-
ment, due to the combined effect of dead load and live load, does not exceed 60 percent of the
increased yield moment of the strengthened section. Based on the findings of this research, a
simplified design procedure was established to facilitate the safe design and analysis of steel-
concrete composite bridge girders strengthened with HM CFRP materials. This research demon-
strates that the use of HM CFRP materials represents an efficient, cost-effective alternative for
repair and strengthening of steel bridges.
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