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Executive Summary

In the construction of older steel bridges, it was common to weld a cover plate onto the
outer face of the top flange over the interior pier of a continuous steel I-girder, where the top
flange was in tension due to flexure, without extending the steel cover plate into the positive
moment region, where the top flange would be in compression due to flexure. However, many
girders with these cover plate details have developed fatigue cracks at the weld toe of the cover
plate ends after being subjected to cyclic tensile loads, e.g., from traffic flow. Since crack
initiation from the weld toe of the cover plate ends was recognized as potentially causing
catastrophic failure of the steel girders, it has become important to retrofit the fatigued bridge
girders. Several rehabilitation methods have been developed, including two general approaches.
In the first approach, peening, arc melting, grinding, and/or hole drilling are directly applied to
the weld of the cover plate ends, thus modifying the stress state around the weld or eliminating
the crack. These methods are not always successful; for example, several girders that have been
rehabilitated by hole drilling alone had cracks reinitiate from the holes. In the second approach,
steel plates are bolted to the tension flange over the crack, restoring the flexural capacity and the
strength of the section.

All rehabilitation methods listed above, except for hole drilling, require direct access to
the topside of the tension flange on which the cover plate is welded. This in turn requires the
removal of the concrete deck that covers the top of the tension flange in the negative moment
region and partial closing of the traffic on the bridge being rehabilitated, resulting in expensive
and time-consuming work that is inconvenient for the public. Although a retrofit procedure in
which a steel angle is bolted to the girder web near the top flange has been investigated in recent
work in order to avoid having to close traffic during the rehabilitation, the angle member to be
bolted to the girder tends to be long in order to develop the full yield strength of the angle,
resulting in problems associated with handling a heavy, large angle member and drilling many
holes in the web on site. (McKeefry and Shield, 1999) There is a current need to develop a new
rehabilitation method that can be used either together with or separately from hole drilling that
does not require removal of the concrete deck. The use of Carbon Fiber Reinforced Polymer
(CFRP) strips, adhered to the inside face of the girder tension flange, is a proposed method for

repairing these cracked bridge girders under investigation in this report.



The main advantages of using CFRP strips are their light weight and durability, resulting
in an ease of handling and maintenance. This rehabilitation method would not require access to
the top of the tension flange, resulting in no need to close the traffic during the rehabilitation
work. In addition, no specific machines for handling are required because of the considerably
lower weight of CFRP strips as compared to steel members. Therefore, although the unit price
of a CFRP strip may be higher than that of steel, the cost of workers and machines will be
reduced, generally resulting in a decrease in the total rehabilitation cost.

Composite materials have been extensively used in the aerospace, automobile, and
mechanical industries, where light weight and durability are critical issues in the applications of
composite materials. In structural engineering applications, composite materials have gained
popularity in the last several decades mainly for the rehabilitation and strengthening of concrete
columns and beams because of their durability and high strength compared with concrete. A
series of experimental tests on the stiffness and strength of steel girders strengthened using
composite materials has been conducted by Gillespie et al. (1996a, 1996b, 1997), and Edberg et
al. (1996) at the University of Delaware. In this research, Gillespie found that among various
reinforcing geometries and schemes, reinforcement using pultruded strips resulted in the greatest
increases in stiffness and strength. Rehabilitation of two severely corroded steel girders using
pultruded CFRP strips yielded girders with 97% of their original (uncorroded) stiffness, and an
ultimate capacity that was 113% of the original section strength, indicating the efficiency of the
rehabilitation method. In a companion study to investigate the effect of the CFRP retrofit on
crack growth, Gillespie showed that the CFRP retrofit could not eliminate crack growth, but
could substantially slow crack growth rate. Sen et al. (1996) conducted a study on strengthened
steel girders with a concrete slab to investigate the possibility of extending the service life of the
steel girders. Although the stiffness of the girder was not increased significantly by the
strengthening, the strength of the rehabilitated girder increased more than 200%. In addition,
thicker composite laminates with the steel girder that had a lower yield strength tended to have a
larger gain on the strength. However, it should be noted that, in several specimens, the
composite laminates were mechanically bolted to the tension flange as well as bonded at the ends
of the laminate to avoid debonding failure of the laminates.

As shown above, a possibility of use of bonded CFRP strips for strengthening and

rehabilitation has been investigated. However, there have been only a few studies on the



rehabilitation of fatigued steel girders with bonded CFRP strips. In addition, little guidance can
be found in the literature on the bond mechanism between CFRP and steel. To use CFRP strips
for the rehabilitation of fatigued steel flanges, it is necessary to develop a design philosophy,
including an appropriate bond length and application procedure. The bond length that engages
the maximum possible strength in the CFRP strip and the adhesive is defined in this work as the
effective bond length. The effective bond length was determined experimentally and compared
to the results of FEM analysis and a simplified analytical procedure developed. Cracked steel
girders were rehabilitated with CFRP strips in the lab to determine the effect of the CFRP strip
on crack propagation.

CFRP strips from two manufacturers were tested; both were unidirectional carbon fiber
reinforced composites with an epoxy matrix. The adhesives used in this project were two-part,
room-temperature-cure epoxy adhesives. A total of 27 specimens were tested to study the
effective bond length of CFRP strips in this application. These consisted of twenty-three one-
layer specimens, three two-layer specimens and one three-layer specimen. The main variables in
these tests were the CFRP and adhesive material, the crack and bond configuration, and the bond
length.

It was thought that the existence of sharp corners in the adhesive layer affected the
strength of the specimen because the stress concentrations at the corners could initiate failures in
the adhesive layer (resulting in either adhesive or cohesive failures). Therefore, several different
geometries of bond area and plate separation (defined as configurations) were created to modify,
and specifically to relieve, the stress concentration in the adhesive.

There was no specimen that failed only due to tensile failure in the CFRP strips; all
specimens finally failed by some amount of debonding. A combination of the Tyfo UC CFRP
strip and the DP-460 NS adhesive achieved the highest strain in the CFRP strip. The reason for
this seemed to be the ductility of the adhesive relative to the other adhesives tested. Because of
the stress concentration at the edges of the adhesive layer, the adhesive yielded quickly as the
CFRP strip was loaded; thus, a large ductility in the adhesive was required to achieve a high
strain in the CFRP strip.

Tensile strain distributions along the outer surface of the CFRP strip were measured for
several specimens to determine directly the effective bond length. The specimen fabricated with

Tyfo UC CFRP strip and DP-460NS adhesive had a non-zero tensile strain region that increased



gradually from approximately 4 in. long to approximately 7 in. long as the load in the strip
increased. This increase in the non-zero tensile strain region did not occur in the specimen
fabricated with CarboDur CFRP strip and Sikadur 330 adhesive, where this non-zero tensile
strain region was approximately 6 in. long. A reason for this increase in the non-zero tensile
strain region in the specimen with the DP-460NS adhesive seems to be due to the propagation of
yielding in the adhesive layer. The interface in the yielded region was able to transfer the load
because a constant shear stress was retained, coupled with the adhesive having adequate ductility.
Thus, based upon the measured tensile strain distribution, the effective bond length for a
specimen with a Tyfo UC CFRP strip and the DP-460 NS adhesive was determined to be 7 in.

In addition to the experimental tests, a finite element analysis and analytical study were
conducted to investigate if the effective bond length of the CFRP strip may be estimated without the use
of experimental tests, i.e., through the use of computational analysis or with a closed-form equation. A
model of the effective bond length test specimen was analyzed in two-dimensions using a commercial
finite element program, ABAQUS. Each mesh consisted of approximately 20,000 nodes and 20,000
elements. The analyses were geometrically nonlinear and materially linear except for the adhesive, for
which an elastic-perfectly plastic stress-strain curve was specified. All materials, steel, adhesive, and
CFRP strip, were modeled as isotropic materials. A closed form solution that contained some

simplifying approximations was also obtained as
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where [ = 5 (E] , Ga, ta, Yui, 7y are the shear modulus, thickness, ultimate
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shearing strain, and yield shearing strain of the adhesive and £, and #, are the Young’s modulus
and thickness of the CFRP strip. The effective bond length may be identified using these models
if the tensile strain distribution in the CFRP strip at failure is known. A comparison of the
tensile stresses in the CFRP strip using the experimental, closed form analytical and finite
element analysis are shown in Figure E-1. It is evident from this figure, that all three methods
yield close approximations, and thus it is possible to estimate the strain distribution in the CFRP
strip without experimental tests. Extrapolation of this result indicates that the closed form

solution should provide a reasonable estimate for the required bonded length.
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Figure E-1 Comparison of Computational, Analytical, and Experimental Test Results

The recommendations for bonded length for a single CFRP strip (arrived at through a
series of experimental tests and analysis) are 8 in., plus a 2 in. unbonded region, on either side of
the flange crack. Among the materials tested, 3M DP-460 NS adhesive and Fyfe Tyfo UC CFRP
strips resulted in the highest strain in the CFRP strips at failure and are recommended for further
research. The adhesive yielded soon after the specimen was loaded, and large ductility within
the adhesive was required to redistribute the stresses successfully within the adhesive layer
during increased loading.

Five tests were conducted on full-scale cracked girders to ascertain the effectiveness of
the proposed retrofit. A static test on a W27x94 rehabilitated girder with bonded CFRP strips
showed significant strain reduction near the crack tip when the crack tip was located in the web
plate. However, in the subsequent cyclic loading tests on W27x84 rehabilitated girders with
small cracks in the tension flange, the effect of bonded CFRP strips on the crack growth was not
clearly identified. It appeared that the CFRP strip did little to help slow the growth of small
cracks. It is suggested that pretensioning the CFRP strips may increase the effect these strips had
on girders with small cracks. The CFRP strips, bonded to the steel using an adhesive with large
ductility, did not show any signs of debonding failure after two million cycles under 5 ksi

nominal stress range.



1 Introduction

In the construction of older steel bridges, it was common to weld a cover plate onto the
tension flange over the pier of a continuous steel girder without extending the steel cover plate
into the positive moment region. The cover plate was required to increase the flexural capacity
of the section, and based on design calculations, the required length of the cover plate was
usually shorter than the length from the pier to the inflection point at which the bending moment
under dead load in the girder became zero, as shown in Figure 1.1. It was not necessary to
extend the cover plates into the positive moment region based on the design considerations in
force at the time of construction. However, many cover plate details have developed fatigue
cracks at the weld toe of the cover plate ends after being subjected to cyclic tensile loads, e.g.,
from traffic flow [1, 2]. A typical girder with cover plate terminations is shown in Figure 1.2.
After crack initiation from the weld toe of the cover plate ends was recognized as potentially
causing catastrophic failure of the steel girders, design specifications were changed to require
extension of the cover plates into the positive moment region of the girder so that stress reversals
in the weld toe were reduced substantially, thus preventing fatigue cracking.

Because many old bridges currently in service were built without extending the cover
plate into the positive moment region of the girders, it has become important to retrofit the
fatigued bridge girders in order to avoid a catastrophic failure caused by crack propagation.
Several studies on rehabilitation methods have been conducted, resulting in two general
approaches. In the first approach, peening, arc melting, grinding, and hole drilling are directly
applied to the weld of the cover plate ends, modifying the stress state around the weld or
eliminating the crack [1, 2]. In the second approach, steel plates are bolted to the tension flange
over the crack, restoring the flexural capacity and the strength of the section [3, 4]. As can be
easily understood, the first approach is effective on cracks that have not severed the tension
flange, while bolting of steel plates is applicable even after the crack has propagated through the
thickness of the tension flange. Nonetheless, all rehabilitation methods listed above, except for
hole drilling, require direct access to the topside of the tension flange on which the cover plate is
welded. This in turn requires the removal of the concrete deck that covers the top of the tension

flange in the negative moment region. In addition, the removal of the concrete deck requires



partial closing of the traffic on the bridge being rehabilitated, resulting in expensive and time-
consuming work that is inconvenient for the public. For the case of hole drilling rehabilitation,
several cases in which cracks had re-initiated from the holes have been reported [5], and hole
drilling may affect the net section strength due, supporting a necessity to develop a new
rehabilitation method, which can be used either together with or separately from hole drilling.

One approach, a bolted steel angle retrofit [6], avoids having to close the traffic during
rehabilitation. In this retrofit scheme, steel angle members were bolted to both sides of the web
plate of the fatigued girder. The results indicated that the crack was arrested in the web, and did
not grow after nearly 2,000,000 cycles. Although the results were encouraging for the use of
bolted steel angle members for rehabilitation, the angle member to be bolted to the girder tends
to be long in order to develop the full yield strength of the angle member (specifically, to ensure
full yielding across the outstanding leg of the angle that is parallel to the tension flange of the
girder). The size of the angle member was designed so that the full yield force of the legs of the
angle members was close to the yield force of the original tension flange. However, this retrofit
had the problems associated with handling a heavy, large angle member and drilling many holes
in the web on the rehabilitation site, resulting in costly rehabilitation work. In addition, the
existences of diaphragms that are attached to the girder prevent using long angle members in
such situations. Thus, it is required to find a new rehabilitation method that is easy to apply and
does not require the closing of traffic on the bridges being rehabilitated. In the current study, the
possibility of using Carbon Fiber Reinforced Polymer (CFRP) strips will be investigated.

The main advantages of using CFRP strips are their light weight and durability, resulting
in an ease of handling and maintenance. Composite materials have been extensively used in the
aerospace, automobile, and mechanical industries, where light weight and durability are critical
issues in the applications of composite materials. In civil engineering applications, composite
materials have gained popularity in the last several decades mainly for the rehabilitation and
strengthening of concrete columns and beams because of their durability and high strength
compared with concrete [e.g., 7 - 17]. In the current study, CFRP strips will be bonded on the
inner surface of the fatigued tension flange over a crack as shown in Figure 1.3. Therefore, this
rehabilitation method does not require access to the top of the tension flange, resulting in no need
to close the traffic during rehabilitation work. In addition, no specific machines for handling are

required because of the considerably lower weight of CFRP strips compared to steel. Based on



the above advantages, although the unit price of a CFRP strip may be higher than that of steel,
the cost of workers and machines will be reduced, generally resulting in a decrease in the total
rehabilitation cost. The report will first present development of a test setup and specimen to
investigate the effective bond length of the bonded CFRP strip with adhesive onto the steel
flange, and the experimental tests will then be presented. Results from cyclic loading fatigue
tests on rehabilitated girders with bonded CFRP strip will be presented to investigate the fatigue
resistance of bonded CFRP strips as well as the effects of rehabilitation on the crack growth.
Chapter 2 presents reviews of previous research that have been done on the rehabilitation
of steel girders; in addition, studies on the bond strength with basic single-lap and double-lap test
specimens are discussed. Details of the test setup, specimens, and experimental procedures for
each test are discussed in Chapter 3. Effective bond length tests were conducted to determine the
effective bond length for the materials used in this project. In order to further investigate the
stress reduction at the crack tip, which in turn results in an increase of the fatigue life of the
girder, cyclic loading tests on rehabilitated girders were conducted. The results of the
experimental tests as well as corroborating numerical analyses are presented in Chapter 4.

Chapter 5 concludes this report including discussions on the proposed future research subjects.






2 Literature Review

One method of rehabilitation or strengthening of civil engineering structures is bonding a
CFREP strip or a steel plate to the surface of the steel or concrete structure. In past work, it has
been recognized that the bond strength is significantly controlled by the surface conditions of the
substrates to be bonded together. Therefore, it is important to categorize studies based on the
substrates discussed in those studies. This work focuses on the rehabilitation of steel girders, and
the following will discuss studies related to rehabilitation or strengthening of steel girders,
including literature on the determination of bond strength in order to gain a better understanding
of the bond strength of the adhesive and to list available testing methods to determine the bond

strength.

2.1 Rehabilitation or Strengthening of Steel Girders

2.1.1 Studies on Composite Plates Bonded on Steel

This section will discuss studies on the use of composite materials with steel girders. As
stated earlier, the use of composite materials in civil engineering is relatively new, especially
with steel girders; little research has been done on this subject. In addition, research to date has
focused mainly on the strengthening of steel girders with composite materials bonded on the
outer surface of the tension flange without a crack [18-22]. Although the existence of a crack in
the flange, as is the case of the current study, could cause a significant difference in the bond
strength between the steel and composite materials, it is important to review these existing
studies in order to gain a better understanding of the strength and behavior of the bonding
between the steel and composite materials.

Gillespie et al. [18-20] and Edberg et al. [21] conducted a series of experimental tests on
the stiffness and strength of steel girders strengthened using composite materials. In the first
phase, five strengthening schemes were examined: 1) composite-plated, 2) sandwich-reinforced,
3) composite-wrapped, 4) channel pultrusion-reinforced and 5) strip pultrusion-reinforced. After

the application of the strengthening scheme, each specimen was loaded monotonically and



cyclically with four-point bending. First, the specimens were loaded up to 20 kip and back to 1
kip; this was repeated five times and constituted the service load testing (stiffness tests). The
specimens were then loaded monotonically to failure for the strength test. The stiffness tests
indicated increases in stiffness of 11-30% on all strengthening schemes. The authors indicated
that the increase in stiffness was predictable using finite element analyses; it is important to be
able to predict the increase in stiffness of the girder for design purposes. The results of the
strength tests showed that several specimens failed due to debonding of the composite
reinforcement at one end. It was suggested by the authors that debonding of the composite
materials could have been avoided by reducing the thickness of the composite materials toward
the ends. Ultimate loads observed in the experiments suggested that strengthening Schemes 3
and 5 were the most efficient. Based on these test results and geometry of the strengthening
schemes, Scheme 5, which would have the least effect on the clearance under bridges, was
selected for further research.

In the second phase, the rehabilitation of corroded steel girders, using strengthening
Scheme 5 as discussed above, was investigated. Two full-scale specimens were removed from
service; each girder was 240 in. long, and was loaded monotonically under three-point bending.
Pultruded unidirectional carbon/vinyl ester strips were bonded to the interior and exterior of the
tension flange using two-part epoxy adhesive. The stiffness observed on the rehabilitated full-
scale specimen was 97% of the original (not corroded) girder stiffness. In addition, despite the
occurrence of local flange buckling in the compression flange, the ultimate load capacity was
113% of that of the original section, indicating the efficiency of the rehabilitation method.

Separately from the studies on strengthening of girders, notched steel plates rehabilitated
with composite strips were tested under cyclic loading. The specimen was a flange plate cut
from new A709 grade 36 girders, and pultruded unidirectional carbon/vinyl ester strips were
bonded on one side of the plate over the notch as shown in Figure 2.1. The specimen was tested
under cyclic loading with two stress ranges. The results for the rehabilitated specimen had a
slope of 2.13 x 10 on a linear plot of crack length vs. loading cycle, while the unrehabilitated
specimen results had an almost infinite slope. This test result indicated that the crack growth
cannot be eliminated, but can be decreased by the use of bonded composite strips.

Sen et al. [22] conducted a study on strengthened steel girders with a concrete slab to

investigate the possibility of extending the service life of the steel girders. The stiffness and



strength of the specimen were compared before and after rehabilitation with CFRP laminates that
were bonded to the outer surface of the tension flange. Two types of steel girders with different
yield strengths and two thicknesses (2 and 5 mm) for the CFRP laminate were examined.
Although the stiffness of the girder was not increased significantly, the strength of the
rehabilitated girder increased more than 200%. In addition, thicker composite laminates with the
steel girder that had a lower yield strength tended to have a larger gain on the strength.

However, it should be noted that, in several specimens, the composite laminates were
mechanically bolted to the tension flange as well as bonded at the ends of the laminate to avoid

debonding failure of the laminates.

2.1.2 Studies on Steel Plates Bonded on Steel

Bonding between steel and steel seems to have a long history of application. Indeed,
steel-to-steel bonding has been used as a mechanical joint instead of bolted joints because of its
simplicity, light weight, and short lap length compared to bolted joints. However, like
composite-to-steel bonding, steel-to-steel bonding has not been widely used in the field of civil
engineering. A few studies have been found in this category, and are briefly discussed below.

Albrecht et al. [23] conducted fatigue tests of adhesively bonded and end-bolted cover
plates with four load ranges. The specimen, fabricated using W14x30 steel girders on which two
cover plates were bonded to each side of the tension flange symmetrically about the centerline of
the girder, were loaded under four-point bending. The stress range was varied from 21 ksi to 30
ksi, and the failure mode and fatigue life were investigated. The first four specimens out of 36
showed a debonding failure at the end of the cover plate (near the loading point). Thus, in the
next specimen, the end of the cover plates that was near the loading point was clamped by high
strength bolts. However, the end of the steel cover plates near the support debonded. Thus, the
steel cover plates were bolted at both ends in all subsequent tests. The bonded specimen with
both ends bolted had a crack initiation at the bolt-hole in the tension flange. However, the results
indicated that the bonded and end bolted steel cover plates had significantly longer fatigue life
(fatigue category B) than conventionally welded cover plates (fatigue category E or E’).

The above study did not use the bonded steel plates for rehabilitation, but rather as cover
plates; thus, there was no crack in the tension flange when the cover plates were bonded. In

contrast, Adunutula [24] conducted a numerical study in which a cracked steel plate was



retrofitted by a bonded steel plate. He conducted a series of finite element analyses on a cracked
steel plate (base plate) retrofitted by a bonded plate (cover plate) in order to investigate the
effects of bonded plates on crack propagation in the base plates. The cover plate was bonded to
a center cracked base plate or to a single edge notched base plate. The stress intensity factors at
the crack tip with and without the cover plate were calculated and compared. After retrofitting,
the stress intensity factors decreased by a factor of 1.3 and 2.2 for the center cracked base plate
and the edge cracked base plate, respectively. The stress intensity factor at the crack tip was not
significantly affected by changing the width of cover plates while keeping the width of the base
plate fixed. It should be noted that because the failure criterion of the adhesive material was not
implemented in the analysis, the analyses ignored any possibility of the debonding of the cover

plate, possibly resulting in a decrease in the efficiency of the retrofit.

2.2 Bond Strength

This section will discuss existing testing methods for determining bond strength and
related studies. Because adhesives have been used for mechanical joints [25] and for
rehabilitation of skins of airplanes [26], there are several testing methods to determine bond

strength in these fields.
2.2.1 Test Specimen for Bond Strength

Testing methods of interest use specimen called single-lap and double-lap specimens,
which are illustrated in Figure 2.2. These testing methods are primarily used to measure the
shear strength of an adhesive as indicated in the American Society for Testing Materials (ASTM)
standards: D1002 for single-lap joints [27], and D3528 for double-lap joints [28]. A single-lap
shear specimen consists of two adherends bonded together with an adhesive. Tensile loads are
applied at both ends of the adherends. Because there is a misalignment of the neutral axes in
both adherends, the joint will bend, causing peeling stress due to a relative displacement of the
two adherends in the vertical direction as shown in Figure 2.3. Based on the thicknesses of the
adherends and the adhesive, and their material properties, this peeling stress may become
significant and cause failure. The shear stress distribution is non-uniform, having high stress
concentrations at the edges. Therefore, the test result of the single-lap shear specimen does not

indicate the pure shear strength of the adhesive, but the strength under a combined stress state of



shear and peeling stress at the high stress location, as stated in the ASTM standard (ASTM D
4896). On the other hand, the double-lap shear specimen does not have a misalignment in the
specimen as a whole. However, there is still a misalignment of the neutral axis internally; i.e.,
the applied load will shift from the inner adherend to the outer adherend (or vice versa). Thus,
the outer adherend will act like one of the adherends in the single-lap specimen; i.e., a free body
diagram of the outer adherend is the same as the upper adherend in Figure 2.3, and peeling
stresses will be induced in the adhesive. Therefore, the measured strength of the adhesive is not
the pure shear strength of the adhesive.

Although single-lap and double-lap specimens do not give the exact shear strength of the
adhesive, these specimens are useful for some applications. Because single-lap or double-lap
joints are used in the application of mechanical joints [25], the strength of those joints can be
defined by single-lap or double-lap specimens as long as the sizes of adherends closely
approximates those in the field application. In other words, the stress distributions in the
adhesive layer need to be similar between application and test specimen. The bond strength
defined by single-lap specimen is also useful in the application of skin patching because of the
similarity of the geometry at an overlap region; i.e., a part of the overlap region can be assumed
as a group of single-lap joints [26]. Therefore, much research has been conducted on predicting
the bond strength of lap joint specimens, including numerical and experimental studies; a few of

these will be discussed in the following sections.

2.2.2 Experimental Studies

One interesting study has been reported by Ikegami et al. [29]; they conducted a round
robin of experimental tests on several joint types, including butt, single-lap, and double-lap, at
several institutions. The results indicated that the strengths of single-lap joints made by each
institution (there were a total 11 institutions) varied up to 40%, although the adherends, adhesive,
and dimensions of the joints were the same for all specimens. They also fabricated joints at one
institution and distributed them to three institutions for testing to see whether the fabrication
process at each institution affected the results. The variation of the joint strength was decreased,
clearly indicating the importance of a consistent fabrication process of joints.

Sugibayashi et al. [30], Kyogoku et al. [31-33], and Ono et al. [34] conducted a series of

experiments on single-lap specimens with various adherend materials and thicknesses with an



epoxy adhesive. They found lap lengths that yielded the maximum strength of the joints for each
combination of adherends and thicknesses, indicating difficulty in concluding one optimum bond
length for all possible combinations of materials. In addition, they conducted experiments with
tapered lap joints, and observed an approximately 100% increase in the joint strength; this was
due to a decrease in the stiffness of the adherends at the ends of the overlap region, resulting in
less peel stress at the edges of the adhesive layer. Furthermore, they predicted the joint strength
using a proposed failure criterion based on stresses obtained by finite element analysis.

Although the predictions seemed to reasonably represent a trend of the joint strength, it should be
noted that stresses obtained by finite element analysis vary depending on the meshes used for the
analysis models due to the singularity at corners in the adhesive layer, affecting the accuracy of

the predictions.

2.2.3 Computational Studies

Dorn et al. [35] and Harris et al. [36] also conducted finite element analyses and
predicted the joint strengths obtained by experimental tests. In both studies, the specimen had
spew fillets (see Figure 2.4) at the ends of the adhesive layers to represent a realistic joint
geometry; it has been recognized that the existence of spew fillets decreases the maximum stress
at the edges of the adhesive layer, and increases the joint strength. Harris et al. predicted the
strength of single-lap joints with aluminum adherends and four types of adhesives using both
stress and strain criteria. Failure of the specimen occurred mainly in the adhesive layer. The
results indicated that the strengths of joints with two out of four adhesives were closely predicted
by the stress criterion while the other two were predicted by the strain criterion. It seems that the
joint strength was controlled by the stress criterion if the joint was made with a brittle adhesive
and by the strain criterion if the joint was made with a ductile adhesive. On the other hand,
experimental tests conducted by Dorn et al. resulted in the failure in one of the adherends, ABS
plastic, instead of failure in the adhesive; the other adherend was steel or aluminum alloy. Thus,
the authors used a strain criterion in the ABS plastic to predict the strength of the joints. For
both studies, it seems difficult to predict the joint strength prior to the experiment because a
location of failure in the joints needed to be known prior to the application of these failure

criteria.
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2.2.4 Analytical Studies

Before finite element analysis was widely available to researchers, stress distributions in
the adhesive layer in bonded joints (especially single-lap joints) were analytically investigated.
Solving for exact stress distributions in the adhesive layer in closed form is not possible.
Therefore, researchers have made various assumptions and simplifications to obtain closed form
solutions. It has been usual to consider only shear and peeling stresses in the adhesive layer
because of its thickness, as shown in Figure 2.3. However, two differential equations derived
from Figure 2.3 include both shear and peeling stresses in each equation, making it difficult to
solve in closed form.

Volkersen [37] derived a simple solution considering only shear stress in the adhesive
layer and tensile load in the adherends. Goland and Reissner [38] included bending moment of
the adherends in order to include the effect of the eccentricity of the load path on the stress
distributions. In their analysis, an overlap portion of the single lap joint was modeled as one
beam to solve for edge loads, shear and moment, in the overlap region. On the other hand, Hart-
Smith [39] treated the two adherends separately, having bending effects of the adherends
considered. In addition, he solved problems for single-lap and double-lap joints with linear
elastic and elastic-plastic adhesives [40, 41]. Other researchers have followed these studies and
improved the solutions for shear and peeling stress distributions in the adhesive layer [42-46].

Although there are many solutions for the shear stress distribution in the adhesive layer
for the single-lap joint, comparison of the maximum shear stress revealed that the differences
between several assumptions, including consideration of the strain gradient through the thickness
of the adhesive layer and shear deformation of the adherends, was not significant [47]. In
addition, the solutions based on analytical solutions were not exact if the stress singularity at the
edges of the adhesive layer was considered. Therefore, in order to use these analytical solutions
for design purposes for bonded joints, calibrations of the analytical solutions seem necessary.
Hence, it is reasonable to use an analytical solution with the simplest assumptions, resulting in
simple solutions, for design purposes. The simplest analytical model considers only shear stress
in the adhesive layer and tensile load in the adherends; derivations of these solutions for the

materials used in this work will be discussed later in Chapter 4.
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3 Experimental Tests

3.1 Materials for Rehabilitation

In this section, the properties of the materials used in this project will be presented. A
total of five adhesives and two CFRP strips were tested. The adhesive plays the most important
role in the rehabilitation with bonded CFRP strips since the adhesive has to transfer the load
from the steel flanges to the CFRP strip and the adhesive is usually the weakest link in bonded
systems. If the adhesive fails prematurely, including adhesive and cohesive failures, the high
strength of the CFRP strip cannot be utilized efficiently. In addition, the effectiveness of the
rehabilitation depends on the stiffness and the strength of the CFRP strip. CFRP strips with high
stiffness are able to increase the moment of inertia of the section being rehabilitated, reducing the
stress at a crack tip. Use of a strip having high strength can increase the moment capacity of the
section. Furthermore, adhesive strength could vary depending on the materials to be bonded,

indicating the importance of obtaining the right combination of adhesive and CFRP strip.

3.1.1 Adhesive

The adhesives utilized in this project were two-part, room-temperature-cure epoxy
adhesives. The adhesives were applied without any primers. Since the application of adhesives
for the rehabilitation of steel girders will be conducted under the bridge, it was required that the
application process be simple in order to minimize the repair and application errors. Two-part
epoxy adhesives satisfy these requirements. Furthermore, a viscous adhesive was needed to
allow for overhead application.

The first adhesive tested in this project was Sikadur 330, a product of Sika Corp. The
mechanical properties of the bulk adhesive as reported by the manufacturer are 4.35 ksi (30
MPa) and 1.5% for tensile strength and elongation at rupture (testing methods are not specified),
respectively. Tensile coupon tests were conducted following ASTM D 638 [48] on this adhesive
to verify the material properties indicated by the manufacturer. It should be noted, however, that

the shape of specimen was out of tolerance. Averages of five specimens resulted in 670 ksi, 6.0
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ksi, and 0.9% for elastic modulus, tensile strength, and elongation at rupture, respectively, as
shown in Table 3.1. The curing and working time (pot life) are seven days and 30 minutes,
respectively. The second adhesive was Sikadur 30, also a product of Sika Corp. The difference
between Sikadur 30 and Sikadur 330 is that Sikadur 30 contains fine sand to make the adhesive
more viscous. The tensile strength and elongation at rupture specified in the data sheet are 3.6
ksi and 1% (ASTM D 638), respectively. The curing and working time (pot life) are seven days
and 70 minutes, respectively. The third adhesive used was Polystrate EPOXY PLUS 25, a
product of Devcon. The shear strength of this epoxy is 2.5 ksi as reported by the manufacture for
single lap tests on cold rolled steel (ASTM D 1002 [27]). Twenty-four hours and 25 minutes are
curing time and working time, respectively. The fourth adhesive was DP-460NS, a product of
3M. Single lap shear strength with cold rolled steel (ASTM D 1002) specified in the data sheet
is 3.6 ksi. Averages of five tensile tests on this adhesive resulted in 364 ksi, 5.1 ksi, and 2.1%
for elastic modulus, tensile strength, and elongation at rupture, respectively, as shown in Table
3.2. The tensile coupon was shaped as that for metals specified in ASTM E8 [49] instead;
however, loading rate was set according with ASTM D 638. The curing and working time (pot
life) are twenty-four hours and 60 minutes, respectively. The last adhesive tested was Tyfo TC
adhesive, a product of Fyfe Co.; tensile strength and elongation at rupture are 6.8 ksi and 3.3%
(ASTM D 638), respectively as specified in the data sheet. The curing and working time (pot

life) are three days and 1 to 2 hours, respectively.

3.1.2 CFRP Strip

Two CFRP strips were tested; both were unidirectional carbon fiber reinforced polymer
with epoxy matrix. It has been recognized that direct contact between carbon and steel causes
corrosion on steel surfaces [50], and this could be a cause of premature failure of adhesion in the
rehabilitation of steel flanges as well as the loss of a part of the cross section. However, as
manufactured, fibers in both strips were covered by a matrix, which consisted of epoxy resin;
thus, direct contact between carbon fiber and steel should not occur with these CFRP strips.
Therefore, corrosion of steel surfaces will not be discussed further in this report.

The first CFRP strip was CarboDur, a product of Sika Corp. The thickness and width of
the strip were 0.05 in. and 4 in., respectively. The tensile strength, tensile modulus, and

elongation at rupture (all in the fiber direction) specified in the data sheet were 406 ksi, 23 900
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ksi and 1.9 % (ASTM D 3039 [51]), respectively. Averages of five tensile tests conducted for
this project (based on the test procedures specified in ASTM 3039) resulted in 380 ksi, 22 700
ksi and 1.7%, for tensile strength, modulus of elasticity, and elongation of rupture, respectively,
as shown in Table 3.3. The second CFRP strip was Tyfo UC composite laminate, a product of
Fyfe Co. The thickness and width of the strip were 0.075 in. and 4 in., respectively. The tensile
strength, tensile modulus, and elongation at rupture were specified as 405 ksi, 22 500 ksi and 1.8
% (ASTM D 3039), respectively, in the data sheet. The strips were also tested for this project
(ASTM D 3039), and averages of three specimens were 290 ksi, 16 500 ksi, and 1.8% for the

tensile strength, tensile modulus, and elongation at rupture, respectively, as shown in Table 3.4.

3.2 Effective Bond Length Tests

This section will explain the details of the effective bond length tests, including
geometries of the test setup and the specimens, the test matrix, and instrumentation for the
experiments. The effective bond length is defined as the shortest bond length that engages the
largest possible strength of the CFRP strip. Failures of bonded joints include adherend,
adhesion, and cohesion failures. Because the strength of bonded joints cannot exceed the
strength of the adherends, the main objective of the effective bond length tests was to determine

if a bond length existed that would utilize the full strength of the adherend.
3.2.1 Test Setup and Specimen

The general layout of the test setup and specimen with dimensions are shown in Figure
3.1 to Figure 3.3. The girder was a W14x68 Grade 50 steel (d = 14.04 in.; by=10.035 in.; #,,
=0.415 in.; tr=0.720 in.) and was 170 in. in length. A large hole and a slit, 0.5 in. in width, were
created at the center of the girder (Figure 3.2); the slit represented a crack in the tension flange in
the field applications although the width of the crack was exaggerated. The specimen was
loaded in tension by placing it on the tension side of the girder that was loaded in flexure. The
hole and slit were created in order to separate the compression force in the top flange from the
tensile force in the CFRP strip. If the tension flange in the girder had been left in place, i.e.,
without the slit, the tension flange and a part of the web would have yielded before reaching the

rupture strain of the CFRP strip, making it impossible to reuse the girder for multiple tests. The

15



size of the girder, mainly the size of the compression flange, was calculated so that the top flange
would not yield or fail by local buckling when two layers of CFRP applied to the bottom flange
reached their rupture strength in tension.

The specimen consisted of between one and three CFRP strips bonded onto two steel
plates, depending on the specimen as shown in Figure 3.3. The two steel plates were made of
Grade 50 steel; a picture of typical specimen is shown in Figure 3.4. The difference between
Specimen Type A and Specimen Type B is the gap between the steel plates and the length of the
plates. Specimen Type B were made longer in length so that two layers of CFRP could be tested
because multiple layers of strips would require more bolts to keep the plates from slipping with
respect to the bottom flange. By bonding the CFRP strip on the steel plates instead of bonding
directly on to the tension flange of the girder, it was possible to re-use the steel plates by
removing the CFRP strip and adhesive left on the steel plates after each test. The specimen was
bolted to the underside of the tension flange of the base girder as can be seen in Figure 3.5.
Initially, the bolted connection was designed for the bearing strength of bolts against the failure
load of the CFRP strip. However, the bolts were pretensioned to achieve the slip critical
condition after several experiments because slip between the steel plates and the flange was
observed during the tests. The number of bolts was also sufficient for design as a slip critical
connection.

The girder with specimen was loaded under four-point bending with displacement
control. Loading was applied using either one or two MTS 77 kip actuators, one 220 kip
actuator or one 600 kip actuator, depending on the availability of these actuators. For loading set-
up, the girder was loaded with 80 in. of distance between loading points in order to create a
constant moment region. The total span of the girder was 160 in. for all tests except for the set-
up with one 600 kip actuator; in which case, the span was 120 in. by placing the supports 20 in.
inside from the position illustrated in Figure 3.1. In the case of a two-actuator setup, two 77 kip
actuators were directly connected to the girder as shown in Figure 3.1, and one actuator was
controlled as a slave of the other actuator using load feedback. For the one-actuator setup, a
spreader beam was connected to the actuator to achieve the four-point loading condition. Round
bars with 2 in. diameter were placed at all loading points on the girder and at supports except for

the two-actuator loading case.
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The specimens were fabricated as follows. Steel surfaces were first abraded (grit #40 for
initial abrasion and #100-150 for finish) and wiped with acetone to remove any contamination on
the steel surfaces, and the CFRP surface was wiped with acetone. The steel plates were then
connected with lift bars (Figure 3.3) and a spacer was inserted for Specimen Type A to secure
the plates. Before application of the adhesive, aluminum flat bars were placed and fixed on the
steel plates in order to position the CFRP strip at the center of the plates along these aluminum
bars. The adhesive was mixed and applied onto the surfaces. The CFRP strip was placed on the
steel plates with lightly applied pressure; mixing time and method varied for each adhesive as
specified by the manufacturer. The aluminum flat bars that were placed prior to application of
the CFRP strip were removed immediately and the adhesive was cured at room temperature.
Several specimens with 3M DP-460 NS adhesive were cured in an oven to reduce the curing
time, and these specimens were cure for 30 min at 200°F.

This test setup and specimen were designed so that results of the effective bond length
tests can be applicable to the field application of CFRP strips. In other words, the strength
determined through the experiments was representative of the strength of the rehabilitation.

Detail discussions on the validity of the test setup can be found in Appendix A.

3.2.2 Test Matrix

A total of 27 specimens were tested, as shown in Table 3.5. These consisted of twenty-
three one-layer specimens, three two-layer specimens and one three-layer specimen. The first
number in the name of specimen indicates the number of layers. The main variables in these
tests were CFRP and adhesive material, crack and bond configuration, and bond length. The
bond thickness was changed according to the application procedure specified by the
manufacturer and is listed in Table 3.5. Selected combinations of variables were tested on
several specimens in order to investigate consistency of the results as indicated in the note
column in the tables.

It was thought that the existence of sharp corners in the adhesive layer affected the
strength of the specimen because the stress concentrations at corners could initiate failures in the
adhesive layer (adhesion or cohesion). Therefore, several different geometries of bond area and
plate separation (defined as configurations) were created to modify (relieve) the stress

concentration in the adhesive. Figures, which illustrate these different configurations, are shown
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in Figure 3.6. Configurations 1 through 3 had a 0.5 in. slit between steel plates (Type A
specimen). In Configuration 1, adhesive was left on the CFRP strip, creating 90-degree corners
between the adhesive and the steel plates. In Configuration 2, the slit between steel plates was
filled with adhesive to eliminate those corners. In Configuration 3, the adhesive was removed
from the CFRP in the slit between the plates in order to create 90-degree corners between the
adhesive and the CFRP strip. In Configurations 4 and 5, the slit was closed by extending the
steel plates by 0.25 in. from both sides. Configuration 5 was a slight modification of
Configuration 3 and had 90-degree corners on both sides of the adhesive layer. A main
difference between Configurations 3 and 5 was that Configuration 5 was created without a gap
between the steel plates; thus, the edge of the adhesive did not line up with the edge of the steel,
better simulating the field application. In Figure 3.6, Configuration 5 is illustrated with
Specimen Type B (no gap between plates); however, this configuration was also possible with
Specimen Type A (0.5 in. gap between plates) considering that the existence of a gap does not
affect the stress concentration in the adhesive layer. Several specimens with Configuration 5

were actually tested using Specimen Type A as listed in Table 3.5.

3.2.3 Instrumentation

The girder and specimens were instrumented with Tokyo Sokki Kenkyujo, FLA-3-11-
3LT strain gauges as illustrated in Figure 3.7 and Figure 3.8. The small black rectangles in the
figures indicate the gauge locations. The base girder was instrumented with a total of 11 gauges
located at the center of the span (section B-B) and at sections 30 in. apart from the center
(section A-A). Gauges at the center were to monitor the strain distribution in the compression
flange for comparison with strain measured on the CFRP strip. Gauges located 30 in. from the
center were placed to calculate the moment in the girder, and compared to the applied moment to
ensure constant moment existed between the loading points.

At least one strain gauge was placed on the CFRP strip for each specimen in order to see
the maximum strain at the failure of the specimen. This information was used to determine how
much of the strength of the CFRP strip was achieved. For selected specimen, CFRP strips were
heavily instrumented with strain gauges to investigate tensile strain distributions along the length
of the CFRP strips; these results also indicated the adequacy of the bond length. In addition,

tensile strain distributions were compared to those from finite element analyses to see the
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validity of the analyses. These heavily instrumented specimens were 1-4, one of 1-8, 1-14, and
2-3. Gauging schemes for these specimens are illustrated in Figure 3.8. It should be noted that
Figure 3.8 shows only one half of the specimen and gauges were instrumented symmetrically
with respect to the centerline except for specimen 1-8 and 2-3, which had gauges only on one
half of the CFRP strip. In addition to the gauges shown in Figure 3.8, one strain gauge was
attached to the CFRP strip in the slit for several specimens with Configuration 3 as shown in

Figure 3.6 in order to check the strain gradient through the thickness of the CFRP strip.

3.3 Preliminary Test on Rehabilitated Girder

Preliminary static loading tests were conducted with a large-scale fatigued steel girder to
investigate the effect of rehabilitation with bonded CFRP strips. The results of experimental
tests were used to justify the effect of the rehabilitation before planning cyclic loading tests on
full-scale girders. It was not certain that a thin layer of CFRP (0.05 in.) could affect the crack

growth because of the relatively small increase in moment of inertia after the rehabilitation.

3.3.1 Test Setup and Specimen

The girder tested in this experiment was a W27x94 rolled steel section with a length of
180 in.; the girder was used for another project on the study of fatigued steel flange rehabilitation
with bolted angle members [6]. Figure 3.9 and Figure 3.10 are a sketch and a picture,
respectively, of the test setup; the test setup was identical with that for the effective bond length
tests with two actuators. The girder was loaded monotonically under four-point loading; one
actuator was under displacement control as the master and the other one was controlled as the
slave using load feedback. The girder already had a crack at its center, and it was arrested at one
bolt hole in the web plate. Therefore, in order to conduct further tests on this girder, the crack
was re-initiated from the bolt hole into the web plate; the final length of the crack before the
experimental tests was about 4 in. from the bottom of the girder as shown in Figure 3.12.

Materials used for rehabilitation of the girder were CarboDur CFRP strip and Sikadur
330 adhesive. Although, a combination of Fyfe UC and DP-460NS adhesive was found to give a
better result in the effective bond length test, products of Sika were used here because Fyfe UC
and DP-460NS had not been tested at the time of this static test. One layer of strip was applied

on both sides of the web plate, i.e., one CFRP strip on one side of a free edge portion of the
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tension flange. A sketch of the rehabilitation is shown in Figure 3.11; the CFRP strips were
bonded with 8 in. of bond length and a 4 in. unbonded region in the center, representing
Configuration 5 in the effective bond length tests. Adhesive was applied after surface treatment
of steel flanges, including abrasion of the surface of the tension flange with sand paper and

wiping with acetone.

3.3.2 Test Matrix

Two tests were conducted; 1) up to 31 kips of load per actuator without rehabilitation, 2)
up to 31 kips of load per actuator with rehabilitation. Maximum applied load of 31 kips was

determined based on the nominal stress of 5 ksi in the original (uncracked) section.

3.3.3 Instrumentation

Measured data in these tests included strains in the girder and CFRP strip, deflections at
the center of the girder, and load and stroke of the actuators. Strain gauges used through these
tests were the same as for the effective bond length tests, Tokyo Sokki Kenkyujyo, FLA-3-11-
3LT gauges. Deflections were measured with a standard size Linear Variable Differential
Transformers (LVDT), a product of Columbia Research Laboratories, with a linear range of 0.5
n.

Strain gauges were placed at 2 sections on the W27x94 girder as shown in Figure 3.12
and Figure 3.13, at the center and at 10 in. from the center. In addition, one strain gauge was
placed just above, about 0.25 in., the crack tip. The section 10 in. from the center was in the
same section with the end of the CFRP strip; thus, results from this section could indicate how
much force was recovered in the tension flange through the rehabilitation. Although CFRP strip
was bonded to the flange on either side of the web, only one of the strips was instrumented as
shown in Figure 3.14; these gauges were used to measure the strain distribution in the CFRP
strip and to compare with that obtained in the effective bond length tests. Figure 3.15 shows a
picture of rehabilitated girder after instrumentation. Note that because the crack had not grown
straight in the web plate, the location of the gauge near the crack tip was not actually in the same
section with the gauges at the center section as can be seen in the picture. In addition to the
strain gauges, two LVDTs were placed at the center of the girder on both sides of the crack as

shown in Figure 3.16; and the deflection of the girder was recorded during the experiments.
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3.4 Cyclic Fatigue Loading Tests on Rehabilitated Girders

This section presents details of the test setup, specimen, and instrumentation for the
cyclic fatigue loading tests on rehabilitated girders. The objective of this series of tests was to
determine the effect of the rehabilitation on the crack growth having the cross section size and a
crack length comparable with that in the field. Because the hole drilling rehabilitation method
has been widely used in the practice, this rehabilitation scheme was combined with the bonded
CFRP strips when the specimen was rehabilitated during the experiments. Crack growth was
monitored before and after rehabilitation, and results were compared to examine the decrease in

the crack growth.

3.4.1 Test Setup and Specimen

The general layout of the test setup and sp ecimen with dimensions are shown in Figure
3.17 and Figure 3.18. The girder was a W27x84 and was 336 in. in length. The specimen was
loaded under four-point bending with 320 in. of total span. The length between the support and
actuator, and the distance between actuators were 120 in. and 80 in., respectively as shown in
Figure 3.17. The two actuators were MTS 77 kip actuators, and both were under load control
with a synchronized command signal (sine wave); cyclic loading between 1 to 2 Hz was applied,
depending on the load range, during the experiments. The load range will be discussed in the
next subsection.

The specimens, W27x84 girders, were donated by the Minnesota Department of
Transportation (Mn/DOT) and the size of the specimen was determined so that the size of the
girder reasonably represented girders in service, as well as being based on the availability of
girders from Mn/DOT. Materials used for the rehabilitation were Fyfe Tyfo UC CFRP strip and
3M DP-460 NS adhesive and surface preparation and application procedures were the same as
those discussed in Sections 3.2 and 3.3.

Threaded rods, box tube sections, and a floor beam (W14x211) were parts of a dead-load
holding device. In order to simulate the field conditions, a dead load (10 ksi nominal stress at the
top and bottom flanges in the constant moment region) needed to be maintained during the
application of the rehabilitation, and throughout the cyclic fatigue loading tests. In particular, a

device was required so that the dead load was kept on the girder in case the hydraulics was
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accidentally shut off during the cyclic loading. This device was designed to hold the dead load
by restraining the deflection of the girder; i.e., the device kept the girder at the deflection that
corresponded to approximately 10 ksi nominal stresses at the top and bottom flanges in the
constant moment region. Because the load to be carried by the device was not significantly
large, the main issue of designing the device was stiffness, i.e., total elongation of the device.
The total elongation of the device was assumed to be equal to the elongation of the threaded rod
because of its significance among the contribution from all parts.

The device was installed so that the box tube on top of the girder did not contact the
girder while the girder was under cyclic loading. First, the box tube was placed on the girder and
secured in position by nuts while the dead load was applied by the actuators. Then, during the
cyclic loading, the minimum load was set to a value slightly larger than that corresponding to the
dead load in order to avoid repeated contact between the girder flange and the box tube sections.
Because the threaded rods extend once the actuators are off and the girder tries to go back to its
original position, some loss of the dead load was expected. The load in the threaded rods after
release of the dead load by the actuator can be calculated as follows. First, the loss of dead load
reduces the deflection of the girder. The deflection of the girder, in turn, can be linearly related
with the load at the location of the box tube (point B in Figure 3.19). Therefore, the force at point

B after the loss can be expressed as follows.

- b _dead ~ A b_elongation

Py P b(A b_dead) 1)

after loss =
fler A'p dead

On the other hand, the elongation of the threaded rods can be calculated as,

A _ P bﬁafterﬁloss'L rod (2)
b_elongation = 2E-A oy
ro

Then, substituting Equation (2) into Equation (1) yields,
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In the above equations, 4 4.q 1S the deflection of the girder at the location of the box

P b_after loss =
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tube due to the application of dead load by the actuators; Py(4y 4eqa) 1s the required load at the
location of the box tube section to maintain the deflection, Ay gead; Ab eiongarion 1 the elongation of

the threaded rod; Py 4fier 1055 15 the load at the location of the box tube after the elongation of the
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threaded rods take place; L, is the initial length of threaded rod; £ is the elastic modulus of
threaded rod; A4,,4 is the area of the threaded rod.

The loss of dead load can then be obtained by comparing Py 4fier 10ss With the load at the
location of the box tube corresponding to 10 ksi nominal stress at the top and bottom flanges in
the constant moment region, Py 4..«. Based on the above equations, the loss of dead load was
calculated to be less than 5% (with L,,; = 53 in. and 1” diameter threaded rod); thus, the device

was thought to be adequate for the purpose.
3.4.2 Test Matrix

A total of four specimens were tested and a description of the test specimen is shown in
Table 3.6. The main parameters being studied were application of bonded CFRP strips and the
time of application of the rehabilitation. Three of the specimens were first repaired by hole
drilling to represent a rehabilitation scheme being used in practice. All specimens were
cyclically loaded from 17.8 kip to 23.2 kip per actuator, corresponding to 3 ksi nominal stress
range at the top and bottom flanges. This stress range was selected because it is representative of
the largest stress range measured in these types of bridges around the Minneapolis/St. Paul
metropolitan area [6].

Two of the specimens with 3 ksi nominal stress range (NR-3, R-3-1) were rehabilitated
after the crack length became approximately 2 in., both with drilled holes and one without and
one with a bonded CFRP strip in order to confirm the effect of the bonded CFRP strips on the
crack growth. The specimen having a 3 ksi nominal stress range (R-3-2) was rehabilitated with a
bonded CFRP strip after the crack reached the inner surface of the tension flange; the crack
length at the time of rehabilitation for this specimen was assumed to be longer than 2 in. in
specimens NR-3 and R-3-1. The last specimen was rehabilitated only with the bonded CFRP
strips to investigate the direct influence of bonded CFRP strips on the crack growth, and the
stress range was increased to 6.5 ksi.

Because a crack needed to be initiated and grown to a certain length before the
experiments were actually started as listed above, two steel plates butted up to each other were
welded to the bottom of the tension flange, and the girder was loaded with higher load compared

to that during the experiments, approximately a 10 ksi nominal stress range. Loading was
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continued until the crack became a desired length, and the two steel plates were removed before

the girder was rehabilitated.

3.4.3 Instrumentation

Figure 3.20 shows the typical instrumentation of the specimen; a black rectangle
indicates a gauge in the figure. Two sections in the girder were instrumented with three and four
gauges: at the center and 20 in. from the center, respectively. These gauges were placed in order
to check whether an appropriate load was applied to the girder and to monitor any changes in
applied moment that occurred as the crack grew.

In the figure, all possible gauges are shown. Some of the specimens were instrumented
with fewer gauges. Specimen NR-3 was not rehabilitated with bonded CFRP strips; thus, this
specimen did not have any gauges on the strips as shown in the figure. Specimen R-3-1 had all
the gauges shown, while Specimen R-3-2 and R-3-3 did not have gauges on the strips except for
two gauges at the center of the strips. Gauges on the CFRP strips were placed to measure strain
distributions in the strips and to check how the strain changed under cyclic loading. In addition,

these gauges on the strips were thought to be able to detect debonding under cyclic loading.
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4 Results and Discussion

4.1 Effective Bond Length Tests

In this section, test results of the effective bond length tests are presented. First, a
summary of test results is discussed to show how the adhesive and CFRP strip were selected for
further study and how the effective bond length was determined by the experiments. Applied
moment vs. CFRP strain curves for selected specimens are then presented along with the results
of finite element analyses to discuss the behavior of the specimens and the correlation between
the experiments and analyses. The final results presented in this section are tensile strain
distributions in the CFRP strips measured during the experiments and those obtained by the

analyses.

4.1.1 Summary of Test Results

A summary of the results of the effective bond length tests is listed in Table 4.1, which
includes for each specimen the maximum applied moment, the tensile strain in the CFRP strip
measured on the outer surface of the CFRP strip at its center at failure, and the failure modes of
the specimens (D stands for a debonding failure and F for a partial tensile failure in the CFRP
strip). As discussed in Section 3.2, the main objective of the effective bond length test was to
determine the effective bond length for the materials used in this project. The effective bond
length is defined as the shortest bond length that would achieve the highest possible strain in the
CFRP strip at failure. A bond length longer than the effective bond length will not increase the

maximum strain in the CFRP strip further.
4.1.1.1 Effective Bond Length

As can be seen in Table 4.1, a combination of a Tyfo UC strip and DP-460 NS adhesive
achieved the highest strain in the CFRP strip, more than 13,000 microstrain. It should be noted
that several tests were terminated before the failure of the specimen. These tests were terminated
to avoid large inelastic deformation in the test girder. By comparing the results of Specimens 1-

6 to 1-16, except for Specimen 1-10, with the same configuration (Configuration 5), two
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combinations, the Tyfo UC composite and the DP-460 NS adhesive, and the Tyfo UC composite
and the Fyfe TC adhesive, resulted in the highest strains in the strips. The reason for this seemed
to be the ductility of adhesive; e.g., the rupture strain of the DP-460 NS is approximately 2.1%.
Because of the stress concentration at the edges of the adhesive layer, the adhesive yielded
quickly as the CFRP strip was loaded; thus, a large ductility was required to achieve a high strain
in the CFRP strip. A reason for selecting the adhesive DP-460NS for further experiments in this
project was the ease of application of the DP-460NS, which comes in a cartridge with a mixing
nozzle. On the other hand, the Fyfe TC adhesive, which can be mixed in a large amount at once,
would be suitable for application over a large area. A comparison between Specimens 1-13 and
1-14 indicates no improvement in the results due to an increase in the bond length. Thus, the

effective bond length seems to be 8 in. or less for one layer of strip.
4.1.1.2 Effect of Multiple Layers of CFRP

As can be seen in the results with multiple layers of strips, increasing the number of
layers improved the maximum moment at failure; however, the strain at failure was not increased
compared with a single layer-specimen having the same materials. For specimens with the
Sikadur 330 adhesive, a two-layer specimen achieved approximately twice the maximum
moment at failure as did the single-layer specimen (Specimen 1-3 vs. 2-1 and Specimen 1-5 vs.
2-2). However, the three-layer specimen (Specimen 3-1) showed only a slight increase over the
two-layer specimen, i.e., approximately 2.2 times the maximum moment of the single-layer
specimen. On the other hand, the maximum moment at failure of the two-layer specimen with
the DP-460NS adhesive was approximately 1.7 times that of the single-layer specimen
(Specimen 1-14 vs. Specimen 2-3). This is a reasonable increase considering the slight decrease
in the strain in the strip at failure; the strain in the strip for the two-layer specimen was
approximately 77% of that in the single-layer specimen.

Although the maximum moment at failure seems to be linearly related to the number of
layers, i.e., the total cross sectional area of the CFRP strips, between the single and two-layer
specimens, less increase in the maximum moment for the three-layer specimen raises a doubt
regarding the possibility of having a constant strain distribution through the thickness of the
CFRP strip. This result indicated that a strain gradient exists through the thickness of the CFRP
strip. The existence of the strain gradient through the thickness was confirmed by placing strain

gauges on both surfaces of the strip, as discussed in the Section 4.1.2.3.
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4.1.1.3 Failure Mode

The last column in Table 4.1 indicates the failure mode for each specimen. In Table 4.1,
D stands for a debonding failure and F for a partial tensile failure in the CFRP strip. Figure 4.1
shows a typical debonding failure, with several fibers being left on the adhesive surface. Figure
4.2, Figure 4.3, and Figure 4.4 illustrate typical combined strip fracture/debonding failures.
There was no specimen that failed only due to tensile failure in the CFRP strips, and all
specimens finally failed by some amount of debonding. The specimens with the Sikadur 330
adhesive and Configurations 1, 2, and 4 failed mainly by the CFRP debonding from the adhesive.
No failure in the CFRP strip was observed in these specimens. As the configuration was
changed to 3 and 5, a partial tensile failure in the CFRP strips was observed; however, it was not
possible to determine which failure, strip fractures or debonding, occurred first by observations
during the experiments. The failure in the CFRP strip, i.e., the amount of broken fibers, was
further increased by using the more ductile adhesive, DP-460NS, as shown in Figure 4.4. This
trend of increasing broken fibers can be explained by the increase in the maximum strain
measured. However, the maximum strains measured on the bottom surfaces were not as high as
the rupture strain of the CFRP strips; thus, it was suspected that a strain concentration existed in
the CFRP strip near the corner of the adhesive layer, e.g., around circle A in Figure 3.6.

Although all specimens finally failed by debonding, the difference in the maximum
moment and the CFRP strain at failure suggests that the initiation of the debonding failure
occurred in different ways and at different times for each configuration and adhesive. In the
specimens with a brittle adhesive (Sikadur 330) and Configurations 1, 2, and 4, a crack initiated
in the adhesive layer at the location of the stress concentration (e.g., circles B and C in Figure
3.6). This crack propagated toward the CFRP-adhesive interface and caused the final debonding
failure. On the other hand, the specimen with the ductile adhesive (DP-460NS) was able to
sustain more load before the crack initiated in the adhesive layer, resulting in a higher strain in
the CFRP strip. These specimens with the ductile adhesive were able to achieve the rupture
strain locally in the CFRP strip but not at the location where the strain in the CFRP strip was

measured using a strain gauge during the experiments.
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4.1.1.4 Effect of Cyclic Loading during Curing

In order to investigate the effect of vibration from traffic on curing and final strength
development of the adhesive, vibration was simulated with an actuator using the same test setup
as the effective bond length tests. Specimen 1-15 was bolted to the girder as soon as the CFRP
strip was applied to the steel plates (prior to set time), and the girder was cyclically loaded to
simulate vibration from traffic. The cyclic loading was started approximately one hour after
application of the CFRP strip because of the time to attach the specimen to the girder. A crack
opening in the fatigued tension flange due to vibration from the traffic was simulated as an
opening displacement of the gap between the two steel plates of the specimen. Assuming an
approximate 0.5 ksi stress range in the tension flange due to traffic in the field, a gap opening at
the peak of each cycle corresponding to a 1 in. LVDT gage length was determined to be 17x10°°
in.; the girder was then loaded in displacement control at 0.25 Hz of frequency to produce the
determined gap opening. The gap opening was measured by an LVDT with a linear range of
0.1 in.

Because the stiffness of the girder was small before the adhesive cured, i.e., there was
effectively no bottom flange or web at the center section, steel plates having a dimension of
117x11”x1/4” were welded onto the web plate to cover the hole in the web, and the tension
flange was connected with splice plates as illustrated in Figure 4.5. The splice plates bolted onto
the inner side of the flange were 2” wide and 0.5” thick and bolted through four bolts on each
side. The splice plates bolted onto the outer side of the flange, i.e., onto the steel plates to which
the CFRP strips were attached, were 2” wide and 0.5 thick and bolted through one bolt on each
side. After 24 hours of cyclic loading, these welded plates and splice plates were removed; the
specimen was then tested to failure.

Although the target peak gap opening was 17x10 in., a measured peak gap opening
under the cyclic loading was approximately 25x10° in. due to the difficulty of precisely
controlling the gap opening with the displacement control of the actuator. As can be seen in
Table 4.1, however, the vibration did not degrade the strength of the adhesive (Specimen 1-15).
Thus, it can be concluded that vibration from typical automobile traffic should not affect the
adhesive bond strength. In addition, considering the fact that the gap opening measured during
the cyclic loading was larger than that intended, corresponding to the 0.5 ksi stress range, and the

fact that the number of trucks which will pass the bridge during the curing time of the adhesive
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will not be significant, it is reasonable to conclude that vibration from truck traffic should not
affect the adhesive bond strength significantly. Therefore, there is no need to close the bridge to

traffic during the application of the CFRP strips and while the adhesive cures.
4.1.2 Moment-CFRP Strain Relationship

Applied moment vs. CFRP strain (M-¢) curves for several specimens are shown in Figure
4.6 to Figure 4.13 together with computational results; a typical computational model is
presented in the first section. The strain on the upper surface (in the gap) and the bottom surface
of the CFRP strip were measured, both results are shown in the same figure (see Figure 3.6 for
the gauge locations). Tensile strain in the CFRP strips from the computational results was taken

from an outermost element at the center of the CFRP strip.
4.1.2.1 Computational Model

A specimen model was analyzed in two-dimensions using a commercial program,
ABAQUS, which utilizes the finite element method (FEM); a typical computational model is
shown in Figure 4.14. The computational model was one half of the girder shown in Figure 3.1
due to symmetry. All elements were modeled with 4-node isoparametric elements with 4
integration points. The meshes consisted of approximately 22 000 nodes and 22 000 elements.
Analyses were geometrically nonlinear and materially linear except for the adhesive for which an
elastic-perfectly plastic stress-strain curve was specified based on the tensile test results
conducted for this research. All materials, steel, adhesive and CFRP strip, were modeled as
isotropic materials (see Section 3.1 for details of material properties). Boundary conditions
representing symmetry, i.e., displacements in horizontal direction equal zero, were introduced at
the center. The vertical displacement was restrained at the lower right edge of the model,
representing a simple support. During the analysis, a point load at a node 40 in. from the support
(Figure 4.14) was incrementally increased up to 10 kips. Although the analysis was conducted
using a two-dimensional model, the actual widths of all materials were used by assuming a
plane-strain condition. For simplicity, the bolted connection between the steel plate and the
girder was assumed perfect; thus, there was no slip or separation between the steel plate and the

base girder in the analyses.
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A detail of one of the computational models around the center is shown in Figure 4.15;
the adhesive layer and the CFRP strip were divided into five and three elements, respectively, in
this model. The adhesive layer of the Sikadur 330 adhesive (thickness of 0.06 in.) was divided
into five elements as shown in Figure 4.15, while for other models the adhesive layer of the DP-
460NS (thickness of 0.02 in.) was divided into three elements through the thickness. Both CFRP
strips, Carbodur and Tyfo UC, were divided into three elements. Two elements through the
thickness of the adhesive layer were used by Dorn [35] and other researchers for the analysis of
bonded joints; thus, three elements through the thickness were thought to be sufficient. By using
three or five elements depending on the thickness, the minimum size of elements in the adhesive
layer was approximately 0.01x0.01” for both adhesives. The geometry around the slit was

modified to represent the five configurations shown in Figure 3.6.
4.1.2.2 Effect of Configuration

Test results of the specimens with Configurations 1 to 5 are shown in Figure 4.6 to Figure
4.11 together with computational results. It should be noted that Specimen 1-14 in Figure 4.11
was analyzed with two values of Young’s modulus for the Tyfo UC CFRP strip due to a large
difference between data obtained from the tensile test for this research and that specified by the
manufacturer. Because the correlation with the test results is better for the Young’s modulus
obtained for this research, the Young’s modulus of the strip seems to be smaller than that
specified by the manufacturer. The rest of the figures indicating the computational results of
strain in the Tyfo UC CFRP are based on the data obtained for this research, £=16 500 ksi. On
the other hand, Young’s modulus for the CarboDur CFRP strip obtained by the tensile tests
conducted for this research was close to that specified by the manufacturer; the value specified
by manufacturer (E=23 900 ksi) was used for all analyses.

Test results of Specimens 1-2 and 1-3 (Configurations 2 and 4, respectively) shown in
Figure 4.7 and Figure 4.8 initially compared well with the computational results, but deviated
from the computational results as the applied moment increased and exhibited nonlinear
behavior. On the other hand, test results of Specimens 1-5, 1-8, and 1-14 (Configurations 3, 5,
and 5, respectively) shown in Figure 4.9, Figure 4.10, and Figure 4.11 are approximately linear
and compared well with the computational results up to failure. One possible reason for the
discrepancies between the computational and test results for Specimens 1-1, 1-2, and 1-3 is the

fact that the ductility of the adhesive controlled the failure of the specimen itself although any
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failure criteria, including that for the adhesive and the CFRP strips, were not implemented in the
analyses. Because of the low strength and ductility of the adhesive in these specimens (Siakdur
330) combined with the high stress concentration at the corners in the adhesive layer, the
adhesive likely had a tension or shear failure even at a low applied moment. Cracks then
vertically initiated from the corners at the gap (e.g., circles B and C in Figure 3.6) toward the
CFREP strip, and a part of the tensile load carried by the adhesive was moved into the CFRP strip,
resulting in nonlinear behavior of the M-¢ curves.

In addition to the nonlinear behavior of the M-¢ curves, the applied moment and the strain
suddenly decreased at several points in time due to initial debonding for Specimens 1-1, 1-2, and
1-3 as can be seen in Figure 4.6 and Figure 4.8. After the first decrease in moment and strain,
the M-¢ curves became linear. To compare the slopes of the M-¢& curves after initial debonding
(which simulates Configuration 3), the computational results of Specimen 1-5 (Configuration 3)
are plotted together with the results of Specimens 1-1, 1-2, and 1-3 in Figure 4.6 to Figure 4.8.
As can be seen from these figures, the slopes of the M-& curves of Specimens 1-1, 1-2, and 1-3
approached that of Specimen 1-5, i.e., Configuration 3, after decreases in moment and CFRP
strain due to the debonding failure. Therefore, it seemed that Configurations 1, 2, and 4
eventually behave similar with Configuration 3 because the debonding failure occurred early in
the loading.

Although the test results of Specimen 1-5 (Configuration 3) were approximately linear
and compared well with the computational results, an initial debonding failure was observed, as
shown in Figure 4.9. It was assumed that making an unbonded region near the gap or slit longer
than that in Configuration 3 (0.5 in.) would eliminate the initial debonding early in the loading.
In Configuration 3, the unbonded region was the same length as the gap between two steel plates,
while the unbonded region was increased to 4 in. in Configuration 5 (see Figure 3.6 for details of
configurations). The assumption was confirmed by the fact that the M-& curve of Specimen 1-8
(Configuration 5) was approximately linear up to the final failure without any debonding and
compared well with the computational results, as shown in Figure 4.10. Because Specimens 1-8
and 1-14 (both Configuration 5) did not experience a decrease in the moment during the
experiments, it seems that the failure of the specimen occurred when the ductility of the adhesive

was exhausted.
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It should be noted that the above discussion was made mainly on Specimens 1-1, 1-2, 1-
3, 1-5, and 1-8, which had the Sikadur 330 adhesive and the Carbodur CFRP strip, while
Specimen 1-14 had the DP-460NS adhesive and the Tyfo UC CFRP strip. Although the DP-
460NS adhesive has more ductility compared with the Sikadur 330 adhesive, it was thought that
the effect of configuration on the strength of the specimen would be similar to these with the
Sikadur 330 adhesive. Therefore, it was decided to use Configuration 5 for the specimens in all

further tests.

4.1.2.3 Effect of Multiple Layers of CFRP

Figure 4.9, Figure 4.12, and Figure 4.13 show the results of Specimens 1-5, 2-2, and 3-1
(all Configuration 3); all specimens were made with the Carbodur CFRP strip and the Sikadur
330 adhesive. These results indicate a significant difference between tensile strains on the top
and the bottom surfaces of the CFRP strips. In addition, the CFRP strip at the center, where the
strain was measured, had an opposite curvature to that of the girder, i.e., a larger strain on the top
surface. This opposite curvature in the CFRP strip is also confirmed by computational results as
shown in Figure 4.9, in which the computational results of the CFRP strain on both the bottom
and the top surfaces are plotted.

In Figure 4.16, average strains of both surfaces of the CFRP strips in Specimens 1-5, 2-2,
and 3-1 are plotted together. As can be seen in the figure, in the linear region of the curves, the
applied moment at the same average strain linearly increased as the number of layers, indicating
the effectiveness of increasing the number of layers of CFRP strips. Therefore, it may be
possible to further increase the total load in the CFRP strips, i.e., applied moment, at the same
average strain. On the other hand, the maximum moment observed during the experiments was
not linearly related with the number of layers of the specimen. The debonding failure that
occurred in Specimen 3-1 was the reason for the lower than expected increase in the maximum
moment over that of Specimen 2-1. Because it is difficult to conclude that the failure observed
in Specimen 3-1 will occur in all specimens with three layers of strips based on one test,
additional specimens with multiple layers of strips need to be tested to confirm the failure

observed in this research.
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4.1.3 Strain Distribution in CFRP Strip

Tensile strain distributions in the CFRP strip were measured for several specimens to
determine directly the effective bond length as shown in Figure 4.17 to Figure 4.21. For the
analytical estimation of the effective bond length, the effective bond length was defined as the
sum of two parts: 1) bond length where the adhesive has yielded and 2) bond length required to
transfer approximately 99% of the total load in the strip at the center into the steel plate when the
adhesive is elastic for its entire bond length. Because regions where the adhesive was elastic
were hard to determine in the measured strain distributions in the CFRP strips, the effective bond
lengths were determined as the distance from the edge of the adhesive layer to the location where
strain in CFRP strain became reasonably low for strain distribution just prior to failure. Because
increase in the tensile strain in the CFRP strip would be small at a location where shear stress is
small, i.e., no-load transfer is taking place, compared with locations where the shear stress is
large or yielded, the location where the tensile strain was roughly constant during the experiment
was selected as one end of the effective bond length. In addition, shear stress distributions
calculated with the measured tensile strain distributions in the CFRP strips as discussed later in
this section were considered to determine the effective bond length.

For Specimens 1-4 and 1-14, strain gauges were distributed over the entire length of the
strips, while gauges were placed only on one half of the strip for Specimens 1-8 and 2-3; the
locations of strain gauges on CFRP strips are illustrated in Figure 3.8. Plots were made for
several load levels (expressed by the nominal moment level in the beam) to see how the strain
distribution changed.

Because the strain decreased twice as the adhesive debonded in Specimen 1-4, the data
were divided into three plots as shown in Figure 4.17. Specimen 1-4 consisted of Sikadur 330
adhesive and a CarboDur CFRP strip with Configuration 4. As can be seen in the figure (Figure
4.17-a), the tensile strain increased rapidly towards the center with an effective bond length of
approximately 10 in., and the strain distribution was symmetric with respect to the center of the
strip before the first debonding occurred. After the first failure, the strain decreased, and the
strain distribution shifted to the left. A constant strain region clearly indicated no shear stress
existed between the CFRP strip and the adhesive in the debonded region. As the load increased,

the CFRP strip debonded again and the strain distribution became symmetric with respect to the
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center, having approximately 14 in. of debonded length in the center. Specimen 1-8 was
fabricated with the same materials as those for Specimen 1-4, with Configuration 5. As can be
seen in Figure 4.18, the effective bond length is approximately 5 in. for this specimen.
Configuration 5 had 4 in. of unbonded region at the center of the CFRP strip; thus, the CFRP
strip was not bonded for the first 2 in. of the horizontal axis. Unlike Specimen 1-4, Specimen 1-
8 did not show any debond failure up to the final failure.

Specimen 1-14 had a Tyfo UC CFRP strip and DP-460NS adhesive with Configuration 5,
and strain gauges were placed along the entire length of the CFRP strip (see Figure 3.8); the
results of the strain distribution in the strip is shown in Figure 4.19. As can be seen in the figure,
the non-zero tensile strain region increased gradually from 4 in. long to 7 in. long as the load
increased, i.e., between 2 to 6 in. and between 2 to 9 in. in the horizontal axis, which was not
observed in the other two specimens. A reason for this increase in the non-zero tensile strain
region seems to be a propagation of yielding in the adhesive layer. Unlike the adhesive-CFRP
interface in the debonded region, the interface in the yielded region was able to transfer the load
because of a constant yield shear stress and adequate ductility in the adhesive. The measured
effective bond length of 7 in. supports the conclusion made in Section 4.1.1 that assumed the
effective bond length is 8 in. or less. In addition, the tensile strain distributions of Specimen 1-
14 are compared with computational results at two load levels as shown in Figure 4.20. The
experimental and computational results compare well as can be seen in the figure. The analysis
indicated that a part of the adhesive layer had already yielded at M = 200 kip-in., indicating the
importance of ductility of the adhesive for a longer effective bond length, i.e., for a higher load
and strain in the CFRP strip.

The strain distribution for the specimen with two layers of strips, Specimen 2-3 made
with Tyfo UC CFRP strip and DP-460 NS adhesive, is shown in Figure 4.21. As can be seen in
the figure, an increase in the number of layers clearly requires a longer bond length
corresponding to the higher load to be transferred from the CFRP strips into the steel plates.
Unlike the strain distribution for Specimen 1-14, there is not much region with near-zero strain,
making it difficult to determine whether the bonded length was sufficient. However, the failure
surface of the specimen indicated that failure was due to an adhesive failure at the high stress
concentration region. Therefore, it was concluded that the effective bond length for two layers is

16 in.

34



In order to see the progression of the yield region in the adhesive layer, estimated shear
stress distributions in the adhesive layer for Specimens 1-14 and 2-3 were obtained based on the
measured strain in the CFRP strips. Considering force equilibrium in the adhesive layer (shear)
and CFRP strip (tensile), the shear stress in the adhesive layer was calculated as follows.

(x,;,.] +xi) (8i+1 - g,')-E cle 4)
T =

2 |xis1 = xif

where, & is the tensile strain measured at location x;, E. is the elastic modulus of the CFRP strip,
t. 1s the thickness of the CFRP strip, and x; is the distance measured from the edge of the
adhesive layer near the crack to the location of strain gauge i. The shear stress distributions for
Specimens 1-14 and 2-3 are shown in Figure 4.22 and Figure 4.23, respectively. Because the
tensile strain in the CFRP strip measured on the outer surface is different from the one at the
surface bonded to the adhesive due to the strain gradient through the thickness, the shear stress
calculated above is approximate. However, the shear stress distributions should be able to
capture the yielding of the adhesive. The two shear stress distributions clearly indicate the
progression of the yielded region, and it can be seen that the adhesive yielded at approximately
2.5 ksi of shear stress, slightly less than the estimated value, 2.9 ksi, which was derived from the

tensile strength of the adhesive, 5.1 ksi (see Section 3.1), i.e., 5.1/N3 = 2.94 ksi.

4.1.4 Analytical Estimation of Effective Bond Length

As discussed in Chapter 2, it is useful to derive a simple analytical solution of the
effective bond length for design purposes. Thus, in this section, the derivation of a simple

analytical solution will be presented.
4.1.4.1 Analytical Solutions for Shear Stress Distributions

An analytical model considered here is the single-lap joint as shown in Figure 4.24. A
tensile force per unit width, 7, is applied at both ends of the adherends as shown in the figure.

E1, E,, and G, are the elastic modulus of Materials 1 and 2, and shear modulus of the adhesive,
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respectively; ¢, t, and ¢, are thicknesses of Materials 1 and 2, and the adhesive, respectively. In
addition, 7, and y, are shear yield stress and ultimate shear strain, respectively. The assumptions
made throughout the analysis include: (1) both adherends remain elastic, (2) shear deformation
of both adherends are ignored, (3) shear strain in the adhesive layer is assumed constant through
the thickness, (4) failure of the joint occurs when the maximum shear strain in the adhesive layer
reaches the ultimate shear strain, and (5) peeling stress can be ignored.

Making use of the above assumptions, a free body diagram of the single-lap joint can be
simplified as shown in Figure 4.25. Based on the analysis by Tsai et al. in [44] and ignoring
shear deformation of the adherends, a differential equation for shear strain can be derived for the
free body diagram from force equilibrium in the horizontal direction.

d d
ET; =—7 ETZ =7 (5)

Then, using Assumption (3), shear strain in the adhesive layer can be written as,

1
7=t_(”2 —u,) (6)

where, u; and u, are horizontal displacements of Materials 1 and 2, respectively. Differentiating
Equation (6) once and using the relationship between displacements and strain yields,

iyzi(L_LJ )

"t \Et, Et

Differentiating Equation (7) once and substituting Equation (5) into Equation (7) yields,

: 1{ 1 1

= e, ©

Two cases must be considered: 1) adhesive remains elastic and 2) adhesive become
plastic. In the first case, the shear strain can be expressed in terms of the shear stress as

T=G,y

However, in the second case, the differential equation needs to be solved separately for
the elastic and plastic parts once the adhesive starts yielding. For the case wh(gr)e the adhesive is
elastic for all regions, the differential equation can be rewritten as

2
—7t-p7=0 —-c<x<c
dx (10)
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Where, g = \/
7(x) = Asinh(fx)+ B cosh(/x) —-c<x<c an
The boundary conditions, 7; =0 @ x=-c and T, =0 at x=c together with 7=T; + T and

Equations (7) and (9), yield,
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The two constants, A and B, can be obtained as

1 _Bh
A: ﬁcz—ave Eltl — 'ﬁcz—ave Where Tav@ :l (13)
cosh(/c) 1+E2t2 sinh(fc) 2¢
Eyt,

However, if the adhesive has already yielded, two differential equations are required, one
for the elastic part and one for the plastic part, in terms of shear strain.
7, (x") -c'<x'<c (14)
7, (S) 0<g<L,

For simplicity, two different coordinates are introduced as shown in Figure 4.26; a part

expressed with x " indicates the elastic part and a part expressed with & indicates the plastic part.
A length L, indicates the region where the adhesive has yielded. The two governing differential

equations are from Equation (8),

2
Elastic part: d ~7.=B’7. —c'<x'<c
dx'
15)
) d2 ,32
Plastic part: PrE 7, = G—Ty 0<&<L, (16)
The general solution for elastic part is that given in Equation (11),
7.(x")= C, sinh(fx")+ C, cosh(/x') —c'<x'<c (17)

The general solution for Equation (16) is,
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2
7,,(§)=%ry§2+D1§ +D, 0<E<L, (18)

These two differential equations can be solved using boundary conditions, including 1) 7
and 7> =0 at x=c ({=L,;) and —c (x" = -¢’), respectively, 2) 71 and 7, are continuous at x’=c’, and
3) =y, at &0 (x” = -c¢”). From the first boundary condition with first derivatives of Equations
(17) and (18), and Equation (7),

d Vs T
%yP(LPl):G_aT)’LPI—FDI :taEztz 19)
and

d . -T
—.(=¢")=C, cosh(- pc')B + C, sinh(- c')p = (20)
dx' ta Eltl

The second boundary condition indicates first derivatives of Equations (17) and (18) are

equal at x’=c’; i.e., i'}/e ()= difyp (0). This yields,

X

C, cosh(fc")B + C, sinh(Bc')f = D,
(21
The third boundary condition can be rewritten by substituting j=y, at £&=0 (x’ = -c’) into
Equations (17) and (18) as:

C, sinh(fc')+ C, cosh(fc') = 7, (22)

and

D2 = yy (23)

Then, solutions are given by

7.(x")= C, sinh(fx")+ C, cosh(/x') —c'<x'<c 4)

s’ r p

}/p(é):zGa Ty§2+ taEztz _G_aTpr[ §+7y OS§SLPI
(25)

where
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Once the shear strain distribution is derived, the shear stress distribution can be obtained
by multiplying the elastic part, i.e., -c <x <c’, by the shear modulus, and 7= 7, for the plastic
region, i.e., 0<£<L,. Because it has been assumed that the adhesive has yielded only at one end,
the above equation is valid until the shear stress at x’=-c’ reaches the yield stress. In expressions
for coefficients, an unknown value L,; was left in place; L,; can be expressed in terms of applied
tensile load 7 using Equation (22) using the assumption that tanh(fc’) = 1 because fc’ is likely
larger than 2, as follows,

_ T'—y,BtEt,
" 7yﬂ2taE2t2

As an example, the shear stress distribution is shown in Figure 4.27 together with a

27

computational result using the following material properties: £,=29 000 ksi, #,=1.0 in. for steel,
E>=16 500 ksi, £,=0.075 in. for CFRP (Fyfe UC), and G, =130 ksi, #,=0.02 in. for adhesive (DP-
460NS). The total bond length is 18 in., i.e., ¢=9 in., and yield shear stress is 2.9 ksi, based on
the tensile strength determined by tensile tests conducted for this research. The tensile load in
the adherends was selected so that the tensile strain in the CFRP strip is approximately 5000
microstrain. In the figure, the horizontal axis of the analytical solutions are shifted so that x = ¢
is at the edge of the adhesive layer in the computational result. The two distributions are
reasonably compared; however, the computational result has a longer non-zero stress region.
One reason for this is that the stiffness of the tension flange would be larger than E; x ¢, as

discussed in the next section.
4.1.4.2 Simplified Equations for Effective Bond Length

In the last section, analytical solutions of the shear strain and stress distributions were
derived. From these expressions, it is possible to determine the effective bond length. Before

the effective bond length was determined, further simplifications were made in the analytical
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equation obtained in the last section. In the derivation of the analytical solution, a steel flange
was represented by one of the adherends as shown in Figure 4.24 even though the steel flange is
connected to a web plate. The existence of the web plate will increase the stiffness of the steel
flange, i.e., (E11). In addition, for a given CFRP strip, the parameter £ would not vary
significantly with the thickness of steel flange of rolled sections; e.g., = 2.388 to 2.324 for t; =
0.5 in. to 1.5 in. although the parameter £ plays an important role in determining the shape of the

stress distribution. Therefore, in the following discussions, (E;¢) is assumed large compared to

a 2t2

G
(Exty), and is thus assumed to be equal _|—* (LJ . It should be noted that assuming large

(E 1)) will give conservative estimates of the effective bond length because the stiffer the
adherends, the longer the effective bond length will be.

Expressions for the shear strain and stress in the adhesive for a given bond length where
the adhesive has already yielded were determined in the last section. The effective bond length
can be obtained by analyzing the shear stress distribution for a given tensile load correlated with
the failure of the specimen. For this purpose, a bond length for non-zero shear stress in the
adhesive layer needs to be determined including parts where the adhesive remains elastic and is
yielded. A part of the bond length which remains elastic is defined as the bond length in which
99% of a part of the total load carried by the elastic region is transferred through the adhesive
layer. A length where the adhesive remains elastic calculated with the above assumption is
plotted against 1/4 in Figure 4.28 for several combinations of E; and #,: £, = 10 000, 20 000, and
30,000 ksi and #, = 0.05, 0.1, 0.15, and 0.2 in. As can be seen in the figure, the relationship
between the bond length for the elastic part and 1/4 seems linear; therefore, the bond length for
the region where adhesive remains elastic, L.;, can be expressed in a simple equation as follows.

5

Logp)== (28)
1(B) F;

The plot for this equation is also shown in Figure 4.28; as can be seen in the figure,
Equation (28) is a conservative estimate. On the other hand, assuming that the shear strain at
&=L, 1s (Ly), it is possible to express a part of the bond length, where 7= 7, L,;, as a function of
AL,:) by substituting L,; and 7, which is obtained from Equation (27)in Equation (25), and

solving for L,;:
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L,= %[[2@0 ~1)+1]” —1] where  y, =

Then, a total effective bond length is the summation of L.; and L,; corresponding to the

maximum tensile load.

Leﬁ' =L, (ﬁ)+Lp1(lgﬂ 70)

where,

(30)
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In the above equation, Equation (30), the limit of Z,, is needed to satisfy the assumption
that the adhesive has yielded only at one end. The proposed equation for the effective bond
length requires the ultimate shear strain of the adhesive; however, the ultimate shear strain of the
adhesive used in the experiment (DP-460NS) was not available at the time of this report.
Because some experimental results were available, it was possible to calculate the required
ultimate shear strain and L,; in order to achieve the tensile stain, i.e., tensile load, in the CFRP
strip observed during the experiment. For example, the tensile strain at failure for Specimen 1-
14 was about 12 000 microstrain, i.e., 7= 0.075x12 000x107°x16 500= 14.85 kips/in.
Substituting 7 into Equation (27) gives L,; = 4.52 in.; substituting L,; into Equation (29), and
solving for y, yields y, = 65, i.e., an ultimate shear strain at the edge of the adhesive layer is 1.47.
Then, an effective bond length becomes 2.18+4.52 = 6.7 in. compared with the measured
effective bond length of Specimen 1-14 of 7 in.

A simple analytical solution was proposed for the estimation of the effective bond length
in this section. For further validation of the proposed equation, it is required to conduct effective
bond length tests and to know the ultimate shear strain for several adhesives to compare the
proposed equation and the experimental results. However, further validation of the proposed

equation will not be conducted in this study.
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4.1.5 Recommendation for Bonded Lengths and Bonded Configuration

The measured strain profiles for the Fyfe Tyfo UC Strip used with the 3M 460NS adhesive indicate that 7
inches of bonded length past the debonded zone is sufficient to develop the maximum achievable strength
of the joint. However, a 7 inch bonded length was not tested. Therefore, an 8 minimum inch bonded
length is recommended for single layer applications. In addition, a 4 inch debond length roughly centered
over the crack, or the likely location of crack breakthrough is recommended to lessen the severity of the
stress concentration. Thus the total length of a one-layer CFRP strip applied for retrofit should be a
minimum of 20 inches long (two 8 inch long bonded regions on either side of a 4 inch long debonded
region). The tensile strain distributions along the CFRP strip for Specimen 2-3 (Figure 4.12) clearly
indicate that the effective bond extends about twice as long for the two layer specimen as for the one layer
specimen 1-14 (Figure 4.20) even though both specimen had a bonded length of 16 inches. This strain
distribution also indicates that additional length beyond the 16 inches would likely not be effective,
therefore a total strip length of at least 36 inches (two 16 inch long bonded regions on either side of 4 inch

long debonded region) is recommended when applying a two layer CFRP strip retrofit.

4.2 Preliminary Test on Rehabilitated Girder

This section presents the results of static tests on a rehabilitated girder. As outlined in
Section 3.3, a W27x94 rolled beam with a 4” deep crack at its center was statically loaded with
and without rehabilitation. Sikadur 330 adhesive and Carbodur CFRP strips were used for
rehabilitation of the girder in this section. The stiffness increase due to the rehabilitation will be
discussed based on the deflection of the girder. Strain distributions at two sections will be
compared before and after the rehabilitation to determine strain (stress) reduction near the crack.
The strain distribution in the CFRP strip will be compared to that obtained in the effective bond
length test to verify the effective bond length determined in the last section. The purpose of
these tests was to conduct a preliminary assessment of the effectiveness of the rehabilitation
scheme with bonded CFRP on a large-scale girder, based on the results of the effective bond

length tests.

4.2.1 Stiffness Increase of the Girder

The stiffness of the girder before and after the rehabilitation is compared by moment vs.

deflection curves as shown in Figure 4.29. As expected, there was no significant increase in the
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stiffness. To corroborate these results, the moment of inertia of the uncracked, cracked, and
rehabilitated cross sections were computed. A 7% increase in the moment of inertia was
calculated based on the cracked steel cross section (without the tension flange and a part of the
web). The cracked section consists of the compression flange and a part of the web, from the top
of the web to 4 in. from the bottom of the section (corresponding to the location of the crack tip).
Sketches of the cracked sections without and with CFRP strips are illustrated as b and ¢ in Figure
4.30, respectively, together with the uncracked section, Figure 4.30-a. In the calculations for the
cracked sections, it was assumed that an initially plane cross section remained plane after
deformation, and that there was no slip between the CFRP strip and the tension flange.

What should be noted in Figure 4.29 is that the stiffness increase seems to become
notable as the applied moment increases. The possible reason for this is a nonlinear relationship
between load and crack opening. The web near the crack tip yielded at a low load level and the
effective area of the web, i.e., the elastic region, decreased, resulting in an increase in the crack
opening at the tension flange. The increase in the crack opening increases the strain in the CFRP
strip to satisfy compatibility, resulting in a larger stiffness increase than can be calculated based
on simple beam theory, which assumes that an initially plane cross section remains so after
deformation. In addition, in order to achieve an increase in the stiffness of the girder, a stiffness
increase due to bonded CFRP must be greater than the loss of stiffness due to the decrease in the

effective area of the web.

4.2.2 Strain Distribution in Girder

Strain distributions in the girder before and after the rehabilitation are shown in Figure
4.31 and Figure 4.32 for the cross section at the center of the girder and for the cross section 10
in. from the center, respectively. The vertical axis is the location through the depth of the girder,
and the horizontal axis indicates strain. In the figures, the theoretical strain distributions based
on the uncracked girder and the section without the tension flange, the cracked section (see
Figure 4.30), are plotted in addition to the test results. It should be noted that the strain near the
crack tip is not shown in the figure because the crack tip was not located in the same cross
section as that in Figure 4.31. The strains near the crack tip (about 0.25 in. from the crack tip)
before and after the rehabilitation are shown in Figure 4.33, indicating the strain concentration at

the crack tip.
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At both sections, the strain 19 and 26 in. from the bottom of the section were not
decreased significantly, while a 40% decrease in strain was measured 9 in. from the bottom. In
addition, the strain near the crack tip, which was well beyond the yield strain of steel before the
rehabilitation, was reduced about 60% after the rehabilitation at the load level corresponding to
nominal stress of 5 ksi. It should be noted, however, a reduction of strain is less than 60% at a
lower load level. This indicates that the rehabilitation was more effective near the crack tip at
larger load. These decreases in strain were estimated to be approximately 10% based on simple
beam theory, which assumes that an initially plane cross section remains planar. As discussed in
the last subsection, this higher effectiveness of the rehabilitation was believed to be due to the
nonlinear relationship between the load and crack opening. Thus, under the same applied
moment, the CFRP strips were loaded more than expected by simple beam theory as the load
increased, indicating that the CFRP strips were acting more effectively and were able to reduce
the strain near the crack tip more than expected.

The 60% reduction in strain near the crack tip was surprisingly large. However, the crack
length, 4 in. from the bottom of the section, was far more severe than the case where the
rehabilitation would be applied in practice. As discussed above, the crack opening and the
effectiveness of the rehabilitation seem to relate to each other. Thus, the decrease in strain at the
crack tip would have been smaller if the crack length was shorter. Furthermore, it is uncertain
whether any reduction in strain can be achieved if the crack tip is in the tension flange.
Therefore, additional experimental tests on fatigued girders, having a crack that represents a
realistic crack to be rehabilitated, were conducted. Through the additional experimental tests, the
fatigue life of rehabilitated girders was investigated in addition to strain reduction. The results of

these experimental tests will be presented in the Section 4.3.

4.2.3 Strain Distribution in CFRP Strip

The tensile strain distribution in the CFRP strip in the cracked W27x94 girder is shown in
Figure 4.34, along with the results of Specimen 1-8 of the effective bond length tests. Because
the relationships between applied moment and strain in the strip are different in the two tests,
plots are made at three load levels at which strains at the center of the strip are close. For
example, the applied moments of the highest strain level in the figure are 1120 and 160 kip-in.
for the static test on the W27x94 girder and Specimen 1-8, respectively.
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The two results seem to have similar effective bond lengths, as can be seen in the figure,
although the strain near 5 in. is slightly higher in the static test on the W27x94 girder as
compared to that in Specimen 1-8. This difference probably resulted from the larger tensile
strain on the outer surface of the tension flange in the W27x94 girder. As can be seen in Figure
4.32, the strain at the inner surface of the tension flange in the cross section 10 in. from the
center, which was the opposite surface from the one where the end of the CFRP strip was
located, was 100 microstrain after the rehabilitation. On the other hand, the strain in the steel
plate at the end of the CFRP strip for Specimen 1-8 was approximately 36 microstrain. The
strain in Specimen 1-8 was calculated assuming that a composite section of girder, specifically a
W14x68 with the steel plate attached, is effective at the end of the strip, and using the equation, &
= M/(S:xE;) = 160/(155%29 000) = 36><10'6, where S, is the elastic section modulus of the
composite section. As discussed in Appendix A, the magnitude of the shear stress at the end of
the strip increases as tensile strain in the adherend (steel plate) increases. In addition, integrating
the shear stress along the length of the strip approximately gives the tensile load in the strip.
Thus, the larger shear stress at the end of the strip (10 in. in Figure 4.34) results in a larger tensile
load, i.e., tensile strain in the strip, near 5 in. in Figure 4.34. This observation explains the fact
that the tensile strain measured 5 in. along the strip in this test was slightly larger than that
measured in Specimen 1-8, considering the difference in the tensile strain in the adherends (the
steel plates). Note that the shear stress distributions in the adhesive layer near the center, i.e.,
around 2 to 3 in. in the figure, are likely to be similar in both results because the tensile strain in

the adherends (the CFRP strips) are close each other.

4.3 Cyclic Fatigue Loading Tests on Rehabilitated Girders

In this section, results of cyclic fatigue loading tests on rehabilitated girders with bonded
CFREP strips are presented. As pointed out in the last section, the main purpose of this test was to
determine whether the bonded CFRP strips affect, i.e., slow or stop, crack growth in the girder
having a crack length representative of field conditions. Crack growth in each specimen is
presented separately, then together to compare those results to identify the effects of the
rehabilitation. In addition, other factors to be considered for the application of bonded CFRP

strips are pointed out and discussed.
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4.3.1 Crack Growth

4.3.1.1 NR-3: No Bonded CFRP

Pictures of the test setup, specimen, and steel plates welded onto the bottom of the
tension flange to initiate a crack are shown in Figure 4.35 and Figure 4.36. In order to initiate
the crack, the girder was loaded with a nominal stress range of 10 ksi at 1.0 Hz. After 2,978,000
cycles, the cyclic loading was stopped because the crack length had become approximately 2 in.
The steel plates were then removed and 1 diameter holes were drilled at the crack tip as shown
in Figure 4.37. As can be seen in the figure, however, the holes did not include the crack tip due
to misalignment of the drill bit. The holes were located so that the perimeter of the holes
intersects the crack tip; i.e., the center of the hole was 2 from the crack tip. A sketch of the
locations of the holes and crack lengths is shown in Figure 4.38. In addition, the crack was
observed on the inner surface of the tension flange, north side, at this time, indicating the crack
had already propagated through the thickness of the tension flange (0.64”); a picture of the crack
on the inner surface is shown in Figure 4.39.

After the holes were drilled, cyclic loading with a stress range of 3 ksi superimposed on a
static dead load of 10 ksi was continued to grow the crack further. The frequency for cyclic
loading was increased to 2 Hz at this time. As cyclic loading continued, both crack tips grew
toward the edges of holes. Once the crack reached the edges of holes, the crack started growing
toward the inner surface of the tension flange; a picture of the crack tip on the south side
1,000,000 cycles after the holes were drilled is shown in the Figure 4.40. The crack tip was
located approximately 6/16” from the bottom of the tension flange.

Considering the fact that in the literature it has been indicated that cracks re-initiate from
the drilled holes in the field [52] and that the stress level measured in the negative moment
region of the steel girders in service was less than 3 ksi (approximately 1.5 ksi) [54], this
experimental result was not expected. In addition, the number of cycles causing approximately 3
ksi of nominal stress in the tension flange in the negative moment region was estimated to be
100,000 cycles for 10 years based on reports available in the University of Minnesota,
Department of Civil Engineering [53, 54]; this is far fewer than the number of cycles the

specimen was subjected to.
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A crack arresting method consisting of drilling holes has been reported by Fisher et al.
[2]; it was reported that if the radius of the hole satisfies Equation (31), the crack would not re-

initiate from the hole.

AK 4 o, @1

Jp
where, 4K is the range of the stress intensity factor at the crack tip, p is the radius of the hole,
and o; is yield strength of steel in ksi. The range of the stress intensity factor at the crack tip in
the specimen was calculated to be 3.4 by assuming the crack is an elliptical shape in the solid
steel [55] with the longer radius equal to 1” and the shorter radius equal to 0.5”, and a nominal
stress range of 3 ksi. Substituting this into Equation (31) together with the radius of the hole,

0.5”, and yield strength of the steel, 50 ksi, yields,

34 48<430 =283 (32)

Jos

Therefore, this analysis indicates that the crack will never re-initiate, supporting the result
of specimen NR-3. Because the crack did not re-initiate, cyclic loading on this specimen was
continued in order to investigate how fast the crack grows into the web because the crack length
was relatively short after 1 million cycles.

Approximately 2,442,000 cycles after the holes were drilled, both crack tips reached the
inner surface of the tension flange. The crack tip reached into the web just above the K-region
after 2,718,000 cycles. The crack growth vs. the number of cycles is plotted in Figure 4.41; the
crack growth in the vertical axis indicates the distance between the crack tip and the bottom of
the tension flange. The horizontal axis is the number of cycles since the rehabilitation by drilling
holes. As can be seen in the figure, the crack growth rates were not equal for the two crack tips;
the south crack grew faster than the north crack. What should be noted in the figure is that the
crack growth of the south crack became slower as the crack grew toward the inner surface of the
flange. One possible reason for this is that the north crack started to grow faster as the south
crack growth became slower, indicating that the stress concentration at the south crack tip was

reduced due to the north crack tip.
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4.3.1.2 R-3-1: Bonded CFRP with Shorter Crack Length at Rehabilitation

As it done for Specimen NR-3, two steel plates were welded under the bottom flange to
initiate a crack in the tension flange and the girder was loaded with a nominal stress range of 15
ksi at 1 Hz. The nominal stress range was increased as compared to Specimen NR-3 in order to
reduce the number of cycles to grow the crack. The crack became approximately 2” after
1,049,000 cycles; holes were then drilled at crack tips. A sketch showing the crack length and
locations of holes, and a picture of the specimen, are shown in Figure 4.42 and Figure 4.43,
respectively. As can be seen in the figures, one of holes missed the crack tip again, while the
other hole intersected the crack.

As indicated in Section 3.4, this specimen (R-3-1) was rehabilitated with bonded CFRP
strips to the inner surface of the tension flange in addition to the holes, as shown in Figure 4.44.
The dead load holding device was installed before the CFRP strips were bonded to keep the dead
(10 ksi nominal stress) in the girder in case hydraulics is turned off. The estimated loss of the
dead load was less than 0.5 ksi, as indicated in Section 3.3; a measured loss of dead load,
however, was approximately 2 ksi., i.e., stresses at the top and the bottom flange deceased 2 ksi
(from 10 to 8 ksi) after turning off the hydraulics. In order to avoid any compression stresses in
the CFRP strips during the experiment, it was decided that the CFRP strips should be bonded
with the hydraulics being turned off. This in turn increased the tensile strain in the CFRP strips
while the girder was under cyclic loading with a nominal stress range of 3 ksi, compared when
the CFRP strips were bonded while the hydraulics was on, keeping 10 ksi nominal stresses in the
girder. Because an increase in the tensile strain was estimated to be small, approximately 100
microstrain, and the peak tensile strain in the CFRP strips was estimated to be less than 20% of
the maximum strain observed during the effective bond length test, it was concluded that the
increase in the tensile strain should not greatly affect the fatigue life of the adhesive [25, 56].

After the application of the CFRP strips, the girder was loaded with a nominal stress
range of 3 ksi at 2 Hz; crack growth was then monitored during the experiment. A plot of the
crack length vs. the number of cycles is shown in Figure 4.45. Because the crack tip on the south
side was already at 0.1875” from the bottom of the tension flange when the holes were drilled,
the south crack starts from 0.1875” in the figure. On the other hand, the north crack did not grow

at all during the experiment; and the cyclic loading was terminated at 2 million cycles. During
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the cyclic loading, the south crack reached the inner surface of the tension flange, and had grown

to approximately 0.25 as shown in Figure 4.46.
4.3.1.3 R-3-2: Bonded CFRP with Longer Crack Length at Rehabilitation

A crack was initiated at the center of the girder by applying cyclic loading with a nominal
stress range of 15 ksi at 1Hz. For this specimen, cyclic loading was continued until the crack
length became more than 2” and propagated the through thickness of the tension flange. After
2,145,000 cycles, the crack tips were at 1.875” and 0.875” from the center of the tension flange;
holes were then drilled as shown in Figure 4.47 and Figure 4.48. During the experiment, it was
noticed that the flanges were not parallel to each other and that torsion was induced in the
specimen. This seemed to be a reason for the large difference of the crack lengths. At the time
the holes were drilled, the crack had already grown into the web and the crack tip was near the
edge of the K-region as shown in Figure 4.49. After holes were drilled, the crack at the south
side was observed along the hole with the crack tip at 0.3125” from the bottom of the tension
flange. It was thought that the crack was long enough and would not be missed during the field
inspections, indicating an extreme case for the rehabilitation.

CFRP strips were then bonded to the inner surface of the tension flange as was done for
Specimen R-3-1, and cyclic loading was continued with a nominal stress range of 3 ksi (from 10
to 13 ksi) at 2 Hz. After 176,000 cycles, both cracks had reached the top surface of the tension
flange as shown in Figure 4.50, and the crack continued growing into the web. After 1 million
cycles, the crack tip had grown 0.1875” from the edge of the K-region, about 1.5625” from the

bottom of the girder, and the experiment was terminated.
4.3.1.4 Comparison on Crack Growth

In this section, the crack growths of three specimens discussed above are compared.
Plots for the crack growth vs. the number of cycles of the south crack for each specimen are
drawn together in Figure 4.51. Because the crack lengths at the beginning of the experiments,
i.e., the height of crack tips measured from the bottom of the tension flange, were different in
each specimen, the plots were shifted horizontally toward the left so that the crack lengths for all
specimens were 0.3125” at 0 cycles in the plot as shown in Figure 4.52. Although this
comparison still ignores the effect of the location of the hole in each specimen, it seems that this

is the best way to compare the results. Distances from the center of the tension flange to the
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edge of the hole in each specimen (and the distances between the two holes) are 0.8750”
(2.4375”), 1.1250” (2.1875”) and 1.8750” (2.7500”) for Specimens NR-3, R-3-1, and R-3-2,
respectively.

As it can be seen in the figure, the crack growth was not arrested by the bonded CFRP,
and the crack growth becomes faster as the total distance between holes becomes larger. Thus,
the effect of the rehabilitation on the crack growth seems insignificant. However, one of the
cracks (north side) in Specimen R-3-1 did not grow at all during the experiment while both
cracks grew toward the holes in Specimen NR-3, indicating a possible benefit from bonding
CFRP strips. In addition, because of the longer crack length in Specimen R-3-2, the crack
lengths observed on the top and bottom surfaces of the tension flange were approximately the
same as the crack on the top surface, as can be seen in Figure 4.48 and Figure 4.49. Thus it was
reasonable that the crack in Specimen R-3-2 propagated through the thickness of the flange faster
than the other specimens in which the lengths of the cracks were short or no crack on the top
surface of the tension flange was observed. Therefore, it can be concluded that the crack growth
will be reduced if the girder is rehabilitated before the crack reaches the top surface of the
tension flange. To further verify this conclusion, additional specimens need to be tested to repeat
the experiments.

It should be noted that the motivation of this project was to slow or arrest cracks
reinitiating from the holes drilled in the tension flanges which have been reported on several
bridges although the crack did not reinitiate from the holes in any of specimens reported above.
This suggests increasing the stress range or modifying the specimen, i.e., cracks could be

intentionally initiated from the holes, to simulate the field condition for further investigations.
4.3.1.5 R-3-3: Bonded CFRP without Stop-Holes

Because the results of the three specimens rehabilitated with holes and bonded CFRP
strips indicated that holes alone were possible to stop the crack growth, an additional experiment
on a specimen that was rehabilitated only with bonded CFRP strips was conducted. As was done
for other specimens, two steel plates were welded under the bottom flange to initiate a crack in
the tension flange and the girder was loaded with a nominal stress range of 15 ksi at 1 Hz. Once
the crack became approximately 2.9”’long, the stress range was increased to 6.5 ksi to record the
crack growth without rehabilitation. The stress range was increased compared to the other

specimens to increase the crack growth rate. After approximately 2.4 million cycles, the crack
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became 3.7 long and the specimen was rehabilitated with bonded CFRP strips. While the CFRP
strips were bonded to the inner surface of the tension flange, dead load was introduced in the
girder as was done for Specimens R-3-1 and R-3-2.

After the application of the CFRP strips, the girder was loaded with a nominal stress
range of 6.5 ksi, and crack growth was recorded to compare with that before rehabilitation. A
plot of the crack length vs. the number of cycles is shown in Figure 4. 53; in the figure the
number of cycles after the stress range was increased to 6.5 ksi is indicated. As can be seen in
the figure, it seems that the crack was about to grow exponentially at the time of rehabilitation.
After rehabilitation, the crack length did not increase for approximately three-hundred thousand
cycles; then the crack started growing exponentially. To illustrate the effect of the rehabilitation,
a plot of the crack length data shifted to the left by 300,000 cycles is superimposed on the
recorded data (solid diamonds are shifted data, crosses are recorded data). Because it appears the
crack growth without rehabilitation was faster than that with rehabilitation, it seems that the

bonded CFRP strips were able to slightly reduce the crack growth.

4.3.2 Other Considerations on Application of Bonded CFRP Strips

4.3.2.1 Influence of Crack on Strain Distributions in Girder

In order to see any changes corresponding to the loss of cross section due to crack
growth, strains in two sections of the W27x84, Specimen NR-3, are plotted in Figure 4.54 and
Figure 4.55; Figure 4.54 is at the center of the girder and Figure 4.55 is 20 in. from the center.
The vertical and horizontal axes indicate the location of strain gauges measured from the bottom
of the section and strain in microstrain, respectively. The plots are showing the strain due to the
load corresponding to 10 ksi nominal stress in the uncracked section. As can be seen in the
figures, there was no change in the strain at all locations measured due to the small crack size in
the girder. This result indicates that there is no need for checking the stress increase in the

section except near the crack tip if the crack length is approximately 2” in width and 17 in height.
4.3.2.2 Influence of Crack on Strain Distributions in CFRP Strip

As indicated in Section 3.4, strain gauges were instrumented on a half-length of the
CFREP strip to see if any changes were caused by the crack growth. Tensile strain distributions

due to the load corresponding to 3 ksi nominal stress (i.e., data were measured during a loading
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from 10 ksi to 13 ksi nominal stress, taking offsets at 10 ksi nominal stress) in the uncracked
section are shown in Figure 4.56 and Figure 4.57. Figure 4.56 is the strain distribution at the
beginning of the cyclic loading, i.e., just after bonding the CFRP strips, while data in Figure 4.57
were taken after 2 million cycles. The vertical and horizontal axes indicate tensile strain and
locations measured from the center of the CFRP strips, respectively. It should be noted that,
because there were 4” unbonded regions in the CFRP strips, 0 to 2” in the figures were not
bonded. Each figure has two strain distributions measured on two CFRP strips, i.e., each side of
the web.

Based on the crack growth during the cyclic loading in this specimen (see the last section
for the crack growth), no significant change in the strain distribution was expected. The shape of
the distribution, however, is slightly different near the end (from 6 in. to 10 in.) between the two
plots; the strains at the center of the CFRP strips were close. There was no clear reason for this
difference. In addition to the strain distribution in the CFRP strips, the strains at the center of
CFRP strips were plotted against the number of cycles after bonding the CFRP strips for
Specimen R-3-1 as shown in Figure 4.58. There was no significant change in the strain that
makes it possible to conclude an effect of the crack growth in the strain. On the other hand, the
same plot was made for Specimen R-3-2 and is shown in Figure 4.59, indicating a slight increase
in strain after 1 million cycles when the crack tip was about 1.5625” from the bottom of the
girder. Therefore, it seems that, under the loading corresponding to 3 ksi nominal stress range
and with the crack length considered in this specimen, there will be no effect of the cyclic
loading on the strain in the CFRP strip until the crack will grow further into the web.

To see if measured strains at the center of the CFRP strips can be estimated by
calculation, the composite sections consisting of a cracked steel section and the CFRP strips
were analyzed; idealized sections were shown in Figure 4.60. Assuming plane sections remain
plane, strains at the top surface of the tension flange under a load corresponding to 3 ksi nominal
stress were obtained as 120 and 140 microstrain for Specimens R-3-1 and R-3-2, respectively;
these compared well with the measured strains. This indicates stresses can be estimated by
calculating the moment of inertia for composite sections, and also the reduction of the stress can
be estimated. Therefore, it seems possible to estimate the reduction of stress intensity based on
the stress reduction if the crack length is relatively small compared to the width of the tension

flange.
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4.3.2.3 Propagation of Debond

During the cyclic loading tests after the CFRP strips were bonded in Specimens R-3-1
and R-3-2, no debonding was observed. As indicated in Appendices B and C, cyclic loading
tests on the Sikadur 330 adhesive and the Carbodur CFRP strips resulted in debonding failures.
The main reason for the differences on the cyclic tests in the Appendices and ones on W27x84
girders was the maximum load in the CFRP strips during the cyclic loading compared to the
maximum static strength, i.e., the maximum load in the CFRP strip measured during the effective
bond length tests. It has been reported that if the cyclic loading applied on bonded joints is less
than 20~30% of the strength based on static tests, there would be no fatigue failure in the joints,
including debonding failure [25, 56]. The maximum strain observed during the effective bond
length tests were approximately 12 000 and 5000 microstrain for a combination of Tyfo UC strip
and DP-460 NS adhesive, and Carbodur strip and Sikadur 330 adhesive, respectively. Thus, the
maximum strain during the cyclic loading was less than 2%, e.g., 170/12 000 = 0.014 for
specimen R-3-1. It should be noted that the maximum strain in the CFRP strip measured in
specimen R-3-1 includes the strain due to the loss of dead load as discussed in section 3.4. On
the other hand, the maximum strain during the cyclic loading was approximately 70%, e.g.,
3500/5000 = 0.70, for specimen C-H in Appendix B. Therefore, the materials proposed in this
report, Tyfo UC strip and DP-460NS adhesive, will not have debonding problems under the load

corresponding to 3 ksi nominal stress range in the uncracked section.
4.3.2.4 Estimation of Crack Growth

As indicated in Section 4.3.2.2, it seems that the strain (stress) in the section can be
calculated using the moment of inertia of the composite section consisting of the steel girder and
one layer of strip; it is then possible to estimate the reduction of the stress intensity factor. A
nominal stress in the tension flange is usually used for the calculation of stress intensity factor;
the reduction of the stress intensity factor is the same as the stress reduction because stress and
stress intensity factor are linearly related. By considering the well known equation, o= M/S;
(where ois stress, M is applied moment, and S; is elastic section modulus), the reduction of the
stress intensity factor can be calculated as follows:

AK = S, steel ’ (33)

S

X _ composite
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where, 4K is the reduction of the stress intensity factor (the range of the stress intensity factor for
the original girder divided by that for the rehabilitated girder), ASy composice 15 the elastic section
modulus for the composite section consisting of an original, uncracked steel section and one
layer of strip bonded each side of tension flange, and AS\ .., is the elastic section modulus for

the original, uncracked steel section. Because the crack growth is known to be linearly related to

the third power of the stress intensity factor, j—; =3.6x107" x K’ (where, K is the stress

intensity factor in ksiVin, and da/dN is the crack growth rate in inches per cycle), an increase in
the number of cycles for the crack to grow a certain length, i.e., the remaining fatigue life, can be

estimated as follows:
1 3
AN = (_j (34)

where AN is the percentage increase in the fatigue life (i.e., the fatigue life in cycles of the
rehabilitated girder divided by the fatigue life of the original girder). In the case for the girder
discussed in this report, a W27x84, and one layer of CFRP strip, 4K is 0.97 and AN is 1.1; the
increase in the fatigue life is not significant as observed through the cyclic loading tests.

It should be noted that the estimation of crack growth discussed above is applicable with
one layer of strips bonded on the tension flange. If more than one layer of strips is bonded, the
elastic section modulus for the composite section may be overestimated because the outer layer
of strips would not be stressed as expected based on the linear distribution of strain through the

Cross section.
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5 Conclusion

In order to investigate the possibility of a rehabilitation method with bonded CFRP strips,
experimental tests and computational studies have been conducted. Because little research has
been conducted on the use of CFRP strips for rehabilitation of steel members, it was required to
design a new test setup and specimen to determine the effective bond length of a CFRP strip
bonded onto a steel flange. Once the effective bond length was determined, fatigued steel
girders were rehabilitated with bonded CFRP strips in order to investigate the effect of the
rehabilitation method on crack growth. In this chapter, major findings from this research will be

presented. A recommended rehabilitation procedure is proposed in Appendix B.

5.1 Effective Bond Length Tests

The purpose of the effective bond length tests was to determine the shortest bond length
that engages the largest possible strength of the CFRP strip. In order to design the test setup and
specimen, a series of finite element analyses were conducted on both a prototype girder and
possible specimens; then, the shear stress distributions for all models were compared. This
ensured that the experimental results would be applicable to the geometry found in the field
applications. Experimental tests on several types of strips and adhesives revealed the effective
bond length for selected combinations of CFRP strip and adhesive. In addition, a simple
analytical solution was derived to estimate the effective bond length using the given ultimate
shear strain of the adhesive.

The major findings from the effective bond length tests are

= Due to the significant influence of the shape and geometry of the test specimen on the
shear stress distribution in the adhesive layer, a new specimen was designed for the
effective bond length tests to ensure that the results from the experiments were
applicable to CFRP strips bonded to steel flanges.

= The ductility of the adhesive is the most significant factor to determine the failure and
strength of the bonded joint/strip combination.

= Because the ductility of the adhesive governed the effective bond length, it was not

possible to fully utilize the strength of the CFRP strips.

55



= The failure mode of a one-layer specimen bonded with a ductile adhesive with a bond
length equal to or greater than the effective bond length was a combination of
debonding and ruptures of the fibers.

* For the combination of the Fyfe Tyfo UC CFRP strip and the 3M DP-460NS adhesive,
the effective bond lengths were 8 in. and 16 in. for one-layer and two-layer applications,
respectively.

* The minimum total strip lengths are recommended as 20 in. and 36 in. for one-layer and
two-layer applications, respectively. When accesses allows, these lengths should be
increased by 20% to be conservative.

* Additional specimens with more than two layers of strips need to be tested in order to
confirm the effectiveness of increasing layer on the increase in the total load in CFRP
strips.

= Finite element analysis was able to reproduce the experimentally observed tensile strain
distribution in CFRP strip, and thus the shear stress distribution in the adhesive layer.

* An experimental simulation of the vibration from traffic on the bridge during adhesive
curing resulted in no loss of bond strength, indicating that the bridge need not be closed
to traffic when applying the retrofit.

= A proposed simple analytical solution can be used as a design equation for the effective

bond length once the ultimate shear strain of the adhesive is obtained.

5.2 Static and Cyclic Loading Tests on Large-Scale Girders

Static and cyclic fatigue loading tests were conducted on large-scale girders to determine
the effectiveness of the rehabilitation scheme on girder with an extremely large crack (into the
web plate) and three girders with small cracks (2 in. in length on the outer surface of the tension
flange) were tested.

Major findings are

* In the girder with the relatively large crack, i.e., the crack tip was in the web plate and
the tension flange was completely severed, bonded CFRP strips reduced the measured
strain near the crack tip approximately 60%, which was more than expected based on

an assumed linear strain distribution through cross section.
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= Drilling holes seems sufficient to arrest small cracks under a 3 ksi nominal stress range
in the girders tested cyclically, i.e., it will be necessary to increase the stress range in
future research to reinitiate crack from the holes.

* Given the dimensions and material properties of the CFRP strips tested in this project,
the effect of bonded CFRP strips on crack growth appears to be small and is difficult to
determine under a 3 ksi nominal stress range when the crack was small in the tension
flange.

= Fyfe Tyfo UC CFRP strips and 3M DP-460NS adhesive, bonded CFRP strips showed
no signs of debond after more than 2 million cycles under 3 ksi nominal stress range,

indicating sufficient fatigue life for field applications.

5.3 Concluding Remarks and Recommended Future Work

Due to the cyclic loading caused by traffic on bridges, cracks initiate from weld toes at
cover plate ends that were terminated in the negative moment region. These cracks have
attracted the attention of engineers because of the possibility of catastrophic failure of the
bridges, and several rehabilitation methods for these cracks have been proposed in the literature.
In this report, a new rehabilitation scheme using CFRP strips has been investigated. The CFRP
strip is bonded to the inner surface of the tension flange over the crack to make an alternate path
for the stress in the tension flange. Because the strips are lightweight and their application does
not require access to the outer surface of the tension flange, on which concrete slabs usually
exist, it is possible to reduce the total costs for rehabilitation work. In addition, several cases in
which cracks have reinitiated from holes drilled to arrest the cracks have been reported;
motivating this study.

Through the effective bond length tests, a new test specimen and test setup were
designed and the minimum bond length which engages the largest strain in the CFRP strip was
determined for several different combinations of strip and adhesive. An analytical equation for
predicting the effective bond length was also presented for possible use as a design equation.
Cyclic and static tests on large scale girders have indicated some possibility for the reduction of
the crack growth with the proposed rehabilitation method although in this research it was
difficult to clearly identify the benefit from the bonded CFRP strips on girders with small cracks

cycled under a 3 ksi nominal stress range. Therefore, there are several recommendations for
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future studies on the use of bonded CFRP strips for rehabilitation of the fatigued girders as

follows:

Additional specimens with multiple layers need to be tested for effective bond length
tests in order to confirm the linear increase in the maximum moment.

Because new adhesive and CFRP strips are still being developed, it is necessary to
search for new adhesives and CFRP strips that can increase the bond strength measured
in the effective bond length tests.

Because cracks did not reinitiate from drilled holes, it might be necessary to further
investigate causes for reinitiation, or to increase the stress range for future cyclic tests.
It will be necessary to conduct effective bond length tests and cyclic loading tests under
(or after) exposure to the severe environment, including high humidity and temperature
cycling. A project which is currently being conducted by another researcher at the
University of Minnesota [57] deals with this issue using the same adhesive, 3M DP-
460NS, tested in this project.

Pretensioning CFRP strips will introduce compression stresses in the flange. If a crack
exists in the tension flange, introducing compression stress at the crack tip will reduce
the crack growth [58]. In addition, if pretensioned CFRP strips are bonded to the
tension flange before the crack initiates, the compression stresses due to pretension can
reduce the tensile stress range due to live loads to be under the threshold, and the crack

will not grow into the tension flange although the crack may initiate at the weld tow.
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Tables

Table 3.1 Tensile Test Results for Sikadur 330 Adhesive

1 2 3 4 5 Average
Elastic Modulus (ksi) 679 - 639 - 686 668
Tensile Strength (ksi) 6.2 5.8 6.3 - 5.8 6.0
Elongation at Rupture (%) 0.95 0.88 1.01 - 0.87 0.93
Table 3.2 Tensile Test Results for DP-460NS Adhesive
1 2 3 4 5 Average
Elastic Modulus (ksi) - 347 381 368 361 360
Tensile Strength (ksi) - 5.1 5.1 5.0 5.1 5.1
Elongation at Rupture (%) - 2.27 1.73 - 2.35 2.12
Table 3.3 Tensile Test Results for Carbodur CFRP Strip
1 2 3 4 5 Average
Elastic Modulus (ksi) 23100 | 22700 | 21800 | 22700 | 23100 | 22680
Tensile Strength (ksi) 411 350 372 401 373 381
Elongation at Rupture (%) - - 1.78 1.75 1.69 1.74

Table 3.4 Tensile Test Results for Tyfo UC CFRP Strip

1 2 3 Average

Elastic Modulus (ksi) 17000 | 15800 | 16700 | 16500
Tensile Strength (ksi) 306 283 293 294
Elongation at Rupture (%) 1.80 1.79 1.75 1.78

[T3K13

in tables indicates error during data recording
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Table 3.5 Specimen Matrix for Effective Bond Length Test

Bond

Bond

Specimen CFRP Adhesive Config. Length | Thickness Type Note
1-1 1 15 in. 0.06 in. A
1-2 2 15 in. 0.06 in. A
1-3 4 15 in. 0.06 in. B
1-4 26 in. 0.06 in. B
1-5 Sikadur 330 3 15 in. 0.06 in. A 2 specimens
1-6 15 in. 0.05 in. B
1-7 CarboDur A 3 specimens
5 . 0.05 in.
1-8 8 in. B 3 specimens
1-9 0.02 in. B
1-10 Sikadur 30 4 15 in. 0.06 in. B
3 specimens
1-11 DP-460NS 5 8 in. 0.02 in. B (two are
heat cured)
1-12 Epoxy Plus 25 5 8 in. 0.02 in. A
1-13 8 in. 0.02 in. B
1-14 DP-460NS 5 16 in. 0.02 in. A
Tyfo UC :
1-15 gin. | 002in. | A | Disturbed
cure
1-16 Fyfe TC 5 8 in. 0.05 in. B
2-1 4 15 in. 0.06 in. B
CarboDur Sikadur 330 Retested with
2-2 3 15 in. 0.06 in. A pretensioned
bolts
2-3 Tyfo UC DP-460NS 5 16 in. 0.02 in. A
3-1 CarboDur Sikadur 330 3 15 in. 0.06 in. A




Table 3.6 Specimen Matrix for Cyclic Fatigue Loading Tests

. Bond Minimum Stress | Minimum Maximum Load ATnlq_le ?_f Relﬁbltlﬁtﬁlon
Specimen Le.ngth Stress (ksi) Range Lgad Load (kips) Ra.nge ppiication ctho
(in.) (ksi) (kips) (kips)
NR-3 - 10.0 3.0 17.8 232 54/ cL2 HD’
R-3-1 8 10.0 3.0 17.8 23.2 54| CL2 HD&CFRP*
R-3-2 8 10.0 3.0 17.8 23.2 5.4| TFT’ HD & CFRP
R-3-3 8 10.0 6.5 17.8 30.5 11.7) CL2.9 CFPR

" CLX: crack length of X inches on the bottom of the bottom flange
* TFT: cracked through the flange thickness
* HD: Hole drilling
* CFRP: Application of CFRP Strip

67




Table 4.1 Summary of Effective Bond Length Test

Specimen CFRP Adhesive Config. L}zﬁlglgh (l\lflgr;}i?t) fa?ltlr;;n( E;) l;\j[iéléree
1-1 1 15 in. 320 4,000 D
1-2 2 15 in. 320 3,000 D
1-3 A 15 in. 360 4,000 D
1-4 26 in. 360 4,000 D
1-5a ; 15in, 500 5,000 D
1-5b 520 6,000 D
1-6 Sikadur 330 15 in. 440 5,800 D,F
1-7a 660 8,800 D,F
1-7b 680 8,900 D,F
1-7¢c CarboDur 400 5,000 D,F
1-8a : 8 in. 700 10,000 D,F
1-8b 640 7,700 D,F
1-8¢ 500 6,300 D,F
1-9 360 4,800 D
1-10 Sikadur 30 4 15 in. 320 2,500 D
1-11a 670 9,700 D,F
1-11b DP-460NS 5 8 in. 660 9,500* D,F
1-11c 740 8,800* D,F
1-12 Epoxy Plus 25 5 8 in. 640 9,300 D
1-13 8 in. 880 13,000+ N.A.
1-14 Tyfo UC DP-460NS 5 16 in. 960 12,000 D,F
1-15 8 in. 1000 14,000 D,F
1-16 Fyfe TC 5 8 in. 840 12,000+ N.A.
2-1 4 15 in. 720 3,500 D
2. CarboDur Sikadur 330 ) 920 4,500+ N.A.
(retested) ’ o 1080 5,500 D
2-3 Tyfo UC DP-460NS 5 16 in. 1650 10,000 D
3-1 CarboDur Sikadur 330 3 15 in. 1160 4,000 D

N.A.: Not Applicable; *: Heat Cured; +: Test was terminated prior to failure

D: Debonding failure; F: Rupture of several fibers
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Figure 3.5 Detail of Bolted Connection between Base Girder and Specimen
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Figure 3.6 Configurations of Specimen around Slit



‘<730 0%4730_044
< A < B <A
. l
! [
< | W14x68 <> | 2
! |
<A «B <A
Unit: inch
Scale: 1/20

2.75 ,2.75 275 2.75
o A
= m— — L,QL
05
14
2.75||2.75
A-A B-B Unit: inch
Scale: 1/10

Figure 3.7 Strain Gauge Instrumentation of Base Girder

76



14 29.25 >

D DO DD DO DD DO O DD OO DD O

|

CFRP strip

v
e n2@z=2a ]2

-— D

- 26 >
-é>--é--é--é--é--é>--é--é--o--é--é--é--é--é--é--é--é-‘-é--é-
a) Gauge Scheme for Specimen 1-4
- 29.25 >
1
-« - » 3 @ 2“ = 6"

O 10 0-60-6-0-0-6-60-0-0-60-6-006 60 6 6 0

© T CFRPstip |

CFRP strip

0900000000000 00 0 0 0

b) Gauge Scheme for Specimen 1-8

1
-« 7 @2“:14"4>
2
CFRP strip f
OO0 0O 000 O O O -0 Unit: inch
Scale: 1/8
- 20—

¢) Gauge Scheme for Specimen 1-14 and 2-3

Figure 3.8 Strain Gauge Instrumentation of CFRP Strips

77



Actuators

W27x94

crack at center

[

+-—40—P»ra+— 80—

40— »

Unit: inch
Scale: 1/32

Figure 3.9 Sketch of Test setup for W27x94 Girder

Figure 3.10 Test Setup for Static Test on W27x94
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Figure 3.16 LVDTs for Deflection Measurement
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Figure 4.2 Post Failure Photograph - Specimen 1-5
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Figure 4.3 Post Failure Photograph - Specimen 1-8

Figure 4.4 Post Failure Photograph — Specimen 1-14
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Figure 4.17 Tensile Strain Distribution in Specimen 1-4
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Figure 4.36 Welded Steel Plates for Initiating Crack
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Figure 4.37 Specimen with Crack and Holes (NR-3)
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Figure 4.39 Crack Reached Inner Surface of Tension Flange
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Figure 4.40 Crack Tip Growing through Thickness of Flange (NR-3)
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Figure 4.43 Specimen with Crack and Holes (R-3-1)

Figure 4.44 Rehabilitated Specimen with Bonded CFRP Strip
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Figure 4.46 South Crack Reached Inner Surface of Tension Flange
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Figure 4.48 Specimen with Crack and Holes (R-3-2)

109



Crack Length-through thickness (in.)

Figure 4.49 Crack Tip in Web (R-3-2)

0.7

* ¢ South Crack
X North Crack

0.6

05 =

0.4

T®

0.3

02 r

0.1

OO | | | | | | | | |

0.00 0.25 050 0.75 1.00 1.25 150 175 2.00 225 250
Millions

Cycles after Holes were Drilled

Figure 4.50 Crack Growth vs. Number of Cycles (R-3-2)

110



Crack Length-through thickness (in.)

Crack Length-through thickness (in.)

0.7

0.6 -
; __F

0.5 4 o

! -

I L~ -
0.4 -// a7

/’ﬂ//

0.3 A _ A y
: e /

Vel J — = — No CFRP
02 1 /i — - — CFRP, short crack
0.1 v s — -4 — CFRP, long crack

)/

0.0 ! ' ' ' . ' ! !

0.00 0.25 0.50 0.75 1.00 1.25 1.50

Cycles after Holes were Drilled

Figure 4.51 Comparison of Crack Growth vs. Number of Cycles

1.75 2.00 2.25 2.50
Millions

0.7
06 1 "
' —
? _ -~
05 [ £ -
/l ,'/ —”‘
0.4 ‘// e JER -
-~
0.3
0.2 — -2 —No CFRP
— —-— CFRP, short crack
0.1 — - — CFRP, long crack
00 | | | | | | | |

0.00 0.25 0.50 0.75

1.00
Cycles after Holes were Drilled

1.25

.75 2.00 225 250
Millions

1.50

Figure 4.52 Comparison of Crack Growth vs. Number of Cycles - Modified

111



Crack length (in.)

: |
A/: Time of rehabilitation
, -+
; RS
, S
] _ ..0_;"11:_H={Hj_'_
WWHWM "
HeEHHHH, .
0 0.5 1.5 2 2.5 3 3.5 4
Cycles Millions

Figure 4. 53 Crack Growth vs. Number of Cycles (R-3-3)

112



—*— uncracked

—e—crack length 2"
\ 1291 ——crack length 2" (w/ holes)
end of test (through thickness)

[y
Unh

\3\
1 1 1 ON 1 1 1
U

-400 -300 -200 -100 3 k 100 200 300 400

Figure 4.54 Strain Distribution in Section at Center (NR-3)

15 —x—uncracked
>K‘~\ —e— crack length 2"
2 —+—crack length 2" (w/ holes)
9 - end of'test (through thickness)
NC ¢
3 -
-4p0 -300 -200 -100 . 100 200 300 400
” N
-6
=9
-12 A

Figure 4.55 Strain Distribution in Section 20 in. from Center (NR-3)

113



120 —&— CFRP-R

110 & —e— CFRP-L
100 ==

oo | N

80 —
70 b L
60
50
40
30 |+
20

microstrain

0 | | | |

0 2 4 6 8 10
Gauge Location (in.)

Figure 4.56 Strain Distribution in CFRP Strips (R-3-1) — 0 Cycles

120 —— CFRP-R
110 —&— CFRP-L

90 ~—
80 \\
70 \ ~
60 ~
50

40
30
20
10

O | | | |

0 2 4 6 8 10
Gauge Location (in.)

microstrain

Figure 4.57 Strain Distribution in CFRP Strips (R-3-1) — After 2 Million Cycles

114



microstrain

microstrain

140

120

He

100

e
»

80

60

40 r

& CFRP-R
20 = CFRP-L | |
O 1 1 1 1 1 1 1 1 1

0.00 025 050 075 100 1.25 150 1.75 2.00 225 2.50
Millions

Cycles

Figure 4.58 Change in Tensile Strain at Center of CFRP Strip (R-3-1)

160
140 } »
120 *
100
80
60
40 ¢ CFRP-R| |
20 = CFRP-L| |
0 . . . ,

0.0 0.2 0.4 0.6 0.8 1.0
Millions

Cycles

Figure 4.59 Change in Tensile Strain at Center of CFRP Strip (R-3-2)

115



CFRP (4"x0.075")

Figure 4.60 Idealized Composite Sections

116



Appendix A

Design of Specimen and Test Setup for Effective Bond Tests



Appendix A Design of Specimen and Test Setup for Effective Bond
Length Tests

In order to investigate the strength of the bond between the steel and the CFRP, an
appropriate test setup for this purpose needed to be developed. This appendix will present the
design of the test setup and the specimen. Because the failure of the adhesive depends on the
stress state in the adhesive, it was necessary to understand the stress distribution in the adhesive
used for the rehabilitation of fatigued girders before designing the specimen for the experimental
tests. In the first section, a prototype girder is analyzed using the finite element method in order
to investigate the stress distributions in the adhesive layer used to bond CFRP strips on the
tension flange. Then, the second section examines possible specimen configurations so that the

specimen can reproduce the stress distributions that are close to that in the prototype girder.

A.1 Stress Analysis of the Prototype Girder

A.1.1 Prototype Girder

To investigate stresses acting on a rehabilitated fatigued steel girder, a prototype girder
was selected and analyzed. By analyzing the stresses in the steel flange and the adhesive layer, it
would be possible to design a test specimen that is able to reproduce similar stress distributions
with those in the prototype girder. As shown in Figure A-1, the prototype girder was a W36x150
(d=35.851n, t,,=0.625 in., by=11.975 in., and ¢, = 0.94 in. where, d, t,,, b;, and trare the depth
and thickness of the web, width of the flange, and thickness of the flange, respectively). The
prototype girder represented a part of a two-span, composite continuous girder around an
intermediate pier; the length of the girder (L =480 in.) was taken as the length between two
inflection points under a uniform load. This length was longer than the length of the cover plate
(assumed as 240 in.); i.e., the location of the crack was within its span. For simplicity, however,
a concentrated load was considered at the point of the pier instead of a uniform load, and the
cover plate was ignored throughout the analyses. The effect of the cover plate at this location
was insignificant due to the shear lag. Thus, it was reasonable to assume no cover plates in the
prototype girder. The prototype girder had a crack in the tension flange at a distance of 120 in.

from the intermediate pier. At the crack location, two CFRP strips, with a width of 4 in. and a
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length of 10 in., were bonded onto the inner surface of the tension flange in symmetry with the

web.

A.1.2 3D Model for the Prototype Girder

The stress distributions in the adhesive were analyzed using ABAQUS, a commercial
finite element analysis program. Due to the complexity of the stress distributions around the
crack, the prototype girder with a crack through the tension flange was modeled in three-
dimensions as illustrated in Figure A-2. The figure for the computational model is shown upside
down with respect to Figure A-1. Figure A-3 shows a magnified view of a part of the tension
flange around the crack with the bonded CFRP strip. In this analysis, a quarter of the prototype
girder was modeled due to the symmetry, and the concentrated load was applied to the point of
the pier, i.e., the left edge of the model. The boundary condition representing the simple support
was introduced at the right bottom edge of the model, and the boundary conditions for symmetry
were introduced at the left end and the web (the back surface in the figure). Isoparametric 8-
node brick elements were used for all elements; the adhesive layer, 0.06 in. thick, was divided
into three layers of elements, while the CFRP layer, 0.054 in. thick, was divided into two layers.
Because of the stress concentrations at the edges of the adhesive, the elements in the regions of
the high stress concentration were refined to be small compared to the other elements. The
number of elements was 240,704 and the element size was on the order of a hundredth of inch in
the area of high refinement. The analyses were both materially and geometrically nonlinear; an
elastic-perfectly plastic relationship was implemented for the stress-strain curve for the steel and
adhesive. Material properties used in the analysis were: Es = 29,000 ksi, £, = 23,900 ksi, and £,
= 650 ksi (where, E, E., E, are Young's modulus for the steel, CFRP strip, and adhesive,
respectively), and v, = 0.3, v, = 0.3, v, = 0.4 (where, v;, V., and v, are Poisson's ratios for steel,
CFREP strip, and adhesive, respectively). The yield strength of steel and adhesive, and the
ultimate strength of CFRP strip were 50 ksi, 6 ksi, and 406 ksi, respectively. It should be noted
that because Poisson's ratios of the CFRP strip and adhesive used in this research were not
specified by the manufacturer, these values were estimated based on values that had been used in
the analyses by other researchers. An 80 kip concentrated load was applied at the center of the
prototype girder; this caused approximately 10 ksi nominal stress at the bottom and top flanges.

In the analysis model, the load was distributed to 3 nodes through the web thickness with the

A-2



ratio of 1:2:1 by considering the area around each node; thus, 10 kips per each node in the

quarter size model was specified.

A.1.3 Results from 3D analysis

Before analyzing the 3D model with the bonded CFRP strip, the bare steel girder with a
crack through the flange was analyzed. The peeling stress, o and the shear stress, z,
distribution near the crack are shown in Figure A-4 and Figure A-5. In addition, Figure A-6
shows a plot of the shear and peeling stresses along the web-flange intersection. The location in
the x direction was measured from the location of the crack, increasing toward the support. It
can be seen from the plot that the shear stress decays slowly while the peeling stress is
concentrated at the location of the crack and decades rapidly. Similar figures were obtained for
the prototype girder with the crack and the bonded CFRP strip as shown in Figure A-7 through
Figure A-9. As can be seen from these figures, the shear stress was reduced because of the
bonded CFRP strip. The peeling stress far from the crack increased in compression while the
peeling stress increased in tension near the crack. This stress distribution indicates the bending
effect on the flange caused by the change of the neutral axis from the tension flange to the CFRP
strip. The moment in the tension flange makes the tension flange bend so that the tension flange
at the crack is separated from the web; however, the web prevents the flange from bending,
causing the peeling stress in tension near the crack and in compression slightly away from the
crack at the intersection between the flange and the web.

To design a specimen model, it was necessary to compare the results between the
prototype and possible specimen models. For this purpose, the shear stress and the peeling stress
distributions were chosen because these stresses were thought to be critical for the failure of the
adhesive. Figure A-10 shows the shear stress distribution in the adhesive layer; data are taken
from elements that were nearest to the CFRP strip. The peeling stress distribution is shown in
Figure A-11. It should be noted that these plots are corresponding to 30%, i.e., about 3 kips at
each node, of the total load that is a 80 kip for the prototype girder (10 kips per node). At 10
kips per node, a part of the adhesive layer had already yielded. However, for comparison with
the specimen model, the stress distribution before the yielding of the adhesive was selected due
to the unknown behavior of the adhesive after yielding at this time. The vertical axis indicates

the magnitude of the stresses in ksi; the x-axis indicates a distance from the location of the crack,
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increasing toward the support. The y-axis is a distance from the center of the adhesive layer
along the width direction. As expected, both stresses are at their maximums at the crack, and
decrease toward the center between the crack and the end of the CFRP strip; then, both stresses
again slightly increase at the ends of the adhesive. Both the shear and the peeling stresses

slightly increased toward the both side edges of strip, indicating that the edge effect.

A.2 Stress Analysis on Specimen Models

A.2.1 Modification of the Single-Lap Type Specimen

In the last section, it was discovered that the web plate prevents the fatigued tension
flange with the bonded CFRP strips from bending. However, this restraint on deformation of the
adherends cannot be simulated by the single-lap specimen. Therefore, the single-lap specimen
needed to be modified in order to reduce the deformation of the specimen; and three ways of the
modification were considered as illustrated in Figure A-12. In the first model (model 1), the
thickness of the steel plate was increased at the end where the load was applied in order to align
the applied load, P, with the center of the CFRP strip. In the second (model 2) and the third
(model 3) models, additional restraints were applied to prevent the large rotation of the
specimen,; i.e., the vertical displacement was fixed along the bottom surface of the steel plate in
the second model and at the lower right corner for the third model. The same magnitude of a
tensile load, P = 5 kips, was applied to all three models. Each steel plate was 9 in. in length and
0.5 in. in thickness. The overlap length was 5 in., which was the same as in the prototype girder.
The thicknesses of the adhesive layer and the CFRP strip were 0.06 in. and 0.054 in.,
respectively. The number of elements through the thickness is three for both the adhesive and
the CFRP strip, and 156 elements in length (5 in.). The width of the analytical model was 1 in.
for all materials, and plane-strain condition was assumed. Material properties used in the
analysis were the same as those indicated in the analysis of the prototype girder; four-node
isoparametric elements were used for all elements in this analysis. Analyses were geometrically
nonlinear and materially nonlinear; an elastic-perfectly plastic stress-strain curve was used for
the adhesive.

The shear and peeling stress distributions in the adhesive for these three models are

shown in Figure A-13 and Figure A-14, respectively. Both figures also show the stress
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distributions in the adhesive obtained from the prototype at the center of the strip width. In order
to draw these results on one figure, the results from the analysis models (model 1 to model 3)
were modified so that the tensile load (in x-axis) at the center of the CFRP strips in both width
and length was the same for all results. The magnitude of the stresses near the crack is almost
the same for all three models, while there are significant differences at the far-end of the strip.
This is because the magnitude of the shear stress mainly depends on the difference in the
longitudinal strains in the adherends. At the crack (x = 0 in.), there is no longitudinal strain in
the steel plate while strain exists in the CFRP strip, and its magnitude is directly related to the
total load in the CFRP strip. Because the applied loads for all models are the same, the tensile
stresses in the CFRP strips are expected to be close to each other, resulting in similar magnitude
in the shear stresses at the crack. At the other end of the CFRP strip (x = 5.0 in.), the tensile
stress exists in the steel plate, while no tensile stress exists in the CFRP strip. The tensile stress
in the steel plate will vary with its shape and boundary conditions because the bending moment
in the steel plate affects the tension stress at the top fiber of the steel plate. Considering the
boundary condition of the model 2, there is no bending deformation; thus, no increase in the
tensile stress is expected, resulting in the minimum shear stress among these three models as
shown in the figure. As can be see in the figures, the stress distributions of these three models

are very comparable to the stress distribution of the prototype girder near the crack.

A.2.2 Effect of Steel Plate Thickness on Stress Distributions

Although the results from all three models were similar, model 1 was chosen for further
study because the boundary conditions for the other two models were deemed difficult to achieve
in the laboratory. Because the thickness of the CFRP strip and the adhesive layer were already
defined by the manufacturer, only the thickness of the steel plate was varied, and the effect on
stress distribution was investigated. Two additional thicknesses were analyzed, and the results
are illustrated in Figure A-15. The results with t = 0.5 in. are the same results shown in Figure
A-13. The results from the prototype girder are also shown in these figures. Similar to the case
with the different models, all three results show almost the same magnitude near the location of
the crack while there are differences at the far end of the CFRP strip. This indicates that making
the steel plate thicker does not change the stress distribution around the crack significantly, but it

does reduce the shear and peeling stress at the other end.
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Figure A-16 shows the normal stress distribution in model 1 with the steel plate thickness
of 1.0 in. It should be noted that these stress distributions are not modified as was done for
Figure A-13 to Figure A-15; thus, the stress distributions in Figure A-16 corresponds to an
applied load of 5 kips. The maximum tensile stress in the adherend is 25 ksi as can be seen in
the figure. Stresses at the same location in Figure A-16 corresponding to the steel plate
thicknesses of 0.75 in. and 0.5 in. are 35 and 50 ksi, respectively; the tension stress in the steel
plate decreases as the thickness increases. Comparing the applied load, 5 kips per unit width,
and the strength of the CFRP strip, 22 kips per unit width, the tensile stress at this location in the
steel adherend would be beyond the yield strength of the steel, which is assumed to be 50 ksi,
before the failure of the CFRP strip. Because the yielding of the adherends alters the stress
distribution in the adhesive significantly, and because it is desirable to have failure in the
adhesive but not in the adherends, this type of specimen could not be used for the experimental

tests.

A.2.3 Final Specimen Model and Stress Distributions in the Adhesive Layer

The problem with single-lap joint specimens was related to the bending effect of the
adherents, resulting in the large tensile stress. In order to prevent this problem, it was required to
increase the bending stiffness of the adherends; this could be done either by increasing the
thickness of the steel plate further, or by modifying the specimen configuration. Although
altering the thickness of the steel plate would be simple, this would have resulted in a heavy,
expensive specimens. Thus, the lap-shear joint specimen was further modified by bolting the
specimen to the flange of a steel girder as shown in Figure 4.14. By connecting the specimen to
the girder flange, the bending stiffness of the specimen was increased while maintaining the
thickness of the steel plates. In addition to eliminating the problem in the adherend, the proposed
specimen and test setup enable the reuse of the steel plates of the specimen by allowing the
removal of the CFRP strip and adhesive after each test. The details of a typical computational
model is discussed in Section 4.1.2.1.

The shear stress distribution of the specimen model was taken from the elements near the
CFRP strip and compared to that of the prototype girder in Figure A-17. Two models were
compared at the load that gave similar average tensile stresses in the CFRP strip; average tensile

stresses in the CFRP strip were 33.2 ksi and 31.8 ksi for 3D model and specimen model,
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respectively, as shown in the figure. Although the shear stress at the crack in the specimen
model is larger near the crack, indicating that the specimen model gives conservative results, the
specimen model seemed to be able to represent the stress distributions in the prototype girder
with sufficient accuracy. In particular, the effective bond length, a distance between the location
of the crack and the point of near zero stress, is almost identical in both results. Thus, this
specimen configuration and test setup seemed possible to be used for the bond strength test for

the application considered in this report, the rehabilitation of the fatigued steel girder.
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Appendix B Cyclic Loading Test using Test Setup for Effective
Bond Length Tests

In addition to the static test, cyclic loading tests were conducted using the test setup for
the effective bond length tests in order to investigate the effect of cyclic loading on the
debonding failure of the strip. These tests were done only with Sikadur 330 adhesive and
CarboDur CFRP strip before any other materials were considered. The results presented here

will support necessity of selecting a more ductile adhesive compared to Sikadur 330.

B.1 Test Setup and Instrumentation

The test setup and instrumentation were identical with those for the effective bond length
tests (see Chapter 3 for details). One strain gauge was placed at the center of the CFRP strip to

determine the load range corresponding to the desired strain level in the CFRP strip.

B.2 Test Matrix

Two specimens were tested under different loading levels as shown in Table B-1.
Specimen C-L was loaded so that the minimum and maximum tensile strain in the CFRP strip
were 500 and 2,000 microstrain, respectively; and C-H was loaded with a tensile strain range of
500 to 3,500 microstrain. The frequency of loading was 0.5 Hz for both tests. The adhesive and
CFRP strips were Sikadur 330 and Carbodur, respectively, and the bond length was 8 in. with
Configuration 5 for both tests.

B.3 Results

A summary of the results is listed in the Table B-2. As can be seen in the table, the
CFRP strip debonded from the adhesive partially or completely, and specimen C-H lasted only
20,000 cycles. Examining the failure surfaces of the adhesive and CFRP strips, the failure
surface was actually in the adhesive layer just beneath the interface between the CFRP strip and
adhesive as shown in Figure B-1 and Figure B-2. The amount of adhesive layer left on the

CFRP strip was larger for specimen C-H compared with specimen C-L as can be seen in the
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figure. Note that the CFRP strip of specimen C-L was peeled off from the steel plates after the
test to confirm the debonded length.

The location of the failure surface indicates that the weakest material in the system was
the adhesive, and changing the adhesive to one with more ductility could have prevented this

premature debonding failure.

Table B-1 Specimen Matrix for Cyclic Tests

. . Bond Bond .
Specimen CFRP Adhesive | Config. Length | Thickness Type | Strain range (pe)
C-L B 500 - 2000
CarboDur | Sikadur 330 5 8 in. 0.05 in.
C-H A 500 - 3500

Table B-2 Summary of Cyclic Tests

Specimen CFRP Adhesive Config. Failure # of Cycles
C-L ) No failure, partially debond 1,000,000+
CarboDur | Sikadur 330 5
C-H Debond 20,000

Strip was peeled
off after failure

Debonded region

5

i Adhesive left on CFRP

Figure B-1 Debonded Surface after Experiment (C-L)
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Figure B-2 Debonded surface (C-H)
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Appendix C Cyclic Tests on Rehabilitated W27x94 Girder

In this appendix, cyclic loading tests on the W27x94 girder, for which the static loading
tests were conducted as discussed in Sections 3.3 and 4.2, will be presented. This test was
conducted after the static tests were finished in order to see if crack growth could be stopped by

the rehabilitation of bonded CFRP strips.

C.1 Test Specimen instrumentation

The test specimen was a W27x94 girder that was used for the static tests discussed in
Sections 3.3 and 4.2. After the static tests, CFRP strips bonded onto the tension flange were
removed and new CFRP strips were bonded for the cyclic tests. A 1 Hz cyclic load was applied
to create a 5 ksi nominal stress range at the top and bottom flanges. One strain gauge was placed
on at the center of one of the CFRP strips to record the tensile strain in the strip; gauges on the
girder were the same as those for the static test except for the one at the crack tip, which was
removed after the static test. During the cyclic loading, strain data were periodically recorded to

investigate the effect of crack growth and debonding of the strips.

C.2 Test Results

C.2.1 Crack Growth

Crack growth measured during the experiment is shown in Figure C-1. Because there are
bolt holes in the web (see Section 3.3), the crack was arrested by one of holes just above the
crack; the crack reached the hole after 104,875 cycles when the crack had grown about 0.85 in,
to a total length of 4.85 in. It should be noted that the crack growth in vertical axis in the figure
was measured from the location of the crack tip at the beginning of the cyclic test; see Sections
3.3 and 4.2 for pictures of the crack at the time of the static tests. Although the strain reduction
near the crack tip was about 60% as discussed in Section 4.2, crack growth was not arrested by
the rehabilitation with the bonded CFRP strips due to the high stress concentration. Because this
experiment was not able to tell how much the rehabilitation reduced the crack growth, another

set of experiments was thought to be required as discussed in Section 3.4.
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C.2.2 Strain in Girder and Strip

Strain distributions in the cross section of the girder are shown in Figure C-2; data were
taken at the center of the girder, and strain measured on the CFRP strip is shown in Figure C-3.
Strain distributions were recorded several times through the experiment, and legends in the
figure indicate the number of cycles when data were recorded. The data can be divided into four
groups: 1) before the crack reached the hole (0-104,875 cycles), 2) after the crack reached the
hole and before one of the strip completely debonded, 3) after one of the strip completely
debonded (at 535,047 cycles), and 4) after the other strip was removed from the girder (w/o
strip). The strain 9 in. from the bottom of the girder increased about 150 microstrain after the
crack reached the hole and stayed almost constant until one of the CFRP strips completely
debonded. This indicates that the crack length had a significant effect on the strain distribution
even though the rehabilitation was applied. Another finding was that the bond length did not
have much influence on the reduction of strain in the girder at the stress range tested, and the
strain in the CFRP strip decreased only 20% after 424,931 cycles with more than 50% loss of
bond length. It should be noted, however, that only one of the strips finally debonded and the
other one remained intact (Figure C-4 and Figure C-5). Thus, it would be possible that the other
strip started to pick additional loads as one strips debonded.

Although one specimen tested cyclically in the effective bond length test setup did not
debond through 1 million cycles (Appendix B), one of strips in this test debonded after 0.5
million cycles. The reason for this discrepancy in the results was not clear. Again, however, the
debonded surface was in the adhesive layer as it was observed in the cyclic test presented in
Appendix B. Thus, using more ductile adhesive would be the solution for avoiding the

debonding failure.
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Appendix D Recommended Application Procedure

In this section, a recommended application procedure of the bonded CFRP strip will be
presented. Based on the experimental results, it was concluded that two layers of CFRP with a
minimum 16 in. of bond length plus a 2 in. unbonded region near the crack should be used. The
recommended bonded length is increased 1.25 times, i.e., 20 in. plus the 2 in. unbonded region,
in order to avoid a loss of bond length due to an application error; this increase corresponds to
the sum of the effective bond length (16”) and twice the elastic part of the effective bond length
for one layer of the strip. This ensures enough bond length so that stress transfer can take place
at both ends of the CFRP strips. Surface preparation of the CFRP strip and steel flange is based
on the recommended procedure by the manufacturer of those materials, and is the most important

factor to affect the bond strength.

D.1 Preparation of One Two-Layered Strip

= Cut the CFRP strip into two pieces 44” in length.

= Lightly abrade the dark surfaces on both strips using fine sandpaper (#150).

= For one of the two strips, abrade the shiny surface until the surface turns into a dark color
using coarse (#50~#100) sand paper first, then finish the surface with fine sandpaper
(#150).

= (Clean all surfaces with cotton cloth soaked in acetone; wait for 5-10 min. for the acetone
to evaporate.

= Cut fishing line with about 0.02 in. diameter into several pieces (1/16” in length).

* Apply adhesive on the CFRP surface which was shiny before abrasion, and spread the
adhesive over the surface using a spatula — the thickness of adhesive layer needs to be
more than the diameter of fishing line.

= Sprinkle the fishing lines on the adhesive layer.
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Apply the CFRP strip which does not have adhesive onto the one with adhesive so that
the abraded surface faces the adhesive, i.e., the shiny surface will be the top of the two
layers (see Figure D-1 for a sketch of the stacking sequence).

Gently apply pressure on the strip so that the excess of the adhesive is squeezed out from
the edges of the strip. Because he fishing lines will keep the necessary bond thickness,
do not hesitate to apply the pressure.

Leave the strips undisturbed at least 6 hours for handling, it will take 24 hours for the
adhesive to fully cure.

Repeat the above procedure to make the desired number of two-layered strips; two two-

layered strips will be required for the rehabilitation of one location. The preparation listed above

needs to be done before going out to the rehabilitation site, and it will take about 0.5 hours for

preparation of one two-layered strip. When handling the cured two-layered strip, avoid contact

with abraded surface as much as possible. It will be good idea to store the two-layered strip in a

plastic bag to avoid surface contamination during transportation of the CFRP strips to the

rehabilitation site.

D.2 Application of CFRP Strips on Steel Flange

DO NOT PROCEED IF THE TEMPERATURE IS LOWER THAN 50°F.

See Figure D-2 for a sketch of an application sequence.

Locate the steel flange where the CFRP strip will be bonded.

Mark the location where the center of CFRP strip will be aligned and 2 from the center
towards each side to indicate the unbonded region.

Locate the crack tips and drill a hole at each crack tip.

Grind the surface of steel flange to remove rust until the metal surface is exposed over the
area where CFRP strips will be bonded, 44” in length being centered at the crack and 4”

in width.
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» Abrade the steel surface with coarse (#50~#100) sandpaper then wipe the surface with
cotton cloth soaked in acetone.

» Abrade the steel surface with fine (#150) sandpaper, and then wipe the surface with
cotton cloth soaked in acetone.

= Wipe the surface to be bonded (dark surface, abraded in the last subsection) of the two-
layered CFRP strip again with cotton cloth soaked in acetone at least 10 min. before
application.

= Mark the center of the CFRP strip and 2” from the center toward the ends for unbonded
region.

= Cut fishing line with about 0.02 in. diameter into several pieces (1/16” in length)

* Apply adhesive on the CFRP surface except for the unbonded region, and spread
adhesive over the surface — check the adhesive thickness is more than the diameter of
fishing line.

= Apply a thin layer of adhesive on the steel flange over the area to be bonded. The
thickness is not important here.

= Sprinkle fishing lines on the adhesive layer on the CFRP strip.

= Apply the two-layered CFRP strip on the steel flange, gently applying pressure so that the
excess of the adhesive comes out from the edges. Because the fishing lines will keep the
necessary bond thickness, do not hesitate to apply the pressure.

= Tape the CFRP strips to the steel flange so that the CFRP strips will not be moved by
accident.

= [t will take 24 hours for the adhesive to fully cure.

Repeat the above procedure for each CFRP strip. Note that if temperature is below 50°F,

the adhesive will become too viscous to be mixed and to be spread over the area. The
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application process listed above will take approximately 3 hours including drilling a hole at the
crack tip, and approximately 1.5 hours without drilling a hole. As indicated in Section 5.1,
vibration from traffic will not affect the bond strength. Therefore, the bridge can be open for

traffic during the rehabilitation.

D.3 Comments on Application of CFRP Strip

In this section, the recommended application procedure has been presented. The listed
procedure was based on the assumption that a half of the steel flange width is about 4.5 so that
one CFRP strip with 4” width can be placed. If a half of the flange width is less than 4”, a CFRP
strip with less width, 2, should be available from the manufacturer. If a half of the flange width
is more than 77, it is possible to combine 4” and 2” width strips to cover entire width of the
flange.

Because of the lightweight of CFRP strips, one person can handle the two-layered strip
and finish the application of the CFRP strips. If one person can drill a hole in the flange, it is
possible to finish the necessary work with one person (not including gaining access to the
girder). Therefore, this approach offers a great savings for rehabilitation costs compared with the

rehabilitation method with bolted angle members.
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