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A B S T R A C T

Carbon fiber reinforced polymer (CFRP) laminates can effectively enhance the fatigue life of steel structures.
However, few studies have investigated the influence of crack-induced debonding in the CFRP-steel interface
on the CFRP strengthening efficiency and the relationship of crack propagation and debonding development.
This study experimentally and numerically – with the boundary element method (BEM) – investigated crack
propagation and debonding development in CFRP-strengthened cracked steel (Q345, Q460, and Q690) plates.
The fatigue test specimens were subjected to a maximum stress of 50% steel yield stress and a stress ratio of 0.1,
during which real-time changes in CFRP strain distribution were recorded by digital image correlation (DIC).
The CFRP strain gradient calculations showed that crack-induced debonding was crack length-dependent. The
numerical fatigue life results were in good agreement with the experimental data when considering debonding
and overestimated the experimental data without considering debonding, demonstrating the necessity of
considering crack-induced debonding in calculation and design. Furthermore, a relationship was obtained
between crack propagation and debonding development.
1. Introduction

Fatigue is one of the major concerns that may lead to sudden
failure of steel structures and requires immediate repair. Fatigue failure
generally occurs in steel structures subjected to cyclic loadings, leading
to crack propagation and a final sudden rupture [1]. For cracked steel
components, strengthening them is more economical and practical than
replacing them. Compared with traditional strengthening methods,
including stop holes, steel plate bolting and crack welding, the strength-
ening method that uses carbon fiber reinforced polymers (CFRPs) has
been shown to be fast, convenient and efficient for cracked steel compo-
nents [2–4]. This method adds very little weight and causes no damage
to the original structure and can be widely used in strengthening
steel structures under fatigue loadings. The fatigue behavior of cracked
steel plates strengthened with CFRPs was studied experimentally and
numerically [5–10], which found that fatigue life can be extended
by up to 11.3 times that of unstrengthened specimens. Sharing the
same strengthening mechanism, retrofitting damaged steel beams [11–
14] and steel bridges [15,16] by externally bonding CFRPs to the
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lower flanges has been shown to be an efficient method under fatigue
loadings. Furthermore, CFRPs can also be applied in strengthening
steel joints under fatigue loadings [17]. Similarly, Guo et al. [18]
studied the strengthening of rib-to-deck joints of orthotropic steel
decks in steel bridges using externally bonded fiber-reinforced polymer
(FRP) angles and found that the fatigue life-elongation ratio of the
strengthened specimens reached 4.18 [18,19]. In addition, researchers
have proposed using ultrahigh-modulus CFRPs [20] and prestressed
CFRPs [21–23] to enhance fatigue behavior of steel members under
fatigue loadings and found that the strengthening efficiency was more
pronounced and that crack propagation could even be arrested.

When the externally bonded CFRP method is used in the strength-
ening of structures, the bond behavior between CFRP and steel is
crucial for the strengthening efficiency and thus is widely considered.
Many studies have been conducted to investigate the bond behavior of
CFRP-steel interfaces by testing simple bonded joints. The bilinear and
trapezoidal bond–slip relationships of the CFRP-steel bonded interfaces
were observed, and bond–slip models were developed [32]. In addition,
https://doi.org/10.1016/j.tws.2021.108038
Received 4 November 2020; Received in revised form 21 April 2021; Accepted 31
Available online 10 June 2021
0263-8231/© 2021 Elsevier Ltd. All rights reserved.
May 2021

https://doi.org/10.1016/j.tws.2021.108038
http://www.elsevier.com/locate/tws
http://www.elsevier.com/locate/tws
http://crossmark.crossref.org/dialog/?doi=10.1016/j.tws.2021.108038&domain=pdf
mailto:fengpeng@tsinghua.edu.cn
https://doi.org/10.1016/j.tws.2021.108038


L. Hu, Y. Wang, P. Feng et al. Thin-Walled Structures 166 (2021) 108038
Table 1
Previous studies on debonding of FRP-strengthened cracked metal plates [24–31].
some studies investigated the effects of variable factors on the bond
strength of CFRP-steel bonded interfaces, such as the steel surface
preparation [33], environmental conditions (e.g., temperature, seawa-
ter exposure, humidity, UV light) [34], impact loading [34] and cyclic
loading [35–37]. However, studies on the fatigue behavior of CFRP-
steel interfaces remain rather limited [38]. A few studies have focused
on evaluating the fatigue life and joint stiffness of bonded interfaces
2

with double/single-bonded joints [38,39]. However, the simple bonded
joints used in the previous studies are obviously different from CFRP-
strengthened cracked steel members. Fatigue crack-induced debonding
is more complicated and is one of the main failure modes of CFRP-
strengthened cracked steel structures [40]. Some researchers [24–29]
have observed or studied the crack-induced debonding of cracked metal
plates strengthened with FRPs, as summarized in Table 1. Based on
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these studies [24–31,41], the debonding around the crack tip has a
large influence on the crack propagation and fatigue life, so the CFRP
efficiency reduction is a function of the debonding region area, which
is influenced by the location and geometry of the initial crack and the
location and configuration of the FRP. In addition, Bocciarelli et al. [42]
analytically and numerically studied the debonding of a cracked steel
beam strengthened with CFRPs, wherein the crack ran through the
lower flange and the web. As the number of fatigue cycles increased,
the crack propagated toward the depth of the web, but debonding
developed in the interface of the lower steel flange and the CFRP, where
the length of the crack was actually unchanged. This paper focuses
on crack-induced debonding of a CFRP-strengthened tensile steel plate
with a center hole with two slots at two edges, whose crack type is the
same as that in [25–27]. For this crack type fully covered with CFRP,
researchers [26,27] have found the debonding region to be an elliptical
shape, however, to the best of the authors’ knowledge, there are still no
studies in the literature focusing on the relationship and interactions
of the crack propagation and crack-induced debonding development,
which are two interactional physical processes.

There are different methods for the prediction of fatigue life of the
center-cracked tensile steel plate strengthened with CFRPs. First, the
finite element method (FEM) is a commonly used technique for stress
analysis, which can provide the stress intensity factor [7,8,14,18,19].
Similarly, the boundary element method (BEM) is another frequently
used and well-established numerical technique that has been shown
to be a convenient and accurate method for calculating the stress
intensity factor and fatigue life [43,44]. In addition, linear elastic
fracture mechanics (LEFM) is widely used to calculate the fatigue
life, which is mainly based on the Paris law [5,6,14,45]. However,
regarding these methods, there is very limited research on predicting
fatigue life considering crack-induced debonding and its influence on
the effectiveness of fatigue strengthening.

This paper experimentally and numerically studies the
crack-induced debonding development and crack propagation in
cracked steel plates strengthened by CFRP laminates and highlights the
importance of considering the influence of crack-induced debonding
in fatigue life predictions. In the following sections of this paper,
‘‘crack-induced debonding’’ is simply referred to as ‘‘debonding’’.

2. Interactional effects between crack propagation and debonding
development

The mechanism of fatigue strengthening of cracked steel plates is
complicated and includes crack propagation and debonding develop-
ment processes, as shown in Fig. 1. For a pure cracked steel plate,
the crack in the steel plate induces a stress concentration, which leads
to crack propagation when the steel plate is under fatigue loading.
When applying CFRPs to strengthen the steel plate, the CFRP deforms
with the steel plate through the adhesive, sharing the tensile stress
of the steel plate (especially around the crack tip), thus reducing the
stress concentration/stress intensity factor at the crack tip and slowing
the crack propagation. Therefore, the fatigue life of the steel plate is
improved after strengthening.

However, in the crack propagation process, the stress concentration
around the crack tip gradually increases, causing the deformation of
the adhesive to increase. When the crack is sufficiently large, there
will be a large stress concentration around the crack tip, thus the shear
failure of the steel-adhesive interface will start, and debonding will be
triggered around the crack tip. For normal-modulus CFRP-reinforced
specimens, the process of the shear failure of the interface is mode II
fatigue crack propagation of the interface, which requires the lowest
fracture energy [24,28,30]. The occurrence of debonding affects the
cooperative work between the CFRP and steel plate, weakening the
reduction in stress concentration by the CFRP, thereby reducing the
strengthening efficiency of the CFRP and leading to a higher stress

concentration with a faster crack propagation rate than that without

3

Table 2
Material properties of the steels.

Steel grade Yield stress 𝑓y
(MPa)

Ultimate tensile
strength (MPa)

Thickness (mm)

Q345D 390 509 16
Q460C 481 612 12
Q690D 805 823 14

debonding in the next fatigue cycle. As the crack propagates in the next
fatigue cycle, debonding develops; thus, its reduction in strengthening
efficiency is more pronounced.

In summary, crack propagation and debonding development form
an interactive and cyclic relation during the whole fatigue damage pro-
cess of the CFRP-strengthened cracked steel plate. Crack propagation-
induced debonding development affects the strengthening effectiveness
of CFRPs, thereby influencing crack propagation in the next fatigue
cycle. Therefore, the interactional effects between crack propagation
and debonding development must be considered in fatigue life predic-
tion and fatigue strengthening design. Otherwise, the fatigue life after
strengthening will be overestimated, leading to unsafe results.

3. Fatigue tests with debonding measurements

3.1. Material

In the fatigue test, Q345, Q460 and Q690 steel are used, and their
material properties are shown in Table 2. The elastic modulus 𝐸s and
Poisson’s ratio 𝛾 of all steels are 201 GPa and 0.3, respectively. The
CFRP laminate, provided by HS Co., Ltd. (Jiangsu Province, China), has
an ultimate tensile strength 𝑓P of 2454 MPa, an elastic modulus 𝐸P of
168 GPa and Poisson’s ratio 𝛾 of 0.3. As suggested by the manufacturer,
the adhesive Araldite-2015 is used with the CFRP laminate. By standard
measurements [46], as shown in Fig. 2, the elastic modulus 𝐸a and
ultimate strength 𝑓a of the adhesive are 2.10 GPa and 23.5 MPa,
respectively.

3.2. Specimen and test setup

The specimen configuration is presented in Fig. 3(a), which is con-
sistent with those used in previous studies [45,47,48]. The rectangular
steel plate has a length of 400 mm, a width of 70 mm and a thickness
of 12 mm, 14 or 16 mm. The steel plate is cracked by wire-electrode
cutting before testing. The depth of the crack is the same as that of the
steel plate. The CFRP laminates are applied on both sides of the steel
plates, each of which has a length of 200 mm, a width of 50 mm and
a thickness of 1.4 mm.

The specimen preparation is as follows: (1) The steel plate surface
was sandblasted and then cleaned with acetone to obtain a rough
and clean surface. (2) Then, the adhesive was uniformly distributed
on the steel and CFRP surfaces. The CFRP laminates were pressed on
the steel substrate immediately after the surface preparation [6]. (3)
Then, to avoid end-debonding of the CFRP laminate, a 50 mm wide
CFRP sheet was wrapped around the end of the CFRP laminates. (4)
Finally, a vacuum curing process and a weight plate were applied to the
specimens to achieve a uniform bond layer by the three-dimensional
pressure environment for one-week of curing, as shown in Fig. 3(b).
With this method, the adhesive thickness of the strengthened specimens
was maintained at 0.5 mm.

To study the debonding of the CFRPs and steel under a high stress
range, three CFRP laminate-strengthened specimens (LS) and three
unstrengthened reference specimens (U) with the same stress level
(defined as the ratio of maximum stress in the fatigue loading 𝜎max to
the yield stress 𝑓y) of 50% were investigated, as shown in Table 3. The
subscripts 345, 460, or 690 denote the steel grade, followed by 𝜎max.

The stress ratio R is 0.1 for the base loading cycles; the stress ratio is
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Fig. 1. Interactional effects between crack propagation and debonding development.
0.6 for the marking loading cycles to track crack propagation by the
beach marking method [2]. The loading sequences of all specimens
are shown in Appendix. The marking loading cycles will not be
included in the fatigue cycles because of their small stress range [2].
The fatigue frequency is kept as 5 Hz for most specimens. For U690-
402.5 and SL690-402.5, because the maximum force is 394.5 kN, which
is approximately 80% of the maximum loading of the loading machine
(i.e., 500 kN), the frequency is reduced from 5 to 3 Hz in order to ensure
the safety of the loading machine. Based on reference [27], frequencies
4

between 200 and 700 times/min (3.33 and 11.67 Hz) have little effect
on fatigue strength.

Although debonding at the CFRP-steel interface cannot be visually
detected, the debonding region can be obtained by the strain gradi-
ent of the CFRP laminate. Thus, for the strengthened specimens, the
noncontact strain acquisition method called digital image correlation
(DIC) is used to measure the longitudinal strain of the CFRP laminate
surface during fatigue loading [49], as shown in Fig. 3(c). This process
is achieved by a three-dimensional optical strain measurement system
(i.e., ARAMIS 3D) including a cold light source, two charge coupled
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Table 3
Details of the fatigue tests.

Specimen Form 𝑓y (MPa) 𝜎max (MPa) 𝜎max∕𝑓y Stress range 𝛥𝜎 (MPa) Frequency (Hz)

U345-195.0 Unstrengthened 390 195

50%

175.5 5
SL345-195.0 Strengthened 390 195 175.5 5
U460-240.5 Unstrengthened 481 240.5 216.5 5
SL460-240.5 Strengthened 481 240.5 216.5 5
U690-402.5 Unstrengthened 805 402.5 362.3 3
SL690-402.5 Strengthened 805 402.5 362.3 3
Fig. 2. Stress–strain curve of adhesive Araldite-2015.

evice (CCD) cameras and a computer equipped with DIC algorithm
oftware. The following steps are conducted: (1) Apply the base loading
ycles, and then apply marking loading cycles so that the crack length
an be obtained. (2) Increase the load to reach the maximum stress
f the base loading cycles, and then capture the strain distribution of
he CFRP laminate by DIC, from which the strain gradient distribution
long the longitudinal direction of the CFRP laminate can be obtained.
3) Repeat the above steps until the specimen fails by fracture. The time
f capturing the strain distribution by DIC is shown in Fig. 4(a).

.3. Test results and analysis

.3.1. Fatigue life and crack propagation
The crack length vs. fatigue cycle curves obtained by the beach

arking method are shown in Fig. 4. The beach marking method is
ffective because clear beach marks are left on the fracture surface of
he specimen, by which it is found that the crack development is slow
t the beginning, and gradually becomes fast, rapidly followed by a
udden fracture in the end. For Q690 steel, crack propagation is very
ast under the high stress range applied.

The fatigue life results are summarized in Fig. 5(a). Compared with
he results of the same unstrengthened specimens in the literature [6],
t the same stress level (50%), the strengthening provided by the CFRP
aminates is effective, increasing the fatigue life by factors of 1.53 to
.84. In addition, a typical failure mode is shown in Fig. 5(b), in which
t is clear that debonding occurred around the crack tip.

.3.2. Debonding region
The strain distributions of the CFRP laminates of the three spec-

mens acquired by DIC are shown in Fig. 6. In general, when the
rack is small, the strain distribution on the surface of the CFRP
aminate is relatively uniform, whereas when it reaches a long length,
train concentration occurs near the crack. Taking specimen SL460-
40.5 as an example, the CFRP strain distribution is basically uniform
efore 120,000 fatigue cycles. Afterward, the CFRP around the initial
rack begins to exhibit strain concentration. At this stage, as the fa-
igue crack propagates, the strain concentration area expands relatively
5

Fig. 3. Specimen and test setup.

slowly. Starting from approximately 250,000 fatigue cycles, the strain
concentration area increases rapidly with increasing fatigue cycles.

Because of the central crack, which is an initial damage to the steel
plate, there is a stress concentration around the crack. Thus, the CFRP
strain is very large, making the CFRP strain gradient large. Because the
adhesive shear stress is proportional to the strain gradient of the CFRP
laminate [29], a large strain gradient of CFRP means a high shear stress
of adhesive, so at this time, the debonding occurs. When the crack
propagates, this high strain region expands, so debonding develops.
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Fig. 4. Crack length vs. fatigue cycle curves by the beach marking method.

The following method is used to determine the debonding region:
because the shear stress is transferred outside the debonding region
and no shear stress can be transferred inside the debonding region, the
debonding region edge is a contour of high CFRP strain gradient, and
the debonding region is bounded by this contour which has negligible
CFRP strain gradient [29]. Therefore, based on the DIC results, the
strain gradient of the CFRP laminates is studied. Specifically, as shown
in Fig. 7, the Y-coordinate of point i is 𝑦i, and the strain in the y
direction at this point is 𝜀y,i; the point above it is named point i+1, for
which the Y-coordinate is 𝑦i+1 and the strain in the y direction is 𝜀y,i+1.
Eq. (1) can be used to obtain the strain gradient in the y direction 𝑑𝜀,i of
oint i. By using the same method, the strain gradients of all points in
he CFRP laminates are obtained. The ‘‘Griddata’’ interpolation function
n MATLAB [50] is used to draw the graph of the debonding region
y DIC. A strain gradient higher than 0.06 μ𝜀/m is considered the
ebonding region edge, and the region enclosed by the edge contour is
onsidered the debonding region. The results of the debonding regions
ill be shown and analyzed in comparison to the BEM results in
ection 4.3.1.

𝜀,i = (𝜀y,i+1 − 𝜀y,i)∕(𝑦i+1 − 𝑦i) (1)
6

Fig. 5. Fatigue life and failure mode.

4. Simulation by the BEM

To study the influence of debonding on the fatigue life and the
relationship between crack propagation and debonding development,
the cracked steel plates strengthened by CFRP laminates (specimens
SL345-195.0, SL460-240.5 and SL690-402.5) are analyzed by the BEM
in this section.

4.1. Introduction of the BEM

In practical engineering, only a few cases can be solved by analyt-
ical methods. With the development and popularization of computer
technology, numerical methods have gradually become an effective
method to solve boundary value problems. Numerical solutions can
be divided into regional and boundary types. The regional numerical
methods mainly include the FEM and the finite difference method, and
the boundary numerical method is mainly BEM.

The BEM is a new numerical analysis method developed after the
FEM in the 1970 s [51], which solves boundary integral equations.
Compared with the FEM, the BEM has the following advantages: the
BEM establishes and divides elements only for the boundaries of a solid
model, so it reduces the number of elements and degrees of freedom
and maintains a high calculation precision, which is especially suitable
for analyzing fracture problems with singular stresses [52]. In addition,
when it is used to simulate a crack propagation process, the remeshing
of the crack tip can be accomplished automatically, and the fatigue life
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Fig. 6. CFRP strain distributions acquired by DIC.
can be obtained directly. Therefore, the BEM is a powerful alternative
to the FEM for problems involving cracks [43,44,53].

The computer program BEASY can be applied to perform numerical
analyzes based on the BEM; this software is an internationally recog-
nized leader in computer simulations for defect assessment and crack
propagation [54]. Thus, it is used in this paper for simulation.
7

4.2. Modeling

4.2.1. Geometry configurations and elements
For each specimen, the steel plate with a central round hole and

the CFRP laminate were modeled three dimensionally according to real
dimensions in the tests. Due to the symmetry of the geometry and
boundary conditions, only half of the specimen, which is symmetric
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Fig. 7. Schematic diagram of the calculation of the CFRP strain gradient in the loading
direction.

with respect to the Y–Z plane, was modeled and meshed. Fig. 8 shows a
typical specimen configuration and details of the initial crack in BEASY
based on Section 3.

To ensure the accuracy and efficiency of the calculations, the steel
plate and CFRP laminate were modeled as continuous plates by Q38
elements, which are quadrilateral, reduced quadratic order elements.
The dimensions of Q38 element are 5 mm × 5 mm. A relatively fine
mesh was adopted in the area around the center hole due to the
existence of a high stress concentration. The element size around the
center hole was less than 1/4 of that in the other areas [43]. The above
meshing has been verified to be sufficiently fine [55].

According to the test, a debonding region occurred around the crack
tips. Therefore, the steel plate and CFRP cannot be tied together. Thus,
the adhesive used to bond the CFRP to the steel plates was modeled
as continuously distributed springs connecting the CFRP and the steel
plate, considering three directions, as shown in Fig. 8.

Because BEASY only provides elastic elements, the local yield-
ing zone of the crack tip has not been considered. In addition, elas-
tic springs are used, under which situation a method is proposed in
Section 4.2.2 to consider debonding.

4.2.2. Material properties and consideration of debonding
The material properties of the steel and CFRP in the BEM are from

the test results in Section 3.1. The spring stiffness is defined in terms of
normal and tangential directions in a local coordinate system. 𝐾t and

are the in-plane stiffness of the spring, and 𝐾 is the out-of-plane
u n

8

Fig. 9. Bond–slip relationship of Araldite-2015 adhesive and its equivalent one in
BEASY [56].

stiffness of the spring. 𝐾X, 𝐾Y, 𝐾Z denote the stiffness of the spring in
the X, Y, Z directions, respectively.

For the out-of-plane springs, the stiffness value, specified in units of
MPa/mm, can be obtained by Eq. (2) [44,54], where 𝑡a is the adhesive
hickness, equal to 0.5 mm according to measurements. Thus, 𝐾Z is
200 MPa/mm.

For the springs in the X–Y plane, an equivalent bond–slip relation-
hip of the CFRP-steel interface, bonded with an Araldite-2015 adhesive
ayer of 0.5 mm thickness, is proposed based on the results from a
revious study using the same adhesive of the same thickness [56], as
hown in Fig. 9. For the bond–slip relationship from reference [56],
a is the shear strength, and 𝛿1, 𝛿2 and 𝛿f are three parameters of
he relative slip. The energy release rate is an important parameter
or the interfacial bond behavior [32], which is the area below the
ond–slip curve. Thus, the equivalent bond–slip is proposed by keeping
he energy release rate the same. Specifically, 𝛿a,e is used, which is
he average value of 𝛿2 and 𝛿f . If the energy release rate threshold
s reached, debonding occurs. The following steps are conducted to
chieve this goal using the elastic springs and the equivalent bond–
lip relationship. First, spring stiffnesses 𝐾X and 𝐾Y can be obtained
y Eq. (3). Second, after an incremental step of crack propagation,
he stresses of all springs in all directions are checked. For the springs
hose stress reaches the shear strength 𝜏a and the deformation reaches
1, their stiffness is reduced to zero, but the stress is kept at the shear
trength 𝜏a; for the springs whose deformation reaches 𝛿a,e, they are
eleted because debonding is assumed to occur. Then, the above steps
re repeated in the next incremental steps until complete failure is
eached.

𝐾Z = 𝐾n =
𝐸a
𝑡a

(2)

𝐾X = 𝐾Y = 𝐾t = 𝐾u =
𝜏a
𝛿1

(3)
Fig. 8. Boundary element model in BEASY.
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4.2.3. Boundary conditions
All models were subjected to a uniform amplitude tensile cyclic

loading according to the real test data in Table 3. Weak springs over
the middle elements along the length of the steel plate were added to
provide a rigid body restraint [54]. The stiffness of the weak springs
was set as 10% of the elastic modulus of the steel (i.e., 20.1 GPa) for
the three directions.

4.2.4. Crack growth law and fatigue parameters
The type of crack, crack growth law and fatigue parameters were

defined in BEASY Fracture Wizard.
(1) Definition of crack
First, the crack type is defined as ‘‘through-crack’’ with a depth

equal to the thickness of the steel plate. The initial crack length is
7 mm. With the increase in fatigue cycles, the initial crack at the
central hole along the width of the steel plate spreads along the width,
which is perpendicular to the loading direction. Thus, to reduce the
calculation time of the fatigue crack growth, remeshing of the elements
is carried out only in the region around the crack tip along the width
of the steel plate. The remeshing size of the elements has minimum
and maximum limits. The minimum remeshing size recommended by
BEASY is 10% of the through-crack thickness [54]. In this paper, the
minimum remeshing size is set as 0.5 mm, and the maximum remeshing
size is set as 2.5 mm.

(2) Definition of the crack growth law
In this study, considering the influence of the plastic zone of the

crack tip, the NASGRO 3 law [57] is adopted as the crack growth law
as expressed in Eqs. (4)–(6).

𝑑𝑎
𝑑𝑁

=
𝐶 ⋅ (1 − 𝑓 )𝑛 ⋅ 𝛥𝐾𝑛 ⋅ (1 − 𝛥𝐾th

𝛥𝐾 )𝑝

(1 − 𝑅)𝑛 ⋅
[

1 − 𝛥𝐾
(1−𝑅)⋅𝐾c

]𝑞 (4)

=

{

max(𝑅,𝐴0 + 𝐴1𝑅 + 𝐴2𝑅
2 + 𝐴3𝑅

3) 𝑅 ≥ 0

𝐴0 + 𝐴1𝑅 − 2 ≤ 𝑅 < 0
(5)

⎧

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎩

𝐴0 = (0.825 − 0.34𝛼 + 0.05𝛼2) ⋅
[

cos(𝜋
2
⋅
𝜎max
𝜎0

)
]1∕𝛼

𝐴1 = (0.415 − 0.071𝛼) ⋅
𝜎max
𝜎0

𝐴2 = 1 − 𝐴0 − 𝐴1 − 𝐴3
𝐴3 = 2𝐴0 + 𝐴1 − 1

(6)

𝑑𝑎
𝑑𝑁

= 𝐶 ⋅ (𝛥𝐾)𝑛 (7)

In Eq. (4), N is the number of fatigue cycles; a is the half crack
length; R is the stress ratio; 𝛥𝐾 is the range of the stress intensity
factor; and C, n, p, q are empirical constants. Moreover, f is the crack
opening function, which is introduced to consider the effect of crack
closure induced by the plastic zone of the crack tip on the crack
growth rate [58]. This function is determined by R; the plane stress–
strain factor 𝛼; the flow stress 𝜎0, which is the average between the
uniaxial yield stress and ultimate tensile strength of the material; and
the maximum stress in fatigue loading 𝜎max, as shown in Eqs. (5) and
(6). 𝐾c is the critical stress intensity factor range. 𝛥𝐾th is the threshold
stress intensity factor range. When crack closure induced by the plastic
zone of the crack tip is not considered, the empirical constants 𝑝 = 𝑞 = 0
and 𝑓 = 𝑅 when R is between 0 and 1. Then, the NASGRO 3 law is
simplified as the Paris law [5–7], as shown in Eq. (7).

The cracks will propagate automatically in BEASY until the range of
the stress intensity factor 𝛥K is greater than 𝐾c or the crack propagation
size of the last incremental step is larger than the remaining size of the
specimen in the crack propagation direction when complete failure is
reached.

(3) Fatigue parameters
The material properties of the steel plate were first selected from the

predefined database whose yield strength and ultimate strength were
9

Table 4
Fatigue parameters of the specimens in BEASY.

Specimen C n p q 𝐾c (MPa ⋅ mm1∕2)

U345-195.0 5.24×10−9 1.46 0.5 0.5 4170SL345-195.0

U460-240.5 1.92×10−9 1.62 0.5 0.5 6950SL460-240.5

U690-402.5 8.32×10−11 2.03 0.25 0.25 9730SL690-402.5

closest to the test results. Thus, p, q and 𝐾c are obtained. However, re-
garding the fatigue parameters C and n related to the material, although
these parameters are provided for nearly 100 kinds of ferro-containing
alloys in the NASGRO database, those of the normal and high-strength
steels in this paper, which were made in China, must be studied.
Specifically, based on the crack propagation data of unstrengthened
steel plates from a previous study [7], a relationship between a and
N is fitted as shown in Eq. (8). Based on the calculation of 𝛥𝐾 by
BS7910-2005 [59] (Eq. (9)), where W is the width of the steel plate,
the relationship between 𝛥𝐾 and a for the specimens in this paper is
fitted as shown in Eq. (10).

𝑁 = −101153 + 35719𝑎 − 2006𝑎2 + 53.83𝑎3 − 0.547𝑎4 (8)

𝛥𝐾 = 𝑌 ⋅ 𝛥𝜎 ⋅
√

𝜋𝑎 =
√

sec(𝜋𝑎
𝑊

) ⋅ 𝛥𝜎 ⋅
√

𝜋𝑎 (9)

𝛥𝐾 = 888.1093 − 144.8374𝑎 + 27.9456𝑎2 − 1.4654𝑎3 + 0.0268𝑎4 (10)

In addition, the 𝛥𝐾th value adopted is 148.6 MPa mm1∕2 according
to Eq. (11) [59,60] when R is 0.1. 𝜎max∕𝜎0 can be calculated by the data
in Table 3. 𝛼 is determined from BEASY. Thus, f can be obtained. For
example, for U345-195.0 and SL345-195.0, 𝜎max∕𝜎0 = 0.3, 𝛼 = 2.5, and
𝑓 = 0.292.

𝛥𝐾th =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

63

170 − 214𝑅

170

𝑅 ≥ 0.5

0 ≤ 𝑅 < 0.5

𝑅 < 0

(11)

Substituting the above results into Eq. (4) results in Eq. (12). Finally,
the least-squares method is used to evaluate the best fit for parameters
C and n, and the results are shown in Table 4.

ln 𝑑𝑎
𝑑𝑁

= ln𝐶 + 𝑛 ⋅ ln(0.8𝛥𝐾) + 0.5 ln(1 − 148.6
𝛥𝐾

) − 0.5 ln(1 − 𝛥𝐾
3753

) (12)

4.3. Simulation results

4.3.1. Debonding region
The debonding region measured by DIC from Section 3.3 is com-

pared with that simulated by the BEM with the same fatigue crack
length. For specimens SL345-195.0 and SL690-402.5, as shown in
Fig. 10(a) and (c), the shapes and areas of the debonding regions
simulated by the BEM are very similar to those obtained by DIC.
For specimen SL460-240.5, as shown in Fig. 10(b), the shapes of the
debonding regions by the BEM and DIC are similar, while the area
of the debonding region determined by the BEM is smaller than that
determined by DIC, which is due to the fatigue test discreteness and
DIC measurement error.

4.3.2. Fatigue life
With or without considering the influence of debonding, the fatigue

lives of the six specimens predicted by the BEM are shown in Table 5.
𝑁t is the fatigue life from the tests in Section 3, 𝑁BEM is the fatigue
ife determined by the BEM without considering debonding, and 𝑁BEM,d
s the fatigue life determined by the BEM considering debonding. The
rack length vs. fatigue life curves from the tests and by the BEM
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Fig. 10. Comparison of the debonding region determined by DIC and the BEM.
considering debonding are compared in Fig. 11, and the fatigue lives
𝑁t , 𝑁BEM and 𝑁BEM,d are compared in Fig. 12.

Except for specimen SL460-240.5, 𝑁BEM,d gives a good prediction
of the test fatigue life 𝑁t ; the value of 𝑁BEM,d∕𝑁t ranges from 0.95
to 1.18, and the average value is 1.06. While, 𝑁BEM overestimates the
test fatigue life 𝑁 of strengthened specimens by 54% to 84%, which is
t

10
extremely unsafe in fatigue design. The result that SL460-240.5 has a
much longer test fatigue life compared with the fatigue life determined
by the BEM may be attributed to its noncontinuous fatigue loading
procedure, which was stopped three times due to problems with the
test machine.
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Fig. 11. Comparison of the crack length vs. fatigue life curves from the tests and the BEM considering debonding.
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Fig. 12. Comparison of fatigue lives from the tests and the BEM with and without

considering debonding.

Table 5
Fatigue lives of the specimens from tests and the BEM.

Specimen 𝑁t (103) 𝑁BEM (103) 𝑁BEM,d (103) 𝑁BEM∕𝑁t 𝑁BEM,d∕𝑁t

U345-195.0 179.33 171.88 171.88 0.96 0.96
SL345-195.0 274.00 503.70 260.64 1.84 0.95
U460-240.5 72.64 83.47 83.47 1.15 1.15
SL460-240.5 278.58 155.96 – Fail Fail
U690-402.5 22.94 23.83 23.83 1.04 1.04
SL690-402.5 38.85 59.71 45.85 1.54 1.18

4.3.3. Relationship between crack propagation and debonding development
The stresses of the interface springs can be extracted from the

BEASY result files in every incremental step of crack propagation. Thus,
an accurate relationship between crack propagation and debonding
development is obtained. Taking specimens SL345-195.0 and SL690-
402.5 for example, which were successfully simulated in Section 4.3.2,
the results are shown in Fig. 13. The half crack length is a, and the
11
length of the debonding region along the direction of crack propagation
is defined as 𝑎d. Point A in Fig. 13 represents the starting time of
debonding along the crack propagation direction, point B represents the
time when the debonding develops to the edge of the CFRP laminate,
and point C represents the end of debonding development.

From point A to point B, the debonding development law of the two
specimens is basically similar. In this period, debonding develops along
the direction of crack propagation and in the direction perpendicular
to crack propagation. The debonding development rate along the crack
propagation direction is very similar to the crack propagation rate most
of the time, and the length of the debonding region in the direction
perpendicular to the crack propagation is approximately 1/5 of 𝑎d,

hich is in accordance with reference [25]. The difference between the
wo specimens is as follows: (1) For specimen SL345-195.0, debonding
tarts when a is 11.4 mm, whereas for SL690-402.5, debonding starts
hen a is only 6.5 mm. (2) For specimen SL345-195.0, a > 𝑎d. However,

or specimen SL690-402.5, 𝑎 is larger than 𝑎d at the beginning, but
hen a is 19.5 mm, 𝑎d reaches 23.9 mm, and the state of a < 𝑎d is
aintained for a period until debonding develops to the edge of the
FRP laminate. This difference can be summarized as follows: with the

ncrease in the fatigue stress range 𝛥𝜎, the start of debonding occurs
earlier, and 𝑎d increases faster, which can reach and even surpass a.
This finding can be explained as follows: with the increase in the fatigue
stress range, the shear stress in the adhesive increases, and because the
debonding is governed by shear failure and mode II crack propagation
of the interface [24,28,30], a larger area of debonding occurs for the
same crack length.

From point B to point C, since the crack length exceeds the coverage
of the CFRP laminate, the debonding no longer develops along the crack
propagation direction and develops only in the direction perpendicular
to the crack propagation until the failure of the specimen.

5. Conclusions

This paper presents an experimental and numerical investigation
on the crack propagation and debonding development in cracked steel
plates strengthened by CFRP laminates under different stress ranges,
from which the following conclusions are drawn:

(1) Crack propagation and debonding development form an inter-
active and cyclic relation during the whole fatigue damage process of
the CFRP-strengthened cracked steel plate. Debonding initiation and
development are affected by fatigue stress range, crack length, stiffness

of CFRP and steel plate, steel grade, etc.
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s

Fig. 13. Relationship between crack propagation and debonding development
determined by the BEM.

(2) The experimental results show that the debonding region can
be obtained by calculating the strain gradient distribution of the CFRP
laminate by the strain distribution of the CFRP laminate by means of
the DIC technique.

(3) There is good agreement between the numerical and experi-
mental results, which demonstrates that the BEM can be successfully
used for accurately estimating the fatigue behavior of CFRP laminate-
strengthened steel plates considering debonding.

(4) Debonding of the CFRP around the crack tip reduces the
strengthening efficiency of the CFRP. Thus, considering debonding is
necessary for simulating and designing CFRP laminate-strengthened
steel plates under fatigue loadings. Otherwise, the predicted fatigue life
will be overestimated, leading to unsafe results.

(5) Debonding of the CFRP around the crack tip develops with crack
propagation under fatigue loading. Initially, debonding develops along
and perpendicular to the crack propagation direction. In this period,
the debonding development rate along the crack propagation direction
is very similar to the crack propagation rate most of the time. For the
specimen under a small stress range, debonding occurs late, and the
debonding length 𝑎d is smaller than the crack length a, whereas for the
pecimen under a large stress range, debonding occurs early, and 𝑎
d

12
can reach and even surpass a. Then, since the crack length exceeds the
coverage of the CFRP, the debonding develops only perpendicular to
the crack propagation direction until the failure of the specimen.
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Appendix. Loading sequences of specimens

Specimen Loading type Fatigue cycles Repeating times

U345-195.0

Base loading 30,000 5 timesMarking loading 15,000

Base loading 29,330 1 time

Fatigue cycles of base loading: 179,330; Total fatigue cycles: 254,330

U460-240.5

Base loading 30,000 2 timesMarking loading 15,000

Base loading 12,640 1 time

Fatigue cycles of base loading: 72,640; Total fatigue cycles: 102,640

U690-402.5 Base loading 22,940 1 time

Fatigue cycles of base loading: 22,940; Total fatigue cycles: 22,940

SL345-195.0

Base loading 10,000 5 timesMarking loading 5,000

Base loading 50,000 3 timesMarking loading 5,000

Base loading 20,000 3 timeMarking loading 5,000

Base loading 14,000 1 time

Fatigue cycles of base loading: 274,000; Total fatigue cycles: 329,000

SL460-240.5

Base loading 40,000 1 timeMarking loading 10,000

Base loading 30,000 1 timeMarking loading 10,000

Base loading 20,000 2 timesMarking loading 5,000

Base loading 10,000 1 timeMarking loading 5,000

Base loading 20,000 1 timeMarking loading 5,000

Base loading 10,000 5 timesMarking loading 5,000

Base loading 10,000 8 timesMarking loading 3,000

Base loading 8,580 1 time

Fatigue cycles of base loading: 278,580; Total fatigue cycles: 367,580

SL690-402.5

Base loading 10,000 1 timeMarking loading 5,000

Base loading 15,000 1 timeMarking loading 5,000

Base loading 10,000 1 timeMarking loading 5,000

Base loading 3,850 1 time

Fatigue cycles of base loading: 38,850; Total fatigue cycles: 53,850
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