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Abstract: This paper reports an experimental and theoretical investigation on the
fatigue performance enhancement of damaged steel structures by bonded carbon fiber
reinforced polymer (CFRP) systems considering the temperature effects. First,
thermomechanical properties of the epoxy adhesive and CFRPs were examined via
dynamic mechanical analysis (DMA) and tensile tests. The appropriate curing
procedure for the structural adhesive was obtained. Next, the fatigue behavior of
notched steel plates strengthened by bonded CFRPs was investigated at different
temperatures. During the fatigue tests, beach marking and back-face strain techniques
were used to monitor the fatigue crack growth on steel components and the damage
evolution within the bonding interface. The results show that the high-temperature
resistance of the epoxy adhesive can be effectively improved by increasing the curing
temperature and duration. The properly cured bonded CFRP patches can effectively
enhance the fatigue performance of damaged steel structures. However, and the
elevated temperatures significantly degrade the fatigue behavior of the

CFRP-strengthened steel components.
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1. Introduction

The retrofitting, rehabilitation and strengthening of damaged or deteriorated metallic
structure is an important subject [1-3]. Traditional strengthening methods for steel structures
include crack arresting hole, improving geometric continuity, bolted and welded metallic
plates, etc. [4-6]. Crack arresting hole is a simple technique; however, it is not effective in
many cases, e.g., torsion-induced fatigue cracks [4]. The improving geometric continuity
method aims to reduce the geometric discontinuities and eliminate the stress concentrations;
however, it may lead to a reduction of structural stiffness and strength. The bolted/welded
metallic plates are bulky and difficult to install. Moreover, they may cause new structural
damages, heat-induced material hardening and residual tensile stresses, which may worsen the
fatigue problem [6]. On the other hand, lightweight carbon fiber reinforced polymer (CFRP)
has received growing interests for structural rehabilitation, due to its superior properties such
as high specific strength and stiffness, excellent fatigue and corrosion resistance [3, 7-10]. The
bonded CFRP system (BCS) enables a faster structural strengthening with less traffic
interruption; more importantly, it will not cause new damages and thermal residual stresses to
the deteriorated structures [9, 11, 12]. Therefore, the bonded CFRP has promising prospects in
rehabilitating steel infrastructures [11].

Existing studies showed that the efficacy of the BCS is affected by many harsh
environmental factors [13, 14]. Comparing to low temperature, humidity, ultraviolet radiation,
cyclic freeze-thaw, salt fog, etc., the elevated temperature regards as the most adverse factor
influencing the efficacy of the bonded CFRP system [9, 15-24]. Infrastructures such as
bridges and buildings are inevitably subject to high temperatures up to 50-60°C [15, 17]. The
design is to bond CFRP with steel substrates by structural epoxy adhesives. Both the CFRP
and adhesive layers are sensitive to high temperatures, [20, 25]. This is because the polymer
chain crosslinking in epoxy resins is degraded by elevated ambient temperatures, leading to a
deterioration in their elasticity and bonding capacity. Therefore, the temperature effects on the
CFRP-strengthened structures mainly originate from the epoxy adhesive and CFRP aspects.

Previous studies have proven the effectiveness of BCS in fatigue life enhancement of
steel plates [26-30], beams [31, 32], bridges [33, 34], under-water structures [35, 36], etc.
However, few focused on the fatigue behavior of CFRP-strengthened steel structures at
elevated temperatures[16, 37-40]. Feng et al. [41] studied the temperature effects on the
fatigue behavior of CFRP-strengthened steel plates. They used the CFRP sheets (fabrics) as

the strengthening material, but the CFRP laminates have been proved more effective in
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extending the fatigue life of steel structures [42]. CFRP laminate is a kind of prefabricated
thick plates using pultrusion or compression molding technique. It is a quite different kind of
material from the CFRP sheet and possesses much higher stiffness. To effectively improve
fatigue performance, it is of great importance to conduct researches on analyzing the
temperature effects on the steel structures strengthened with CFRP laminates.

This study aims to investigate the fatigue behavior of CFRP-strengthened single-edge
notched tension (SENT) steel plates considering the effects of elevated temperatures. To
ensure the efficacy of the bonding interface at high temperatures, the mechanical behavior of
the epoxy adhesive should meet the service requirements at the temperatures of 25°G-60°C.
The temperature-dependent mechanical behavior of the epoxy adhesive was investigated by
dynamic mechanical analysis (DMA), which helps to obtain a desired curing temperature and
duration for the adhesive material. Secondly, the fatigue tests on the bare (un-strengthened)
and CFRP-strengthened SENT specimens were performed at 25°C, 45°C and 60°C. The fatigue
crack propagations in the steel plates and the damage within the bonding interface were
monitored using the “beach marking” and “back-face strain” techniques during the tests. The
failure modes, fatigue crack growth, fatigue life enhancement, and CFRP/steel interfacial
debonding were evaluated base on test results. Some valuable conclusions are drawn in this

study to promote the applications of CFRPs in the rehabilitation of metallic structures.

2. Material testing

2.1. Epoxy Adhesive

The bond strength of epoxy adhesive degrades dramatically when the ambient
temperature approaches or exceeds the glass transition temperature. Therefore, selection of
the proper adhesive and curing procedure are very important. The epoxy adhesive called
J133Y, widely used in the aerospace and automotive industry, is adopted in the study. The
mechanical properties can be found in Table 1. To determine the proper curing procedure of
the adhesive. we conducted DMA tests for the adhesive specimens cured at different
temperatures and durations according to ASTM E1640-18 [43]. The DMA tests were
conducted from 0°Cto 120°C, at a frequency of 1 Hz and a heating rate of 2°Gmin.

Fig. 1 depicts the DMA results of the adhesive J133Y cured with different procedures.
Fig. 1(a) shows the storage moduli, E’, as a function of temperature for the adhesive cured
with different options. It shows that the moderately high-temperature curing can effectively

enhance the high-temperature resistance of the adhesive. Extending the curing duration also
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contributes to the enhancement of high-temperature performance of the adhesive. Since the
investigated temperature in this study ranges from 25°C to 60°C, the mechanical properties of
the adhesive should be ensured within this temperature range. It is found only three curing
options can maintain its storage modulus at 60°C, i.e. being cured at 80°C for 90 min, 100°C for
60 min and 100°C for 90 min. To shorten the curing duration, we finally chose to cure the
adhesive layers at 100°C for 60 min for the specimen fabrication.

Fig. 1(b) shows the loss modulus, E” of the adhesive cured at 100°C for 1h as a
function of temperature. Generally, the temperature at the tangent line intersection of the

storage modulus curve is recommended as the glass transition temperature, T,. Occasionally,

the temperature at the peaks of loss modulus and loss factor curves, i.e. T, and T,, are
sometimes used as the glass transition temperature [9, 44]. As shown in this figure, the values
of Ty, T, and T, for the adhesive cured at 100°C for 1h are respectively 60°C, 68°Cand 83°C,

which are equal to or above the highest testing temperature considered in this study.

Fig. 1(c) and (d) demonstrate the Tg, T, and T values for the adhesive cured for different
durations at 80°C and 100°C, respectively. As shown in these figures, the values of T,, T,
and T, for the adhesive increase with the curing duration at either 80°C or 100°C, but the
increase rate declines as the temperature increases. Moreover, the values of T, are higher

than those of T, followed by T,. It also found that the higher temperature can effectively
shorten the curing duration.
Table 1

Material properties of CFRP, epoxy adhesive and steel at room temperature.
Young’s modulus Yield strength Tensile strength Elongation Poisson’s

Materials (GPa) (MPa) (MPa) %) ratio
CFRP (F1.4 /F3.0)" 161.2/166.9 - 2263/ 2403 1.65/1.53 0.25/0.23
Adhesive (J133Y) "~ 1.9 = 26.2 1.53 0.29
Steel (Q345qC) " 200.2 461 565 315 0.30

* Data from tensile tests.
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Fig. 1. DMA results of epoxy adhesive: (a) storage modulus of adhesive cured with different curing
temperatures and durations;(b) storage modulus, loss modulus and loss factor of the adhesive cured
at 100°C for 1h as a function of temperature; Tq, Ty and T, values cured at (c) 80°C and (d) 100°C for
different durations.

The elastic and shear moduli of the epoxy adhesive cured at 100°C for 1h are obtained by

coupon tensile testing at different temperatures according to ASTM D638-14 [45], as shown

in Fig. 2. The elastic and shear moduli of the epoxy adhesive decrease significantly with the
increasing temperature.
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Fig. 2. Elastic and shear moduli of the epoxy adhesive cured at 100°Cfor 1h as a function of
temperature.
2.2. CFRP laminate
The unidirectional, one-layered CFRP laminas were used to make the CFRP/steel joints.
The CFRPs are 50 mm wide and in 1.4- and 3.0-mm thicknesses (abbreviated by F1.4 and
F3.0, respectively), and they are manufactured by Nanjing Hitech Co., Ltd via the pultrusion
technique. The material properties of CFRP at room temperature are listed in Table 1. We also
conducted tensile strength tests for the CFRP laminates at different temperatures, and the
results are shown in Fig. 3. It shows that the elastic modulus of the F1.4 laminates declines

slightly with the temperature increasing from 25°C to 60°C, while that of the F3.0 laminates
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decreases significantly within this temperature range.
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Fig. 3. Elastic modulus of the CFRP laminates as a function of temperature.

2.3. Steel

The steel Q3459C, which is widely applied in bridge projects in China, was used to
fabricate the specimens. The mechanical properties of the steel are listed in Table 1. To obtain
the fatigue crack growth parameters of steel Q345qC, We fabricated three compact tensile
(CT) specimens according to ASTM E647-13a [46]. The fatigue crack growth tests were
performed at a stress ratio of 0.4. The crack growth rate versus the range of stress intensity
factor (SIF) (i.e. da/dN-AK relationship) for the steel was depicted in Fig. 4, where the test
data were fitted by the Paris Law [47, 48] described in Egs. (1)—(3).

For the stable propagation stage of fatigue crack, the fatigue growth rate, da/dN, can be
described by the Paris Law as a function of the range of SIF, AK:

da/dN =C(AK,)" (1)

where a is the crack length, and N is the number of fatigue cycles. AK; is the range of SIF. m
and C are the constant parameters for specific materials.

The range of SIF at the crack tip, AK, is expressed by

AK, =K, i = Ky i )

I, max

where K| max and K; min are the maximum and minimum SIF in a fatigue cycle, respectively.
The Eq. (2) can be written in the base coordinate system as follows:
Ig(da/dN) =mIgAK, +1gC (3)

In the following fatigue tests for CFRP-repaired steel specimens, the stress ratio, R =24
kN /60 KN =0.4. Therefore, the material parameters at the stress ratio of 0.4 were adopted to
predict the fatigue crack growth behavior. The fatigue crack growth of steel with a stress ratio
of 0.4 is shown in Fig. 4, which shows that the fatigue crack growth parameters for the steel
are: C=3.77x10°, m=3.31.
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3. Experimental program

3.1. Specimen details

The configuration and photo of the specimens are shown in Fig. 5. The steel plate is 260
mm long, 50 mm wide and 8 mm thick. A pre-crack notch was made on the SENT specimens
by the wire-electrode cutting technique. The pre-crack notch is 6 mm long and 1.5 mm wide,
and a triangular slot was made on the tip of the notch to simulate the initial crack. Detailed
dimensions are shown in the local zoom-in image in Fig. 5(a). Then the SENT specimens
were reinforced using double-side bonded CFRP laminates. The bonded CFRPs are 1.4 mm
and 3.0 mm thick, 50 mm wide and 100 mm long. The gripping areas at both ends of the
specimens are 50 mm long. The ratio of CFRP stiffness to the steel plate stiffness is defined as
the reinforcement ratio, R;:

R, = ﬂ 4)

E.A
where Ef and E; are respectively the elastic moduli of the CFRP patch and steel. As and A are
the areas of the cross-section of the CFRP and steel, respectively.

The SENT specimens were fabricated in the following steps. First, the steel plates were
ground to achieve a consistent roughness and cleaned carefully with acetone. Secondly, the
fully mixed adhesives were pasted to the steel plates, and four steel beads with a diameter of
1.0 mm were arranged in the adhesive layer for a consistent adhesive layer thickness. Then,

the CFRPs were pasted to the steel plates. Finally, all the specimens were cured at 1004 1°C
for 1h in an environmental chamber, except for two specimens being cured at 1004 1°C for

1.5h.
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Fig. 5. (a) configuration and dimensions of the strengthened specimens; (b) photo of the specimens.

The test specimens can be separated into four groups as listed in Table 2. These include
bare specimens, F1.4- and F3.0-strengthened specimen series. For bare specimens, the label
“steel” represents the notched steel plate specimens without CFRP strengthening. For the
strengthened specimens, “F1.4” and “F3.0” refer to the strengthening materials, which are
respectively the 1.4 mm- and 3.0 mm-thick CFRPs. The numbers “25”, “45” and “60” denote
the testing temperatures. In the last series, “1.5h” represents that these specimens are cured at
100£1°C for 1.5h. These specimens are used to examine the effect of extending curing

duration on fatigue strengthening.

Table 2 Details of the specimens and fatigue test results.

Series Description Specimen label Reinforcement ratio Strain measurement Curing procedure
Bare Bare steel specimens Steel-1 0 No -
P Steel-2 0 No
F1.4-25-1 0.28 Yes
F1.4-25-2 0.28 No
. F1.4-45-1 0.28 No o
F1.4 F1.4-strengthened specimens F14-45-2 0.28 No 100°G+1h
F1.4-60-1 0.28 Yes
F1.4-60-2 0.28 No
F3.0-25-1 0.60 Yes
F3.0-25-2 0.60 No
. F3.0-45-1 0.60 No .
F3.0 F3.0-strengthened specimens F3.0-45-2 0.60 No 100°C+1h
F3.0-60-1 0.60 Yes
F3.0-60-2 0.60 No
) F3.0-strengthened ~ specimens F3.0-60-1.5h-1 0.60 No .
F3O-LN cured for 15h F3.0-60-1.5h-2 0.60 No 100°G+1.5n

3.2. Experimental set-up

The specimens were tested under cyclic tensile loads using a 100kN Instron 8801
servo-hydraulic testing machine equipped with an environmental chamber, as shown in Fig. 6.
Before the tests, the specimens were maintained at the testing temperature in a free mode for

about 45 min to achieve a temperature balance throughout the specimens.

8



y | m ypt-—q

Environment I% !

chamber _ Upper hydraulic
clamp

Strain gauges

Lower hydraulic
clamp

Fig. 6. Experimental set-up.

3.3. Loading procedure

The specimens were subjected to a sinusoidal fatigue load with a constant frequency of
16 Hz and a stress ratio of 0.4. The fatigue loading wave ranges from 24 kN to 60 kN. The
maximum nominal stress in the bare specimens is 150 MPa, 33% of the steel yield strength.
The tests were stopped until the relative displacement of the specimen reached 3 mm. To
facilitate the measurement of crack length, we adopted the “beach marking” technique to
yield beaches on the fracture surface [41, 49]. Thus, the loading cycle includes a normal
fatigue loading part and a short beach marking part, as depicted in Fig. 7. In the beach

marking series, a sinusoidal load from 33 kN to 51 kN is adopted.

Fatigue loading Beach marklng Fatige loading
- - "
60 W
51 [
z [\ /\ |
2 UHEIVEEE I Y I IV i VL L] sameaa
- 42 /\ I
@
3 I
334 \
24 ] b
0 5 10 15 20 25

Number of fatigue cycle (x10%)
Fig. 7. Loading procedure for the fatigue tests.
3.4. Strain measurement
To monitor the damages or debonding within the adhesive layer, we glued strain gauges
on the surface of CFRP to measure the strains during fatigue tests. The strain gauges were
arranged to form a matrix, as shown in Fig. 8. During the fatigue tests, a static force of

9



0.5Pmax (i.e., 30 kN) is exerted to the specimens under multi-stage loading, and the strains
were measured at each loading stage. The relatively small load 30 kN was used because no

damage initiation within the adhesive layer was expected under the static loading.
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Fig. 8. Arrangement of strain gauges on CFRP (unit: mm)

4. Experimental results

The test results including the failure modes, fatigue fractures, fatigue crack growth in
steel plates, and damage evolution within the bonding interface are presented here to evaluate
the temperature effects on the failure process and fatigue life enhancement.

4.1. Failure characteristics of bonding interface
The fatigue test results are listed in Table 3, including the fatigue cycles to failure and the
failure modes.

Table 3 Fatigue test results

Average cycles to failure

Series Specimen label Reinforcement ratio  Cycles to failure (x10%) (x10% Failure mode
Steel-1 0 213 -
Steel Steel-2 0 221 2L -
F1.4-25-1 0.28 148.1 a
F1.4-25-2 0.28 160.2 154.2 a
F1.4-45-1 0.28 120.0 a
FL4 F1.4-45-2 0.28 149.0 1345 a
F1.4-60-1 0.28 101.6 a
F1.4-60-2 0.28 117.0 109.3 a
F3.0-25-1 0.60 309.0 3337 atb
F3.0-25-2 0.60 358.3 ' a+b
F3.0-45-1 0.60 278.0 b
F3.0 F3.0-45-2 0.60 194.6 2363 b
F3.0-60-1 0.60 57.1 676 b
F3.0-60-2 0.60 78.0 ' b
F3.0-60-1.5h-1 0.60 93.6 b+a
F3.0-1.5 F3.0-60-1.5h-2 0.60 119.8 106.7 b

Notes: 1. failure mode a: CFRP/adhesive layer debonding; failure mode b: steel/adhesive layer

debonding. 2. The failure mode before ‘+’ is the dominant one.
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The typical failure modes are shown in Fig. 9. It shows that the typical interfacial failure
modes for CFRP-strengthened steel plates under fatigue loading include CFRP/adhesive layer
debonding (mode a) and steel/adhesive layer debonding (mode b). In general, the failure
exhibits in different modes for different CFRP materials and testing temperatures. Despite
different temperatures the specimens are exposed to, all F1.4-strengthened specimens failed
with the same mode (i.e. mode a), with a layer of carbon fibers remaining on the surface of
the adhesive. This failure, in fact, is the superficial delamination of CFRP laminates, and no
CFRP rupture occurred. It does not cause obvious damage to the stiffness of the CFRP
laminates. Therefore, this failure mode can be regarded as mode a [12]. In contrast, the
F3.0-strengthened specimens exhibit different failure modes at different testing temperatures.
The increase in temperature leads to a failure mode transition from a+b mixed mode (at 25°C)
to pure mode b (at 45°C-60°C). This means the CFRP/adhesive bonding interface is the
weakest link for Fl1.4-strengthened specimens at all testing temperatures. However, the
weakest link of F3.0-strengthened specimens transferred from the CFRP/adhesive bond to the
adhesive/steel bond when the temperature exceeds 45°C. It also indicates that, as the
temperature increases from 25°C to 60°C, the adhesive/steel bond degrades faster than the

CFRP/adhesive bond for the F3.0-strengthened specimens.
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Fig. 9. Failure characteristics for (a) bare, (b) F1.4-strengthened, and (c) F3.0-strengthened
specimens. Note: the yellow arrows denote the direction of fatigue crack propagation.

4.2. Fatigue fracture analysis

Based on the “beach marking” technique, the fatigue crack fronts can be observed on the
fracture surfaces of the steel elements. The fatigue crack fronts on the fracture surfaces of
typical specimens, taking bare specimens and F1.4-strengthened specimens as examples, are
shown in Fig. 10. The results show that the “beach marking” loading intermittent produce
clear crack fronts on the fracture surfaces. The fatigue and fracture process can be divided
into three stages, i.e., crack initiation, crack propagation and final fracture. After being
reinforced by CFRPs, more crack fronts are formed during the fatigue tests. With the increase
of temperatures (from Fig. 10(b) to (d)), the fatigue crack fronts become sparser. In addition,
the areas of direct fracture are varied due to applying strengthening and different temperatures.
Among all these specimens, fracture area on the bare specimen steel-1 is the largest. For the
CFRP-strengthened specimens, the area of direct fracture surface on specimen F1.4-60-1 is
the largest, while no direct fracture surface was observed on specimen F1.4-25-1. It indicates
that the CFRP strengthening also enhances the resistance against direct fracture of the steel
elements, and the high-temperature for sure has an adverse influence on the fatigue life

enhancement.
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Fig. 10. Beach marks on the fracture surface. Note: the yellow arrows denote the direction of fatigue
crack propagation.

4.3. Fatigue crack growth and fatigue life enhancement

The fatigue tests were terminated when the relative displacement between the two
gripping ends reached 3 mm. However, all the specimens failed under cyclic loading before
the displacement reached 3 mm. The numbers of fatigue cycles at failure listed in Table 2 are
the actual fatigue lives of the specimens. To evaluate the fatigue enhancement effects of CFRP
on the SENT specimens, the ratio of fatigue lives of strengthened specimens, N, to those of

bare specimens, Ny, is defined as the fatigue life enhancement factor, Ry:
Ry =~ )

The fatigue crack lengths were measured by the software Image J 1.48v. The fatigue test
results for all the specimens, including the fatigue crack propagations versus the number of
fatigue cycles and the fatigue life enhancement factors, are plotted in Fig. 11. The crack
length in this figure is the propagating crack length under the fatigue loading, excluding the
initial crack length.

The results demonstrate that the CFRP strengthening can effectively delay the fatigue
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crack propagation of notched steel elements. The overall trend is that the fatigue cracks
propagation is slow at first and then accelerates. An important finding is that the fatigue crack
propagations are less effectively delayed by the bonded CFRPs at the elevated temperature. At
a specific temperature of 25°C or 45°C, it is found that the 3.0 mm-thick CFRPs are more
effective in delaying the fatigue crack growth than the 1.4 mm-thick CFRPs. Unexpectedly, at
60°C, the 3.0 mm-thick CFRPs are less effective in crack arresting than 1.4 mm-thick CFRPs.
It may be caused by the premature debonding between the adhesive layer and steel at 60°C (as
clarified in Section 4.1). It is worth mentioning that the fatigue crack growths of the
CFRP-strengthened specimens are still significantly influenced by the ambient temperatures,
although these temperatures are below the glass transition temperature of the adhesive. It is
also found that extending the curing duration from 1.0h to 1.5h has positive effects on the
fatigue enhancement at a high temperature of 60°C.

The results in Fig. 11(b) further demonstrate that the largest Ry at room temperatures is
15.38, which is achieved by the F3.0 strengthening. However, the largest Ry at 60°C is 5.04,
which is achieved by F1.4 strengthening. It is clear that the elevated temperatures
significantly reduced the values of Ry, although the environmental temperatures (25-60°C) are
below the glass transition temperature of the epoxy adhesive (T,= 66.3°C). In the study of
Feng et al. [41], two-layer CFRP sheets (one-layer thickness is 0.163 mm) and epoxy resin
E2500S were used to strengthen cracked steel plates. The Ry values at 20°C and 60°C are
respectively 3.4 and 2.0, which are less than the ones in this study. It demonstrates that the
selected epoxy adhesive and CFRP laminate are more effective for enhancing the fatigue

performance of damaged steel structures.
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Fig. 11. Fatigue test results: (a) fatigue crack length versus number of fatigue cycles; (b) fatigue life
enhancement factor.

4.4. Bonding interface damage propagation

The damage propagation within the adhesive layer can be characterized by the strain
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changes on CFRP laminates. Here, we define the ratio of the CFRP strain after a specific
number of loading cycle to the initial strain as the strain variation coefficient (SVC), as

expressed by

&
svC = o
. ©)

where &, and ¢, are the CFRP strain after a specific number of fatigue cycles and the

initial strain before the test, respectively.

Fig. 12 presents the SVC evolutions at each measuring point and 3-D distributions with
the increase of fatigue cycles. The longitudinal and transverse coordinates in this figure are
respectively defined in Fig. 8. The results show that the SVC evolutions for the four typical
specimens are different. For the F1.4-strengthened specimens at 25°C and 60°C, the strains at
almost all measuring points increased with the increase of fatigue cycles. It indicates that the
force shared by the CFRPs increases as the fatigue crack continues to propagate. Before the
specimen failure, the strains (characterized by SVC) around the crack opening, e.g. measuring
points #13-14 and #17-18, increased to the largest. However, the debonding of CFRPs has
not occurred before specimen failure. It is because the SVC will decrease if debonding occurs.
For specimen F3.0-25-1, the SVCs of all strain gauges remained around one with the
increasing number of cycles until the failure of the specimen. It means that no significant
strain concentrations, i.e., no obvious damage, were produced before the specimen failure.
The SVCs at the measuring points near the crack opening decreased greatly just before the
specimen failure (as shown in Fig. 12 (c)). It shows that the debonding of CFRP (i.e. the
steel/adhesive layer debonding as shown in Fig. 9(c)) occurred before the specimen failure.
For specimen F3.0-60-1, the SVCs at measuring points #13 and #9 (near the crack opening)
increased significantly, indicating that the stresses shared by the CFRP increased. In contrast,
the SVCs at measuring points #20 and #16 (close to the final fracture surface of the crack)
decreased significantly, showing that localized debonding occurred at these sites. In general,
the bonding interfaces between the CFRP and steel for most specimens, although have local
damage, can almost remain intact until the specimen failure, while those of the specimen

F3.0-60-1 experienced premature debonding during the fatigue tests.
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SVC (5)

Fig. 12. SVC evolutions (left) and representative SVC 3-D distributions (right) versus number of
fatigue cycles: (a) F1.4-25-1; (b) F1.4-60-1; (c) F3.0-25-1; (d) F3.0-60-1. Note: in the right-side figures,
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5. Conclusions

This paper investigated the fatigue enhancement of damaged steel plates using
epoxy-bonded CFRP patches considering the effects of elevated temperatures. The following
conclusions can be drawn.

(1) The epoxy adhesive and CFRP laminas are sensitive to elevated temperatures in
terms of their mechanical behaviors, which should be given serious concern in the design.
Curing the epoxy adhesive layer at a moderately high temperature for a certain duration is
effective to enhance its high-temperature resistance.

(2) Under the fatigue loading, the failure mode of F1.4-strengthened specimens is
consistent at the temperatures from 25°C to 60°C, i.e., the CFRP/adhesive layer debonding.
The failure of F3.0-strengthened specimens transferred from the CFRP/adhesive layer
debonding at 25°Cto the adhesive layer/steel debonding with the temperature exceeding 45°C.

(3) The bonded CFRP system effectively enhances the fatigue performance of damaged
steel elements. However, and the elevated temperatures significantly degrade the fatigue
behavior of the CFRP-strengthened specimens. The largest fatigue life enhancement factor at
room temperatures is 15.38, which is achieved by the bonded 3.0 mm-thick CFRPs. The
largest fatigue life enhancement factor at 60°C is 5.04, which is achieved by the 1.4 mm-thick
CFRPs. The selected epoxy adhesive and CFRP laminate are more effective than previously
used adhesive and CFRP sheet for enhancing the fatigue performance of damaged steel
components.

(4) The bonding interfaces between the CFRP and steel for most specimens, although
have local damage, can almost remain intact during the fatigue tests. However, the high
temperature of 60°C can cause premature debonding of CFRPs for the F3.0-strengthened steel

specimens, which heavily degrades their fatigue performance.
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Highlights
* Curing of epoxy adhesive at elevated temperatures for a specific duration effectively
enhances its high-temperature resistance.

* Properly cured bonded CFRP patches effectively enhances the fatigue performance of
damaged steel structures.

* Elevated temperatures can cause failure mode transform of bonding interface between
CFRP and steel.

* Elevated temperatures significantly degrade the fatigue behavior of the
CFRP-strengthened steel components.
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