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Abstract: The bond between carbon-fiber-reinforced polymer (CFRP) and steel is crucial for strengthening of steel structures using CFRP
materials. However, existing studies on this issue are still limited. To better understand the bond behavior of CFRP-to-steel bonded interfaces,
this paper reports an experimental study on the behavior of CFRP plate-to-steel bonded joints with a nonlinear adhesive by the single-shear
testing method. The three-dimensional digital image correlation (3D-DIC) technique was used to measure the displacements and strains of the
specimens. The effects of the bond length and adhesive thickness on the bond behavior are evaluated. The results show that failure occurred
within the adhesive layer (i.e., cohesive failure) for all tested specimens. The ultimate load increased with increasing bond length until the
effective bond length was reached. The ultimate load also increased as the adhesive thickness was increased from 0.5 to 2.0 mm. The
bond-slip relationship exhibited an approximate trapezoidal shape for such bonded joints. The key parameters of the trapezoidal bond-slip
relationship were obtained for specimens with different adhesive thicknesses. This study indicates that the 3D-DIC technique is suitable for
application in studies of the interfacial behavior between CFRP plate and steel. DOI: 10.1061/(ASCE)CC.1943-5614.0000701. © 2016
American Society of Civil Engineers.
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Introduction

Carbon-fiber-reinforced polymer (CFRP) has been widely used for
the strengthening of infrastructure structures. CFRP debonding
is the most common failure mode for concrete structures that are
strengthened in this manner, and thus, numerous experimental,
theoretical, and numerical studies of the bond behavior between
CFRP and concrete have been conducted (Taljsten 1994; Chen
and Teng 2001; Lu et al. 2005; Ali-Ahmad et al. 2006; Shi et al.
2013). In recent years, the use of CFRP to strengthen steel struc-
tures has been attracting increasing attention. Some studies have
indicated that CFRP can effectively enhance the flexural, buckling,
and fatigue behavior of steel members (Al-Saidy et al. 2004;
Harries et al. 2009; Liu et al. 2009; Sallam et al. 2010; Wang et al.
2015). Nonetheless, CFRP debonding may occur in the discontinu-
ous regions (i.e., steel cracks and CFRP terminate locations) and
steel yielding zones of CFRP-strengthened steel structures (Deng
and Lee 2007; Sallam et al. 2010; Kim and Brunell 2011). There-
fore, it is very important to understand the bond behavior between
CFRP and steel substrate. However, relevant studies on this issue

remain very limited compared with studies of CFRP-to-concrete
bonded interfaces.

The behavior of simple bonded joints is of fundamental impor-
tance to the understanding of the bond behavior between CFRP and
the substrate materials (Teng et al. 2012). The bond-slip relation-
ship, which can be experimentally obtained through the bonded
joint tests, is an essential component for modeling the debonding
failure process and predicting the structural behavior of CFRP-
strengthened members (Teng et al. 2012; Dai et al. 2013). Existing
studies have involved studying the behavior of CFRP-to-steel
bonded joints under static loading, cyclic loading, impact loading,
and fatigue loading in the ambient environment (Bocciarelli
et al. 2009; Wu et al. 2012; Kim et al. 2013; Zhao et al. 2013;
Al-Mosawe et al. 2015). The effects of harsh environmental con-
ditions (e.g., temperature, sea water, humidity, ultraviolet radiation,
and freeze–thaw cycle) on the bond behavior were also investigated
(Zhao et al. 2013; Heshmati et al. 2015). These studies have
significantly improved the understanding of the bond behavior be-
tween CFRP and steel. However, among of the existing studies,
only few studies investigated the debonding and bond-slip behavior
of CFRP-to-steel bonded interfaces (Xia and Teng 2005; Fawzia
et al. 2010; Akbar et al. 2010; Yu et al. 2012).

Xia and Teng (2005) conducted a study on the effects of the type
and thickness of the adhesive on the behavior of CFRP-to-steel
bonded joints using single-shear pull-off tests. A simplified bilinear
bond-slip model was developed based on the test results. The bond
behavior between CFRP sheets and steel was studied by Fawzia
et al. (2010) using the double-shear test method. The CFRP modu-
lus, bond length, number of CFRP layers, and adhesive type were
treated as the variables. A bilinear bond-slip model was simply pro-
posed based on their experimental and numerical results. In the
study of Akbar et al. (2010), a new method was developed to derive
the bilinear bond-slip curves of CFRP-to-steel bonded interfaces
from the global load-slip curves. The study conducted by Wu
et al. (2012) showed that the bond-slip relationship between the
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ultra-high-modulus CFRP plate and steel exhibited a bilinear shape
when the Sikadur-30 adhesive was used. Yu et al. (2012) studied
the full-range behavior of CFRP plate-to-steel bonded joints using
the single-shear test method. Test results indicated that the bond-
slip curve had an approximate bilinear shape for a linear adhesive
but an approximate trapezoidal shape for a nonlinear adhesive. This
was the first study where the trapezoidal bond-slip relationship
was observed through experimental tests although the trapezoidal
bond-slip relationship was also presented by Dehghani et al.
(2012). However, the trapezoidal bond-slip curves were determined
only for specimens with 1-mm-thick adhesive. Based on a review
of the existing studies, it can be concluded that studies on the bond-
slip behavior are still limited, and there is an obvious difference
in the bond-slip behavior between a nonlinear adhesive bonded
joint and a linear adhesive bonded joint. In the previous studies,
the relevant tests of bonded joints with a nonlinear adhesive are
very scarce. Therefore, many studies still need to be conducted
to further understand the behavior of CFRP-to-steel bonded joints
with a nonlinear adhesive.

An experimental study is reported in this paper to investigate
the behavior of CFRP plate-to-steel boned interfaces with a
nonlinear adhesive (Araldite-2015, Huntsman Advanced Mate-
rials, Basel, Switzerland). The three-dimensional digital image
correlation (3D-DIC) technique was applied to measure the dis-
placement and strain data. Two variables, i.e., the bond length
and the adhesive thickness, were considered in this study. The
main objectives of this paper are to enhance the understanding
of the interfacial behavior of CFRP plate-to-steel bonded joints
with a nonlinear adhesive, and to confirm the suitability of the
3D-DIC technique for studying such CFRP-to-steel bonded
joints.

Experimental Program

Material Properties

The steel plates used in this study were hot-rolled Q235B plates, in
accordance with the relevant Chinese standard [GB 50017-2003
(Chinese Standard 2003)]. Their thickness was 20 mm. Their
mechanical properties, determined through coupon tests, are listed
in Table 1. Unidirectional pultruded CFRP plates (Sika CarboDur
S, Sika, Zurich, Switzerland) were used. Their nominal width and
thickness were 50 and 1.4 mm, respectively. Their mean elastic
modulus and tensile strength were 165 GPa and 3,100 MPa, respec-
tively, according to the technical data sheet provided by the manu-
facturer. Their basic properties, determined through coupon tests,
are listed in Table 1. Araldite-2015, which is a two-component ep-
oxy paste adhesive, was used to bond the CFRP plates to the steel
surfaces. The tested stress-strain curve of Araldite-2015 is plotted
in Fig. 1. Compared with a typical linear adhesive (i.e., Sikadur-30,
Sika, Zurich, Switzerland) (Fig. 1), this adhesive is strongly non-
linear and ductile and has a high toughness. Its mechanical proper-
ties, obtained through coupon tests, are listed in Table 1.

Single-Shear Test Rig

The main test methods used to study the bond behavior of an inter-
face include single-shear test, double-shear test, and beam test. The
single-shear test method was recommended by Zhao and Zhang
(2007) for the study of the bond behavior between CFRP plate
and steel. In this method, there is only one path for debonding,
allowing the convenient monitoring of the failure process and der-
ivation of the bond-slip relationship between the CFRP plate and
the steel. A special test rig, which was mounted in the test machine,
was designed for this study. The bond behavior between CFRP
plates and steel substrates can be tested under both static and
fatigue loading using this test setup (Wang and Wu 2015). The test
rig consisted of a bottom plate, an upper plate, and a steel frame,
which were mounted together using four double-screw bolts, as
shown in Fig. 2. The specimen was fixed on the test rig using eight
bolts, and the steel plate of the specimen was in tight contact with
the bottom surface of the upper plate.

Specimen Details

A total of 11 specimens were prepared for this study; the variables
were the CFRP bond length and the adhesive thickness, as listed in
Table 2. In the specimen identifier, the letter A represents the ad-
hesive, Araldite 2015. The number after the letter represents the

Table 1. Tested Material Properties

Material

Tensile
strength
(MPa)

Young’s
modulus
(GPa)

Yielding
stress
(MPa)

Elongation
%

Poisson’s
ratio

Q235 steel 414 198 258 29.4 0.3
CFRP plate 2,760 164 — 1.68 0.28
Araldite-2015 15.1 1.75 — 1.74 0.35
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Fig. 1. (Color) Comparison of a typical nonlinear adhesive and linear
adhesive

Steel frame
8 holes

Upper plate

Bottom plateSpecimen

Double-screw bolts

Fig. 2. (Color) Schematic diagram and photograph of the single-shear
test rig
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bond length. The second number represents the design thickness of
the adhesive layer. The final number is used to differentiate two
nominally identical specimens. For consistency with previous stud-
ies by the authors of this paper (Wang et al. 2015), Araldite-2015
was chosen as the adhesive for bonding the CFRP plates. First, the
effect of the bond length was investigated by varying the bond
length from 70 to 350 mm, and the adhesive thickness for this series
of specimens was kept at 1.0 mm. Then, specimens with different
adhesive thicknesses were tested to study the full-range behavior
and the bond-slip relationship. In these specimens, the bond length
was 350 mm, which was much longer than the effective bond
length, and the design thickness of the adhesive layer was varied
from 0.5 to 2.0 mm. This range of adhesive thickness essentially
covers the realistic thicknesses of the adhesive in practical engi-
neering (Xia and Teng 2005).

A schematic diagram of the specimen is shown in Fig. 3. The
steel plate had a length of 380 mm, a width of 138 mm, and a thick-
ness of 20 mm. Eight holes of 17 mm in diameter were machined in
the steel plate, and these holes were used to fix the specimen to the
test rig. The width of the CFRP was 50 mm, its thickness was
1.4 mm, and its total length (Lf) was 420–700 mm, depending
on the CFRP bond length. To prevent the CFRP plate from being
directly gripped by the grip head and prematurely slipping in the
grip zones, anchorage plates were designed for each specimen, as
shown in Fig. 3. Each anchorage plate was 250 mm long, 104 mm
wide, and 8 mm thick. Several grooves were machined on the inner
surface of each anchorage plate to enhance the bond between
the anchorage plate and the CFRP plate. Ten holes were drilled
in each anchorage plate to admit bolts, which exerted the necessary

pressure to anchor the CFRP plate. Six bolts were removed after
the adhesive solidified, leaving the specimen gripped only in the
plane regions.

Specimen Preparation

The surface treatment of the steel exerts a significant effect on the
bond behavior of the CFRP-to-steel interfaces, such as the failure
mode and the ultimate load (Hollaway and Cadei 2002; Fernando
et al. 2013). Sandblasting has proven to be an effective method for
treating the steel surface to avoid failure at the steel–adhesive inter-
face (Fernando et al. 2013). In this study, the surface of each steel
plate was first sandblasted to remove rust and contaminants, creat-
ing a rough, clean, and chemically active surface. The surface of
each CFRP plate was abraded using very fine sandpaper (grit
P240) to increase its surface roughness. Before bonding a CFRP
plate, the surfaces of both the steel and CFRP plates were cleaned
with acetone. The CFRP plate was bonded to the steel surface
within 24 h after sandblasting. Precisely machined spacers were
used to control the adhesive thickness. The thickness of each
spacer was the sum of the CFRP thickness and the design thick-
ness of the adhesive layer. L-shaped steel baffles were also ma-
chined in order to avoid CFRP plates from skewing during
bonding. The schematic of the bonding procedure is shown in
Fig. 4. Table 2 lists the measured and designed thickness of the
adhesive layers. The results demonstrate that the adopted method
was suitable for controlling the adhesive thickness. All of the spec-
imens were cured at room temperature for at least 2 weeks before
testing.

Table 2. Specimen Details and Main Test Results

Variable
Specimen
identifier

Adhesive thickness (mm) Bond
length (mm)

Ultimate
load (kN)

Average bond
stress (MPa) Failure modeaDesigned Measured

CFRP length A70-1.0-1 1.0 0.96 70 52.4 15.0 C
A90-1.0-1 1.0 1.03 90 78.0 17.3 C
A110-1.0-1 1.0 0.91 110 73.9 13.4 C
A130-1.0-1 1.0 0.93 130 90.1 13.9 C
A150-1.0-1 1.0 1.05 150 112.0 14.9 C
A350-1.0-1 1.0 0.99 350 108.5 6.2 C
A350-1.0-2 1.0 1.05 350 109.2 6.2 C

Adhesive thickness A350-0.5-1 0.5 0.52 350 84.9 4.9 C
A350-0.5-2 0.5 0.45 350 86.4 4.9 C
A350-1.0-1 1.0 0.99 350 108.5 6.2 C
A350-1.0-2 1.0 1.05 350 109.2 6.2 C
A350-2.0-1 2.0 1.90 350 126.2 7.2 C
A350-2.0-2 2.0 1.94 350 123.8 7.1 C

aC represents cohesive failure.

380100250 

13
8

10
4

20

Steel

Adhesive

CFRP PlateBolts

Holes

Lf

Gripped 
area

Holes Bolts

Fig. 3. (Color) Specimen geometry (in mm)
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Loading Procedure and Instruments

The tests were conducted on a servohydraulic testing system
(walter+bai ag Testing Machines, Switzerland) with a capacity of
1,000 kN, as shown in Fig. 5. The specimens were loaded under
tension until failure occurred by the displacement control at a rate
of 0.003 mm=s. The 3D-DIC technique was used to measure the
displacements and strains of the specimens. Unlike strain gauges,
the DIC method can capture both the continuous displacement and

strain fields. This method has previously been used for tests of
FRP-to-concrete bonded joints and FRP-to-masonry bonded joints
(Carloni et al. 2012; Shi et al. 2013; Wu and Jiang 2013; Ghiassi
et al. 2013; Kalfat and Al-Mahaidi 2014). Prior to mounting each
specimen in the test machine, white and black matte paint were
sprayed onto the test surface of the specimen to produce a random
speckle pattern. Before testing, the calibration procedure was per-
formed using calibration boards to determine the geometric rela-
tionship between point position on the specimen surface in the 3D
space and its corresponding point position on the two-dimensional
(2D) images. The DIC images captured by Cameras A and C
(Fig. 5) were used to calculate the data during the postprocessing.
The displacement and strain data were calculated based on the un-
deformed and deformed images using PMLAB 3D-DIC software.
The DIC images were automatically recorded once per second dur-
ing testing.

Test Results and Discussions

Failure Mode

Various failure modes may occur in CFRP-to-steel bonded joints,
such as cohesive failure, CFRP-adhesive interface failure,
adhesive-steel interface failure, CFRP delamination, and CFRP
rupture (Zhao and Zhang 2007). Teng et al. (2012) recommended
that failure should be made most likely to occur in the adhesive
layer (i.e., cohesive failure) through the application of a suitable
surface treatment in combination with an appropriate adhesive. In
this paper, the failure modes observed for all specimens are listed
in Table 2, and typical photographs of the specimens after the tests
are shown in Fig. 6. It was found that all specimens failed pre-
dominantly in the cohesive failure within the adhesive layer,
not only demonstrating that the strength of the adhesive was fully
utilized but also indicating an appropriate surface treatment and
adhesive selection. From the perspective of the failure mode,
Araldite-2015 is very suitable for the strengthening of steel struc-
tures using CFRP plates. CFRP delamination could also be
observed in certain regions of the specimens, which may be
caused by deviations in the fabrication of the specimens, nonuni-
form CFRP quality, or peeling stress near the free end of the CFRP
plate. For specimens with 350-mm-long CFRP, the debonding
failure progressed gradually from the loaded end toward the free
end of the CFRP plate, and the failure process was very ductile.
For specimens with a shorter bond length, failure occurred
abruptly after the ultimate load was reached without obvious de-
bonding propagation.

Steel plate
Glass plate
CFRP plate
Adhesive
Spacer

: L-shaped baffle 

A

A’ Section A-A’

’BB

Section B-B’

Side view

Fig. 4. (Color) Schematic diagram of CFRP bonding procedure
(not to scale)

Specimen

Light

Camera BCamera A Camera C

Fig. 5. (Color) Test setup and 3D-DIC system

A150-1.0-1 A350-0.5-1 A350-1.0-1 A350-2.0-1

Fig. 6. (Color) Typical failure mode of the specimens
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Ultimate Load and Average Bond Stress

The ultimate load and average bond stress for each specimen are
listed in Table 2. The average bond stress is the ratio between the
ultimate load and the bond area. Fig. 7 shows the effect of the bond
length on the ultimate load and average bond stress. It can be seen
that the ultimate load increased with increasing bond length until a
certain bond length value was reached, after which the ultimate
load remained approximately constant. The bond length beyond
which the ultimate load becomes constant is defined as the effective
bond length (Chen and Teng 2001). This indicates that the effective
bond length also existed for such CFRP-to-steel bonded joints.
Fig. 7(b) shows that the average bond stress exhibited a gradual
downtrend with increasing bond length, implying the interfacial-
shear stress had a significantly nonuniform distribution along
the bond length.

Regarding the effect of the adhesive thickness, it is evident
from Fig. 8 that both the ultimate load and the average bond stress
gradually increased as the adhesive thickness increased from 0.5 to
2.0 mm. The adhesive thickness may influence the failure modes of
CFRP-to-steel bonded joints. Existing studies found that the failure
mode could change from cohesive failure to CFRP delamination
when the adhesive thickness exceeded 2 mm (Xia and Teng
2005; Yu et al. 2012). The ultimate load would not exhibit this up-
trend if the failure mode were to change with an increase in the
adhesive thickness. Therefore, an upper limit of 2 mm is recom-
mended for the adhesive thickness.

Displacement and Relative Slip

One of the advantages of 3D-DIC is that the displacement field can
be obtained directly, thereby enabling a convenient analysis of the
displacement and relative slip distribution. Fig. 9(a) presents the
typical displacement distribution on the steel and CFRP surfaces
in the width direction for specimen A350-1.0-1. It is evident that
the displacement remained approximately constant on both the
steel and CFRP surfaces. Because of the impossibility of measuring
the displacement of the steel surface covered by the CFRP plate, the
relative slip can be considered as the difference between the CFRP
and steel displacements [Fig. 9(a)], under the assumption that the
displacements of the steel surface remain unchanged along the
width direction. Therefore, the continuous relative slip distribution
can be obtained using the 3D-DIC method. For the subsequent
analysis, the CFRP displacement was obtained as the average value
across the 10-mm width of the CFRP in the central region, whereas
the steel displacement was taken as the average of the two 5-mm-
wide regions on both sides. Fig. 9(b) plots the typical displacement
distribution across the steel and CFRP surfaces in the length direc-
tion for Specimen A350-1.0-1. The results indicate that the CFRP
displacement gradually decreased with increasing distance from the
loaded end, whereas the steel displacement remained approxi-
mately constant along the length direction. This observation dem-
onstrates that the steel displacement consisted almost entirely of
rigid-body displacement induced by the deformation of the steel
rods and upper plate, and that the steel substrate suffered relatively
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Fig. 7. Effect of the bond length on the ultimate load and average bond stress: (a) ultimate load; (b) average bond stress
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Fig. 8. Effect of the adhesive thickness on the ultimate load and average bond stress: (a) ultimate load; (b) average bond stress
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little deformation during loading. The relative slip between the
CFRP plate and steel decreased with increasing distance from the
loaded end.

Fig. 10 plots the curve of the applied load versus the loaded-end
slip for Specimen A350-1.0-1. It is apparent that the load increased
with an increase in the relative slip. The load-slip curve became non-
linear at a very early stage because of the high nonlinearity of the
adhesive of Araldite-2015. Debonding first occurred at the loaded
end while approaching the Point C marked in Fig. 10, and then the

load-slip curve exhibited a broad plateau with increasing relative
slip, indicating the gradual debonding process of the interface.

In previous studies, the relative slip was usually obtained by
integrating the scattered strain values recorded using strain gauges
as follows (Yu et al. 2012):

δðxiþ1=2Þ ¼
ðεi þ εiþ1Þ

4
ðxiþ1 − xiÞ

þ
Xn
i

ðεiþ1 þ εiþ2Þ
2

ðxiþ2 − xiþ1Þ ð1Þ

where εi = ith strain value away from the loaded end; xi = distance
from the loaded end at which the ith strain value was recorded; n =
the number of strain values used to calculate the relative slip; and
δðxiþ1=2Þ = relative slip at the midpoint between the locations as-
sociated with the ith and the ith þ1 strain value. A comparison
of the load-slip curves obtained using the 3D-DIC method and
the integral method based on adjacent strain values recorded at
20-mm intervals is also presented in Fig. 10. The results show that
the results obtained using two methods are generally similar. The
slips calculated using the integral method are slightly larger than
the 3D-DIC results in the pre-debonding stage and similar to each
other in the debonding stage. This is mainly because the integral
method cannot account for the effect of the steel displacement.

CFRP Strain Distribution

The typical strain contours at various stages on the load-slip curve,
as marked in Fig. 10, are shown in Fig. 11. Figs. 11(a–c) shows that
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a high local strain gradient was observed upon approaching the
loaded end and that the local region of this high-strain gradient
increased in length with an increase in the applied load. After de-
bonding occurred at the loaded end, as shown in Figs. 11(d and e),
the region of the high strain gradient gradually moved down along
the CFRP length as the loaded-end slip increased. In this stage, the
peak strain remained approximately unchanged and the distribution
range of the peak strain gradually increased, confirming the occur-
rence of progressive debonding propagation as the loaded-end slip

increased. It can also be observed from Fig. 11 that the strains on
the steel surface were very small compared with the CFRP strains,
further demonstrating that the displacements of the steel surface
were essentially rigid-body displacements.

Fig. 12 plots the axial strain distribution along the CFRP plate
for three specimens with different adhesive thicknesses. This figure
reveals similar strain distributions for different specimens. Prior to
debonding, CFRP strains developed only within a local region
around the loaded end and gradually decreased as increasing
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distance from the loaded end. As the applied load increased, the
strains at the loaded end gradually increased, as did the length
of the strained region. After debonding occurred at the loaded
end, the CFRP strain distribution reached a plateau, and the strains
remained approximately constant within this region. This plateau
indicated the debonding length of the CFRP plate. The strain dis-
tributions beyond the debonding region were similar and propa-
gated gradually toward the free end. Fig. 12 shows that the peak
strain increased as the adhesive thickness increased, as did the
length of the strained region, which resulted in the larger ultimate
loads and longer effective bond lengths for specimens with thicker
adhesive.

Interfacial-Shear Stress Distribution

The interfacial stress distribution can reflect the process of stress
development and transfer between the CFRP plate and the steel,
which can be approximately calculated using Eq. (2)

τðxiþ1=2Þ ¼ Eftf
ðεi − εiþ1Þ
ðxiþ1 − xiÞ

ð2Þ

where Ef and tf = elastic modulus and thickness, respectively, of
the CFRP plate; and τðxiþ1=2Þ = shear stress at the midpoint

between the locations associated with the ith and the ithþ 1 strain
value. As shown in Fig. 12, the strain data obtained from the DIC
method exhibited some fluctuations, which would lead to more se-
vere fluctuations of the shear stress if the original strains obtained
from the DIC method were directly differentiated. A smoothing
method was applied by Shi (2014) to reduce the strain fluctuations
of the FRP-to-concrete bonded interfaces, and the results indicated
that this method was suitable for processing DIC data. A compari-
son of the strain distributions before and after the smoothing
processing is presented in Fig. 13. It can be observed that the strain
fluctuations can be lessened by smoothing and that the smoothed
strains can also reflect the strain distributions well. Therefore, the
smoothed strains were used to calculate the interfacial-shear stress
in the following analysis.

Fig. 14(a) shows the typical interfacial-shear stress distributions
along the CFRP plate in different stages of loading for specimen
A350-1.0-1. The shear stress distributions for the other specimens
were similar. It can be observed that the maximum shear stress was
located at the loaded end in the early stage of loading and that the
shear stress gradually decreased toward the free end. After the shear
stress at the loaded end reached its peak value, a stress plateau
gradually developed with an increase in the applied load. With
the onset of the softening stage at the loaded end, the shear stress
at the loaded end began to gradually decrease. Debonding occurred
when the shear stress at the loaded end was reduced to zero. There-
after, the overall shape of the interfacial shear stress distribution
remained similar except that it shifted gradually from the loaded
end to the free end of the CFRP plate with the propagation of
the debonding. From a comparison with existing studies using a
linear adhesive (Xia and Teng 2005; Yu et al. 2012; Wu et al.
2012), it can be found that a linear adhesive exhibited a rather dif-
ferent shear stress distribution compared with a nonlinear adhesive,
as shown in Fig. 14(b). In a specimen prepared using a linear ad-
hesive, the shear stress distribution did not contain a stress plateau,
and the length of the region in which stress developed was much
shorter than in the case of a nonlinear adhesive, resulting in a much
lower ultimate load for the linear adhesive.

Bond-Slip Relationship

The bond-slip model describes the relationship between the
local interfacial shear stress and the relative slip, which is important
for analyzing the behavior of CFRP-strengthened steel structures
using analytical and numerical methods (Teng et al. 2012).
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The full bond-slip curve can be experimentally obtained from a
specimen with a bond length that is longer than the effective
bond length. Fig. 15 shows the experimental bond-slip relation-
ships for the specimens with 350-mm CFRP plates. The 3D-DIC
images for Specimen A350-2.0-2 were not recorded completely
because the operation of the DIC system failed; thus its bond-slip
curve could not be obtained. It can be seen from Figs. 15(a–e)
that the bond-slip relationship showed a clear trend for all speci-
mens, which can be essentially divided into three distinctive parts:
(1) the ascending branch, in which the shear stress increased
with increasing relative slip; (2) the approximate plateau branch,
in which the shear stress varied little as the relative slip increased;
and (3) the descending branch, in which the shear stress gradually
decreased and eventually approached zero with increasing rela-
tive slip.

The bond-slip relationship can be simplified to a trapezoidal
shape for easy application, as shown in Fig. 15(f). The trapezoidal
bond-slip curve can be expressed as follows:

τ ¼

8>>>>><
>>>>>:

τmax · δ
δ1

δ ≤ δ1

τmax δ1 < δ ≤ δ2

τmax ·
δf−δ
δf−δ2 δ2 < δ ≤ δf

0 δ > δf

ð3Þ

where τmax = peak interfacial shear stress; δ1 = value of the relative
slip where the ascending branch ends and the plateau branch be-
gins; δ2 = value of the relative slip where the plateau branch ends
and the descending branch begins; and δf = peak relative slip where
the interfacial shear stress decreases to zero. Four parameters can be
used to characterize the bond-slip relationship, i.e., the peak inter-
facial shear stress τmax; and the relative slips δ1, δ2, and δf. Based
on the Eq. (3), these parameters can be determined through a least-
squares fitting analysis of the experimental bond-slip relationship.
The fitted bond-slip curves are also plotted in Fig. 15. The best-fit
values of the four parameters for the various specimens are listed in
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Table 3. It can be seen that the parameters δ1, δ2, and δf increased
gradually with increasing adhesive thickness, however, the peak
interfacial shear stress seemed to be independent of the adhesive
thickness. A similar finding for the interfacial shear stress have
been reported with regard to the linear adhesive bonded joints
(Xia and Teng 2005; Yu et al. 2012).

By comparing with the existing studies (Xia and Teng 2005;
Akbar et al. 2010; Yu et al. 2012; Wu et al. 2012), it can be found
that the bond-slip relationship for the CFRP-to-steel bonded joints
with a nonlinear adhesive was obviously different from that for the
bonded joints with a linear adhesive. The bond-slip relationship for
the bonded joints with a linear adhesive was an approximate bilin-
ear shape, which was similar to that for the FRP-to-concrete bonded
joints. This pronounced difference was mainly due to the mechanical
properties of the adhesive used. For the bonded joints with a non-
linear adhesive, the strong nonlinearity of the adhesive can maintain
the shear stress even if the relative slip was large, leading to an ap-
proximately stress plateau in the bond-slip relationship. In addition,
the bond-slip relationships for the CFRP plate-to-steel bonded joints
were only applicable to the case in which the debonding occurred
within the adhesive layer (i.e., cohesive failure mode).

The interfacial fracture energy (Gf), which is equal to the area
below the bond-slip curve, is an important parameter for the inter-
facial bond behavior (Wu et al. 2002). The interfacial fracture en-
ergy values for the various specimens are listed in Table 3; these
values were extracted by averaging the integral values of the ex-
perimental bond-slip curves at several points along the bonded in-
terface. Table 3 shows that the interfacial fracture energy increased
as the adhesive thickness increased from 0.5 to 2.0 mm. According
to the fracture-mechanics-based approach, it can be known that the
ultimate load was dependent on the interfacial fracture energy for
both the bilinear and trapezoidal bond-slip models (Yuan et al.
2004; Fernando et al. 2014). Therefore, it was the increase of
the interfacial fracture energy that resulted in the increase of the
ultimate load as the adhesive thickness increased. The ultimate load
for such CFRP-to-steel single-shear bonded joints can be deter-
mined using Eq. (4) (Taljsten 1994; Chen and Teng 2001; Yuan
et al. 2004; Fernando et al. 2014)

Pu ¼ bf
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2GfEftf

p ð4Þ

where bf = width of the CFRP plate; Gf = interfacial fracture en-
ergy; and Pu = ultimate load. The predicted results, Pu;pre, are listed
in Table 3. It can be seen that the predicted results had a good agree-
ment with the test results. The ratios between the predicted and test
results had a mean value of 0.96 and a coefficient of variation
(COV) of 0.04. This demonstrated that the fracture-mechanics-
based method can be used to predict the ultimate load of CFRP-
to-steel bonded joints with desirable accuracy. In addition, the
comparative results also implied that the interfacial fracture energy
obtained from 3D-DIC measurement had reasonable accuracy.

Effective Bond Length

The preceding test results have showed that the effective bond
length existed for such CFRP plate-to-steel bonded joints. For
the trapezoidal bond-slip curve, the effective bond length of a
bonded interface can be evaluated based on the following equa-
tions (Fernando et al. 2014):

Leff ¼ Ld þ Le þ
1

λ1
ln
1þ C
1 − C

ð5Þ

where

Ld ¼
1

λ1

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
2
δ2
δ1

− 1

�s
− 1

�
ð6Þ

Le ¼
1

λ2

arcsin

�
λ2λ

0.97δ1λ21
ðδf − δ2Þ

�
ð7Þ

C ¼ λ2

λ1δ1
ðδf − δ2Þ cotðλ2LeÞ − λ1Ld ð8Þ

where

λ2 ¼ τ2max

2Gf

�
1

Eftf
þ bf
Estsbs

�
ð9Þ

λ21 ¼
τmax

δ1

�
1

Eftf
þ bf
Estsbs

�
ð10Þ

λ22 ¼
τmax

ðδf − δ2Þ
�

1

Eftf
þ bf
Estsbs

�
ð11Þ

where Es = elastic modulus of the steel substrate; and ts and bs =
thickness and width of the steel substrate, respectively. Based on
the Eqs. (5)–(11) and the bond-slip parameters (Table 3), the effec-
tive bond length for the specimens with different adhesive thick-
nesses are listed in Table 3. It can be seen that the effective
bond length increased with the increase of the adhesive thickness,
demonstrating the specimens with thicker adhesive had larger shear
stress distribution lengths. The effective bond length increased
from 157.5 to 240.3 mm when the adhesive thickness increased
from 0.5 to 2.0 mm for such CFRP-to-steel bonded joints.

Conclusions

To further understand the behavior of CFRP plate-to-steel bonded
joints with a nonlinear adhesive, a series of single-shear tests
were conducted in this paper. The 3D-DIC technique was used

Table 3. Main Parameters of the Bond-Slip Relationship and Predicted Results

Specimen Pu;exp (kN) Gf (N=mm) σmax (MPa) δ1 (mm) δ2 (mm) δf (mm) Leff (mm) Pu;pre (kN) Pu; pre=Pu;exp

A350-0.5-1 84.9 5.71 14.1 0.047 0.293 0.511 153.1 81.2 0.96
A350-0.5-2 86.4 5.91 14.0 0.047 0.311 0.579 161.8 82.6 0.96
A350-1.0-1 108.5 8.49 13.7 0.053 0.439 0.882 197.2 99.0 0.91
A350-1.0-2 109.2 8.87 13.5 0.059 0.476 0.875 199.7 101.2 0.93
A350-2.0-1 126.2 13.73 14.0 0.078 0.691 1.345 240.3 125.9 1.00
A350-2.0-2 123.8 — — — — — — 125.9 1.02
Mean — — — — — — — — 0.96
Coefficient of
variation (COV)

— — — — — — — — 0.04
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to measure the displacement and strain data. The following conclu-
sions can be drawn based on the presented experimental findings:
• Under the conditions of the parameters studied in this paper,

debonding occurred within the adhesive layer for all specimens,
indicating a cohesive failure mode;

• Ultimate load gradually increased with increasing bond length
until the effective bond length was reached, after which the
ultimate load remained approximately unchanged with further
increases in the bond length. The ultimate load increased as the
adhesive thickness increased from 0.5 to 2.0 mm. The ultimate
load for such CFRP-to-steel bonded joints can be predicted by the
fracture-mechanics-based method with acceptable accuracy;

• The bond-slip relationship can be simplified to a trapezoidal
shape for CFRP plate-to-steel interfaces with the nonlinear
adhesive Araldite-2015. The key parameters of δ1, δ2, and δf
increased with an increase in the adhesive thickness; however,
the peak shear stress seemed to be independent of the adhesive
thickness. The interfacial fracture energy Gf and the effective
bond length Leff also increased with the increase of the adhesive
thickness. Due to the limited variable ranges addressed in this
study, further research is needed to develop a quantitative bond-
slip model considering more variables; and

• The 3D-DIC method can collect richer displacement and strain
data and is suitable for testing the interfacial behavior between
CFRP plates and steel substrates.
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