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A B S T R A C T

Steel structures using stainless steel are recently accepted as more sustainable and durable systems. Although
much research has been conducted on steel structures strengthened by carbon fiber-reinforcement polymer
(CFRP) material, these steel structures are often made of conventional mild steel and thus existing prediction and
analysis specified for mild steel cannot be directly extended for that of stainless steel. Therefore, this study aims
to develop a new prediction model for determining the bond behavior of CFRP-to-stainless steel. Load time-
history bond behavior was formulated in a piecewise manner to account for varying elastic, elastoplastic and
debonding stages. A total of 22 stainless steel plates bonded with CFRP laminates were fabricated and tested to
calibrate the model and further quantify the critical design parameters, including layers and anchorage length.
Observation of the experiment showed that debonding failure between the adhesion layer and the CFRP sheets
was dominant, partially suggesting the linear stress-strain relation for the CFRP and stainless steel. Comparison
of results predicted by the proposed model to the test ones demonstrated that the proposed model has a high
accuracy in prediction of bond stress and bond strength.

1. Introduction

In recent years, the stainless steel, due to its excellent ductility and
superior resistance to corrosion, becomes emerging structural material
as alternative for more sustainable and durable structures. Accordingly,
some countries, including those in Europe and the United States, have
developed the relevant design codes and specifications to the stainless
steel [1–3]. Similar to the traditional mild steel, the stainless-steel
structures could be strengthened and retrofitted by the use of the CFRP
composite sheets that have been widely accepted as effective materials
in civil engineering structures [4–9].

As identified [8,10–19], the selection and proper design of the CFRP
composites to a structure are highly associated with the performance of
the interfacial bond between the CFRP and steel substrate, that is,
CFRP-to-steel interface. Literature review reveals that most studies ei-
ther through experimental tests or analytical modeling have been
conducted particularly on the bond behavior between the CFRP mate-
rial and steel. From experimental standpoint [10–14], bond behavior
was studied through the tests of adhesion strength of FRP to the mild
steel components, for instance, Damatty and Abushagur [11] carried
out the experiments involving shear lap testing of FRP sheets bonded to
hollow steel sections to address the in-plane and out-of-plane behavior

of the FRP sheets. Teng et al. [12] has presented an experimental study
on the behavior of CFRP-to-steel bonded interfaces through testing of
single-lap bonded joints. Nozaka [7] has analyzed and compared the
stress distribution in the adhesive layer between a prototype repaired
bridge girder and various specimens to determine an appropriate spe-
cimen and test setup for assessing the effective bond length of the ad-
hesive. Zeng et al. [14] experimentally calibrated the mechanism of the
debonding failure of CFRP strengthened H-section beams. Besides the
mechanical properties, more recent studies have devoted to the long-
term durability and various environmental conditions. Chandrathilaka
et al. [15] presented their very recent study on bond behavior of the
CFRP to steel under elevated temperature and discussed the impacts of
the exposure of various temperature on bond curing. Yu et al. [16]
reported the experimental study on long-term bond-slip behavior under
coupled marine conditional and fatigue loading, and stated the bond
reduction under laboratory accelerated durability tests. Other in-
vestigations [12,17–24] were carried out on the analytical modeling of
nonlinear interfacial stress, bond-slip relation, and debonding behavior.
Wu et al. [19] has studied two kinds of nonlinear constitutive laws and
introduced the pre- and post-interfacial micro-debonding behavior,
which enabled addressing nonlinear interfacial stress transfer and
fracture propagation for different kinds of adhesive joints in FRP-
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strengthened steel structures. Teng et al. [12] has presented an analy-
tical formulation for the entire load time-history bond behavior of
CFRP-to-steel bonded joints with a ductile nonlinear adhesive based on
a trapezoidal bond-slip model. By defining the trapezoidal bond-slip
model, the interfacial-shear stress and load-displacement in different
loading and debonding stages can be solved under the condition of
sufficient adhesive thickness and bond length of the specimen. More-
over, Wang and Wu [18] recently explored the tri-linear bond-slip
model for local bond behaivor of the CFRP-to-steel interface and de-
rived the corresponding formulations to describe the debonding failure
sequences. Clearly, despite these great efforts in the investigation of the
steel structures strengthened by the CFRP material, these steel struc-
tures are often made of conventional mild steel. There is seldom study
found in the literature to address the bond behavior between the CFRP
and the stainless steel. As a result, the existing bond behavior prediction
and analysis that are initially developed for mild steel will not fully
account for that of stainless steel, due to inherent different surface and
ductility of stainless steel. In addition, more laboratory or field ex-
periments in terms of bond-slip relation or debonding failure modes
could be an important supplementary for CFRP material applications in
stainless steel structures.

Therefore, this study is to analytically and experimentally in-
vestigate the bond behavior of CFRP-to-stainless steel. Load time-his-
tory bond behavior is formulated in a piecewise manner to account for
different pre- and post-debonding stages, including characteristics of
bond-slip relation, and bond strength. The small-scale tensile bond tests
are then conducted to calibrate the proposed model and verify the
critical design parameters. Parametric study is finally carried out to
better understand the critical factors and their impacts to the bond
shear stress.

2. Formulation of bond behavior of CFRP-to-stainless steel

2.1. Basic assumptions

The CFRP-to-stainless steel failure [14,18] could occur: a) within
the adhesive layer (cohesion failure) or b) adhesion failure between the
steel and the adhesion layer, or c) adhesion failure between the CFRP
sheets and the adhesion layer, as well as FRP sheet rupture. The ad-
hesion bond strength depends much on the choice of component ma-
terial, the method and degree of surface treatment [10–19]. For a linear
adhesive, the bond-slip curve was shown to have an approximately
bilinear shape which is similar to that of CFRP-to-concrete bonded
joints. According to the experiment of CFRP-concrete interface, Xia and
Teng [20] has carried out a series of tensile tests on CFRP-steel inter-
face, and has put forward a bilinear bond-slip model of CFRP-steel in-
terface, as shown in Fig. 1. On the basis of the research of Xia model,
through the experiment and finite element analysis, Fawzia et al. [21]

has studied the influence of the adhesive thickness on the model slip,
and corrected the adhesive thickness of the bilinear bond-slip model.
Compared with linear adhesives, the nonlinear adhesives has better
ductility, larger strain capacity and higher tensile strength. In order to
study the interfacial bonding strength between CFRP and steel, Teng
et al. [12] has proposed a trapezoidal bond-slip model for nonlinear
adhesive, and analyzed the whole process of bonding and debonding, as
shown in Fig. 2.

A full-range load-displacement curve is schematically developed for
describing the CFRP-to-steel bonded joints with a nonlinear ductile
adhesive, as shown in Fig. 3, where the debonding only occurs once in
the process of failure, and the interface failure is within the adhesive
layer (i.e., cohesion failure). This concept is due to the fact that stainless
steel exhibits different mechanical properties, including its roughness
after surface treatment, as compared to the traditional mild steel. As a
result, the requirements of the adhesion in terms of thickness between
the CFRP sheets and steel plate and the corresponding bond behavior
could lead to different debonding failure modes against the conven-
tional observation for mild steel in the previous studies [8,10–19].
Therefore, the proposed load-elongation curve, shown in Fig. 3, was
revised from the previous work by Yuan et al. [25] to account for the
high nonlinearity experience in interfacial bonding shear force due to
the stainless steel material. The shear stress of the adhesion remains
intact after the yield stress. When the debonding load is reached, the
first debonding occurs. There was no obvious descending section, and
the interface failure occurs at the adhesion failure between the adhesion
and the CFRP. Consequently, there was a sudden drop in shear load.
The final failure was followed up by several times debonding.

According to the literature review, the stress-strain relationship of
CFRP sheets could be defined in a linear manner as shown in Fig. 4(a),
while Fig. 4(b) is plotted for the simplified shear stress-strain re-
lationship of the binder with an ideal elastic-plastic behavior, where
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Fig. 1. Bond-slip curves for linear adhesives [20].
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Fig. 2. Bond-slip curves for nonlinear adhesives [12].
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Fig. 3. Defined Load time-history bond-slip curve for CFRP-to-steel bonded
joints with a nonlinear ductile adhesive (replotted and revised from [25]).
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yand u are yielding and ultimate shear strain and can be determined
based on experimental testing.

To simplify the analysis, the following assumptions are made:

o The adhesive layer can be regarded as the shearing spring, and it
only bears the shear stress , ignoring the transverse stress (de-
bonding stress).

o In the range with CFRP sheet bonded, the adhesive layer is isotropic,
and the thickness of adhesive layer is even, so the shear stress at the
same position is unchanged along the thickness direction.

o The adhesive layer is regarded as the ideal elastic-plastic material,
and the stress of CFRP and stainless steel plate is in the range of
elastic stage, regardless of plasticity development.

o During the test, the composite specimen is in one-way force state,
and the additional bending moment caused by eccentrically loading
can be ignored.

2.2. Force analysis of composite members

Consider a composite with force equilibrium among stainless steel,
CFRP sheet and adhesion layer, per unit length dx for any point x. Due
to the working condition of uniaxial stresses, the CFRP-to-adhesive and
adhesive-to-stainless steel plate interfaces were simplified as a model of
shear stress, as shown in Figs. 5 and 6. According to the previous works
[18,26–28], the whole process from the beginning of loading to the first
debonding of CFRP sheets was analyzed.

When the specimen was in the elastic stage, the shear stress of the
adhesive layer increased with the increasing of the external force (P).
When the maximum shear stress of the adhesive layer had just reached
the yield stress ( ),y the adhesive layer entered into a plastic stage, and
the zone distributed with shear stress expanded to the place of le far
from the seam. At this moment, the shear stress zone at the elastic stage
achieved the maximum. And the adhesive layer was still in an elastic
stage in the zone <x l(0 ).e As the external force (P) continued to
increase, one part of the shear stress in the adhesive layer came into a
plastic stage gradually. But there was still elastic zone far from the
seam. When the plastic zone expanded to the maximum <x l(0 ),p the
elastic zone would fully develop to the end of the CFRP sheet. At this
time, the zone <x l(0 )p was a plastic zone, but the area
( +l x l lp p e) was still an elastic area. And the plastic and elastic
zone above mentioned were namely called effective bonding length

= +l l l( ).e p
P is the external load. Ns and Nc are the force of stainless steel plate

and CFRP sheets, respectively. The section area of stainless steel plate
and CFRP sheets are As andAc, respectively. The displacements of
stainless steel plate and CFRP sheets are us and uc, respectively. And
their tensile stresses are s and c, respectively. ES, EC and Ga are the
elastic modulus of stainless steel, CFRP sheets and the shearing modulus
of the adhesive layer, respectively.

According to Fig. 5, the static equilibrium conditions can be ob-
tained as

= + = +N N A AP s c s s c c (1)

Also, according to Fig. 6, the force balance of the element dx can be
achieved as Eq. (2)

= =d
dx

b
A

d
dx t

,s c

s

c

c (2)

The geometrical equation and Hooke's Law can be given by Eq. (3)
as follows,

= = = = =du
dx

du
dx

E E G, , , ,s
s

c
c

s S s c C c a e (3)

According to the slip (u us c) between the CFRP and the stainless
steel, the adhesive layer has uniform shear stress ( ) and strain ( )
along the thickness direction. And the shear strain can be given by,

= u u
t

s c

a (4)

According to the boundary conditions: when = =x 0, y; when
= =x l N, 0sp ; Ns and Nc are continuous in the elastic stage =x l( e) and the

plastic stage =x( 0).
Only the derivation results were herein listed. The whole shear

strain distribution rule of the adhesive layer in elastic-plastic stages are

(a) CFRP (b)  Binder

Elastic stage
Elastic stage
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Fig. 4. Simplified stress-strain curves of CFRP and binders.

Fig. 5. Mechanical model of composite specimen.

Fig. 6. Stress model of micro-element.
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given in the form as shown below.

(1) When the shear load P t E Ay a C C , the adhesive layer only ap-
pears elastic zone, as shown in Fig. 12. At this point, the shear strain
distribution can be shown by,

=x PG
t E A sinh l

l x x l( )
( )

sinh[ ( )], 0e
a

a C C (5)

(2) When the adhesive layer just goes into the plastic stage, that is
=l 0p , as shown in Fig. 14. At this moment, the critical load can be

given by,

=P t E Ay y a C C (6)

(3) When the shear load >P t E Ay a C C, the plastic zone appears in the
adhesive layer, as shown in Fig. 16. At this moment, the shear strain
distribution can be given by,

= + +x
sinh l

sinh l l x l x l l( )
( )

[ ( )],e
y

p e p p e1
e

1 1
(7)

= + + <x l x l x x l( )
2

( ) ( ) , 0p y p y p y p2
2

2
2

2 2 (8)

The above mentioned is a correction coefficient of the adhesive
layer. It can be given by Eq. (9) with the unit of mm 1.

= +G
t E

b
A E t

1 1a

a s

c

s c c

2
(9)

2.3. Derivation of bond-slip relation

Inspired by early work from Teng et al. [12], the bond-slip relation
could be described as different stages, as shown in Fig. 7.

(a) Initial elastic stage
In the early stages of loading, the composite member was in the
elastic stage, as shown in Fig. 7(a). The shear strain of CFRP sheets
was mainly concentrated in the zone near the seam end <x l( ),e and
there was very little shear strain existing in the area far from the
seam end. Meanwhile, the strain of CFRP sheet was synchronized
with the strain development of the adhesive layer. The tensile stress
( )c of the CFRP sheet and the shear stress ( ) of the adhesive layer
increased linearly with the strain growth. And the elongation in-
creased with the external shear load. The external load (P) can be
obtained by.

= = <P x dx
G

sinh l
cosh x x l( )

( )
[ ( ) 1], 0

x
e

a y

e
e0 (10)

(b) Beginning yield of shear stress in the adhesive layer
The specimen began to enter into the elastic-plastic stage, as shown
in Fig. 7(b). At this time, the distribution of shear stress of CFRP
sheets developed to the widest range ( =x l ),e and the shear stress at
the seam end began to yield. Hereafter, the shear strain ( )c of CFRP
sheet was no longer synchronized with the shear strain ( ) devel-
opment of the adhesive layer. Meanwhile, the tensile stress ( c) at
the CFRP sheet was far below the yield strength and continue in-
creasing. However, the shear stress of the adhesive layer had
reached the yield stress ( ).y At this time, there was a critical load
given by.

=P t E Ay y a C C (11)

(a) Initial elastic stage 

(b) Yield point of shear stress in the adhesive layer 

(c) Elastic-plastic stage

(d) Debonding stage
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Fig. 7. Shear Stress distribution associated to bond.
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(c) The elastic-plastic stage
In the plastic stage, the area ( <x l )p was a plastic zone near the
seam end, and the elastic zone < < +l x l l( )ep p gradually devel-
oped to the area farther away from the seam end, as shown in
Fig. 7(c), at this time, the external load P can be given by.

= +P x dx x( )
l

e y0

e

(12)

= + = +P P x t E A xy y y a C C y (13)

In the plastic phase, the curve had an approximate level of yielding
platform, as shown in Fig. 7(c). From the Eq. (11), the shear force (Py) of
the elastic zone was a constant. The shear stress ( ) reached the yield
shear stress ( )y and no longer increased. The whole test adopted a
displacement control, and the x in a unit time was a constant.
Therefore, the shearing resistant force = +N P x( )a y y of the adhesive
layer had little change in a linear manner, as shown in Fig. 7(c). This
phase lasted for a very short time. It was mainly due to the bonding
effect between the CFRP sheet and adhesive layer, and the increase of
tensile stress ( )c in CFRP sheets was affected, which led to the slow
increase in the internal resistant force +N N( )c s of composite specimen.

With the development of plastic zone, the bonding effect of CFRP-
adhesive layer decreased gradually, and the strain ( )c of CFRP sheets
increased faster than the strain ( ) of adhesive layer. The adhesive layer
gradually withdrew from the resistance to shear load. The elastic
modulus(E )c of CFRP sheet is much greater than the elastic modulus
(E )a of adhesive layer, and thestress( )c changed quickly. Meanwhile,
the positive stress of the composite specimen increased and the curve
turned into a sudden upward trend, as shown in Fig. 7(c). The bonding
effect between the CFRP and adhesive layer tended to “collapse”, but no
debonding occurred.

(a) Covering adhesive (b) Bonding CFRP sheet

(c) Compacting with roller (d) Bonding transverse CFRP sheet

(e) Fabricated specimens

 

   

Specimens group A
 Specimens group B

 
Specimens group C
 

Specimens group D
 

Fig. 9. Fabrication process of specimens.

Fig. 10. Sample testing.

(a) Completely debonding failure (b) Splitting failure

Fig. 11. Failure modes of debonding.
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(d) The debonding stage

The plastic zone near the seam end reached the maximum range
=x l( ),p and the elastic zone expanded beyond the seam end, as shown

in Fig. 7(d). The entire bonding length achieved the maximum
= +l l l( ),e p and the strain of adhesive layer in the plastic zone reached

the extreme value( ).u The adhesive layer cannot continue to resist the
external shear load, and the first debonding occurred. The shear load
reached the debonding load (Pd) which can be calculated by.

= +P P ld y y p (14)

3. Experimental test and calibration

To calibrate the proposed model above and determine critical fac-
tors, such as the length, width, number of layers of the bonded CFRP
sheets, and also the anchorage length of CFRP sheet, a total of 22
specimens as four groups were tested in the laboratory, as shown in
Table 1, where l indicates the length of CFRP sheet; bc indicates the
width of CFRP sheet; n indicates the number of CFRP sheet layers; la
indicates the length of the extra transvers CFRP sheet. Specimen s-0-0 is
labelled as the specimen with CFRP sheets of 180-mm bonding length.
Specimens S-A-1/S-A-4 were used to study the effect of bonding length
of CFRP sheets on bonding properties. Specimens S-B-1/S-B-2 were
used to study the effect of bonding width of CFRP sheets on bonding
properties, Specimens S-C-1/S-C-2 for layers of CFRP sheets and Spe-
cimens S-D-1/S-D-2 for anchorage length of CFRP sheets. The specific
parameters of the test components are described in detail in the fol-
lowing sections.

3.1. Test specimens

The cleanliness and roughness of the surface of stainless steel plate
have a significant effect on the bonding behavior of the binder. Before
the experiment, the roughness of the surface of stainless steel plate was
polished with a steel wire wheel, and the surface roughness could be
increased to improve the mechanical biting force between the base
material and the adhesive layer, thus enhancing the bonding ability.
Afterwards, the polished stainless steel plate was carefully cleaned with
a brush, and then the stainless steel plate and CFRP sheets surface were
wiped with the degreased cotton cloth soaked with anhydrous alcohol,
so as to remove the dust, greasy dirt and other stains on the surface.
Finally it was dried for use.

The specimen is composed of two austenitic stainless steel plates
with externally bonded CFRP sheets on the same side. The thickness of
two stainless steel plates are 3 mm and closely stitched. In order to test

the strain of CFRP sheets under shear load, some strain gauges were
bonded on the CFRP sheets at certain distance along the longitude.
Meanwhile, to ensure that the damage of CFRP sheets occurred on the
side of stainless steel plate, two layers of extra CFRP sheets were
transversely bonded on the side of stainless steel plate 2 near the seam
of 100 mm, as shown in Fig. 8. The fabrication process of specimens is
shown in Fig. 9.

3.2. Material properties

The CFRP sheet used is of MH-300 type and the adhesive was pro-
duced by Carbon Composite Material Co. Ltd. in China. The stainless
steel plate was made by Panzhihua Steel Co. Ltd. in China. The me-
chanical properties and material parameters of each kind material used
are shown in Tables 2–4, where c indicates the physical quantity of the
CFRP sheet. a indicates the physical quantity of the adhesive layer. s
indicates the physical quantity of stainless steel. t is the material
thickness. b is the width of CFRP sheet. is elongation. c is the ultimate
strength of CFRP. a is the Poisson ratio of adhesive layer. a is the
ultimate strength of adhesive layer. s1 is the yield strength of stainless
steel and s2 is the ultimate strength of stainless steel.

3.3. Test setup and instrumentation

As shown in Fig. 10, the samples were loaded by an electrohydraulic
servo universal test machine of css-waw1000 type. A displacement
control mode was performed and the loading rate is controlled at a
speed of 0.5 mm/min. The instrumentation was plotted in Fig. 8, where
the strain gauges were embedded and distributed within the adhesion
layers. The strain gauges data were collected by a programmable static
strain meter of YE2533 type. In order to study the possible effect fac-
tors, the main parameters in the test are the varying width of CFRP
sheet, the CFRP layer number, the bonding length of CFRP sheet and
the length of extra transvers CFRP sheet as an anchorage of the CFRP
sheets tested. The emphasis was focused on the shear yield load, de-
bonding load, ultimate load and tensile strain of CFRP-stainless steel
plate composite members. During the loading process, the debonding
development of CFRP sheets and the damage of the components were
carefully recorded.

4. Test results and discussions

4.1. Failure modes

The debonding failure between the CFRP sheet and the stainless
steel plate occurred in all specimens. And the debonding failure in-
cluded two kinds of failure modes, completely debonding failure and
splitting failure in the test. The failure process is roughly as follows. As
the adhesive is the weak part of the stainless steel plate strengthened
with CFRP sheet, a slightly debonding failure firstly occurred at the
adhesive when the load reaches about 50% of the ultimate load. With
the increasing of load, the debonding range rapidly extended from the
seam to the distance. Finally, the bonding failure between CFRP and
adhesion leads to completely debonding between CFRP sheets and
stainless steel plate, as shown in Fig. 11.

However, due to the fabrication deficiency, the adhesive in a few
specimens cannot completely saturate the CFRP sheets, which resulted
that the fiber bundles of CFRP sheets unable to form a whole composite
member to bear the shearing load. This fabrication deficiency caused a
few specimens occurred splitting failure mode between the CFRP sheets
and stainless steel plates instead, as shown in Fig. 11(b).

When the bonding length (l) between CFRP sheets and stainless steel
plate is no more than 75 mm, the failure mode of CFRP-stainless steel
plate interface is a completely debonding of adhesive-stainless steel
plate interface. In this failure mode, the adhesive layer completely
debonded from the stainless steel plate, and the surface of stainless steel

(a) Interface damage of 
completely debonding

(b) Interface damage of 
mixed damage 

Fig. 12. Failure mode of bonding interface.
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plate is smooth, without adhesive layer residue, as shown in Fig. 12(a).
When the bonding length (l) between CFRP sheets and stainless steel
plate is more than 75 mm, the failure mode of CFRP-stainless steel plate
interface is a mixed failure. In this failure mode, the adhesive layer
completely debonded from the stainless steel plate near the seam.
However, far away from the seam, the damage occurred in the adhesive
layer and some of the adhesive and fiber residues stayed on the surface
of the stainless steel plate, as shown in Fig. 12(b).

4.2. Shear stress of CFRP sheets

The strain distribution curve of CFRP sheets bonded on the stainless
steel plate involved six loading situations, 0.2Pu, 0.4Pu, 0.6Pu, 0.75Pu,
0.8Pu and Pu, as shown in Fig. 13. The strain curves of these loading
situations of reflected the process of strain changes during the whole
loading process.

It can be seen from Fig. 13 that the strain of the whole CFRP sheets
was smaller at the initial stage of loading. With the increasing of
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Fig. 13. The strain distribution curves of CFRP sheets in parts specimens.
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loading, the strain of CFRP sheets near the seam increased significantly,
but the strain far away from the seam was still small. When the load
reached 60% of the ultimate bonding capacity, the shear stress at the
bonding interface was mainly distributed in the area within 25 mm of

the seam. When the load reached 85% of the ultimate bonding capacity,
the shear stress mainly concentrated in the range of 65 mm from the
seam. As the loading closed to the ultimate bonding capacity, the shear
stress at the bonding interface expanded to the range of 100 mm from
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Fig. 14. Shear load-elongation curves of the CFRP samples.
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the seam, and only a small part of shear flow existed in the area ex-
ceeding 120 mm from the seam. This phenomenon indicated there was
an effective bonding length, that is, the CFRP sheets in this effective
bonding length withstand most part of the shear load.

By analyzing the strain distributions and test results of different
specimens, it was found that the length and width of CFRP sheets had
little effect on the effective bonding length of CFRP sheet. However,
increasing the number of CFRP sheet layer and the length of extra
transverse CFRP sheets can improve the effective bonding length. With
the increasing of bonding length and width of CFRP sheet, the number
of CFRP sheet layers and the length of extra transverse CFRP sheets,
while the ultimate bonding capacity of CFRP sheets improved in dif-
ferent degrees, but these factors had little influence on the yield load
and debonding load.

4.3. Load-elongation curve of CFRP sheets

The shear load-elongation curve of the CFRP sheets directly re-
flected the behavior of the stainless steel plate reinforced with CFRP
sheets, especially the slippage and debonding of the CFRP-stainless steel
plate interface during the whole tensile process. The shear load-elon-
gation curve of specimens were shown in Fig. 14, and the critical/ul-
timate capacity of shear load of each specimen as shown in Table 5.

Fig. 14 displayed the shear-elongation curves, where loading drops
responded for the debonding of CFRP sheets. The shear stress of the
adhesion remains unchanged after reaching the yield stress, as illu-
strated in Fig. 14(a). The first debonding fracture happened when the
load passed the yield stress, with a corresponding sudden drop. The
load bumped back before reaching another debonding fracture. Clearly,
the most samples experienced similar trend with a wave-shaped
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fluctuation in accordance with energy release due to the debonding
fracture, as shown in Fig. 14(a)–(k). The results of Category A con-
firmed that the elongation increased as expected, with the increase of
the bonding length. Also the test samples with the larger width (of
bonding areas) achieved the higher bonding capacity and slightly
higher elongation.

The stress-strain curves of CFRP and adhesive were obtained from
the experiment of related materials, as shown in Fig. 15(a). During the
test, most of the specimens occurred completely debonding failure or
mixed failure, and the CFRP sheets were far from reaching its yield
strength and thus it can be simplified as a linear manner as initially
assumed in Fig. 4(a).

During the test as shown in Fig. 15(b), the adhesive layer was in the
elastic force stage at the beginning. When the stress reaches the yield
stress y, the adhesive layer entered the elastoplastic stage. By the tor-
sion test of the casted adhesive, it was known that the shear stress y of
the plastic stage remained unchanged, and there was a yielding plat-
form during the plastic development, where the shear load remained
unchanged with the increasing of elongation. When the shear strain of
adhesive layer reached the ultimate shear strain u, the adhesive layer
occurred debonding failure. Therefore, the shear stress-strain relation-
ship can be simplified to an ideal elastic-plastic curve, as shown in
Fig. 4(b), where y = 2.65and u = 3.25.

5. Further parametric study and discussions of bond strength

5.1. Effects of critical design parameters on bonding shear stress

The analytical model in Section 2 was used to determine the design
parameters affecting the bond shear stress and its distribution, such as
the material strength, thickness, bonding width, elastic modulus, and
Poisson ratio.

The shear stress of the adhesive layer in the elastic stage can be
obtained by.

=x
G

sinh l
sinh l x x l( )

( )
[ ( )], 0

a y

(15)

where yis the yield strain of the adhesive layer, and determined by the
material properties of the adhesive layer; Gais the shear modulus of the
adhesive layer, defined by.

=
+

G E
2(1 )a

a

a (16)

By the force balance in Fig. 5, the shear stress between the CFRP
sheet and stainless steel plate can be obtained, and the calculation
formula is as follows:

= E t
l

( )
i

i i c c

i

1

(17)

In Eq. (17), i represents the shear stress at the midpoint between
the measuring point i and i 1; i and i 1 are the strain of CFRP sheets
at the point i and i 1, respectively; li is the distance between the
point i and i 1.

The strain gauges have a limited measuring length, which makes it
difficult to densely arrange the strain gauges in a certain range near the
beam end. Therefore, it is difficult to collect the strain data at the po-
sition near the beam end. Therefore, the shear stress distribution curve
was captured only when specimens approximately reach the plastic
critical stage at the plastic critical load of P0.40 u.

The shear stress obtained by the Eqs. (15) and (17) is shown in
Fig. 16, including the shear stress distribution of the results predicted
by the proposed model, and the test results under different bonding
length l( ), the different bonding width b( ),c the different layer n( ), and the
different length of the extra transverse bonded CFRP sheets l( ).a

From Fig. 16(a)–(d), it is known that the bonding shear stress tested
shows good agreement with that of the theoretical calculation. Mean-
while, the influence of the bonding length and the length of the extra
transverse bonded CFRP sheets on the shear stress distribution in the
elastic stage is very less. The three distribution curves of shear stress
with different bonding width are almost coincident in Fig. 16(b), which
shows that the parameter b( )c has little influence on the distribution of
shear stress in the elastic phase. In the area near the seam end, there is a
severe stress concentration, and the peak of the curve appears at the
seam end. Meanwhile, the shear stress distribution far from the seam
end is almost zero. All the above mentioned is consistent with the in-
ternal force analysis results of the elastic stage.

From Fig. 16(c), it is shown that when the layer number of CFRP
sheet is one or two, the tested results are close to the theoretical

Table 1
Tested matrix of the samples.

Group Specimen number l/mm bc/mm n/layer la/mm

A S-0-0 180 40 1 0
S-A-1 50
S-A-2 75
S-A-3 100
S-A-4 130

B S-B-1 180 30 1 0
S-B-2 50

C S-C-1 180 40 2 0
S-C-2 3

D S-D-1 180 40 1 50
S-D-2 100

Table 2
Parameters of CFRP sheet.

tc/mm bc/mm Ec/MPa c/MPa c/%

0.167 30 2.43 × 105 3418 1.71

Table 3
Parameters of adhesive.

ta/mm ba/mm Ea/MPa a a/MPa a/% u

0.5 30 2584 0.35 58 3.25 0.0325

Table 4
Parameters of stainless steel plate.

ts/mm bs/mm Es/MPa s1/MPa s2/MPa s/%

3 60 1.96 × 105 273 621 60

Table 5
Comparison between calculated and tested results.

Specimen number Py(kN) Pu(kN) P̄y (kN) P P/ ȳ

S-0-0 5.3 14.25 6.13 0.86
S-A-1 5.3 7.38 6.18 0.86
S-A-2 5.3 13.14 6.09 0.89
S-A-3 5.3 13.81 6.17 0.86
S-A-4 5.3 14.05 6.38 0.83
S-B-1 3.92 13.06 6.21 0.63
S-B-2 6.59 19.03 6.55 1.01
S-C-1 7.60 24.49 6.60 1.15
S-C-2 9.54 25.57 6.36 1.50
S-D-1 5.3 16.54 6.53 0.81
S-D-2 5.3 16.97 6.41 0.83
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calculated results, while the tested one is slightly larger than that of
calculated at three layers. However, their distribution rules are con-
sistent. This is mainly because the layer number is less, the tensile strain
in CFRP sheets can be regarded as uniform distribution (i.e., the surface
strain can represent the internal tensile strain). When the layer number
is more, the internal tensile strain is no longer evenly distributed, and
the different degrees of slippage between the CFRP sheets and the ad-
hesive layer resulted that the shear stress between the measured points
is higher than that of theoretical value.

5.2. Critical capacity prediction associated to bond shear stress

When the shear stress reaches the maximum( ),y there is a critical
load =P t E A( )y y a C C defined by Eq. (15). The test results P( )ȳ and the
results P( )y predicted by the proposed model are as listed in Table 5.

It is shown in Table 5 that when the bonding width is a certain, the
actual critical load P̄y changes very little as the bonding length in-
creasing, i.e., the bonding length has no effect on the stress and strain in
the elastic stage. When the bonding width b( )c is 40 mm or 50 mm, the
theoretical result is close to the tested one. When the bonding width b( )c
is 30 mm, the relative error is larger. This is because in the actual test
process, the stainless steel plate is not isotropic. As shown in Fig. 17,
although the influence of the bonding width b( )c on the tested results
was taken into account in the parameter ( ), the tensile stress ( ) in the
stainless steel plate was not divided into two parts of s and s

' in the
force analysis, and the partial stress ( )s

' participating in resisting the
external load was ignored, which made the calculated result was rela-
tively small. When the bonding width b( )c is similar to the stainless steel
plate width b( ),s the calculated results were in good agreement with that
of he tested results. Note that the deviation between the test and pre-
dicted results could result from certain uncertainties during the fabri-
cation and tests, such as uneven adhesive layer between multilayer
CFRP sheets, fabrication error (the bubble of the adhesive layer in the
solidification process), could affect the compactness of the paste.

6. Conclusion

This study investigated the bond behavior of CFRP-to-stainless steel
plate through both analytical model and experiment. Some conclusions
can be drawn as follows.

o By defining four stages, the proposed model could effectively de-
scribe the whole load time-history bond behavior of CFRP-to-stain-
less steel.

o The proposed model by define adhesive layer as an ideal elastic-
plastic material, and the CFRP sheet and stainless steel plate as the
linear elastic material could be sufficient to predict the bond be-
havior of CFRP-to-stainless steel, including bond shear stress dis-
tribution and crucial load associated to bond strength. The experi-
mental observation revealed that adhesion failure between the
adhesion and the CFRP sheets was dominant, and thus confirms the
assumption using linear stress-strain relations for the CFRP and

stainless steel.
o When the bonding width of CFRP sheets is close to that of the

stainless steel plate and the number of CFRP layers is less, the effect
of bonding length and length of the extra transverse bonded CFRP
on the distribution of shear stress and critical load is less. When the
bonding length is sufficient, increasing the number of CFRP layers
will influence the distribution of the internal strain of the CFRP
sheets, so that the slippage between the CFRP sheets in different
layers are not synchronous, which will affect the distribution of
shear stress and the critical load.

o When the specimen was in the elastic stage, the stress and strain of
the adhesive layer was mainly concentrated near the seam end, and
there was little strain far from the seam end. When the load reached
the critical status, the plastic zone appeared at the seam end, and the
shear stress achieved the maximum. With the continuous expansion
of plastic zone, the elastic zone gradually moved away from the
seam end. When the plastic zone of the seam end reached the
maximum and the elastic zone develops to the farthest, the effective
bonding length can be described as = +ll  le p, and the shear strain in
the plastic zone achieved the yield strain ( ).u Hereafter, the ad-
hesive layer cannot resist the external shear load, and the first de-
bonding occurred.

o Due to limitations from assumptions used in the proposed model,
there existed deviation between the measurement and the predic-
tion at certain points. The prediction model could be further mod-
ified to account for more widespread real-world application.
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