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 12 

Abstract: The bond behavior of carbon fiber-reinforced polymer (CFRP)-to-steel interface in 13 

strengthened steel structures is likely to be significantly affected by service temperature 14 

variations, mainly because of interfacial thermal stresses and the changes in the local bond-slip 15 

behavior. However, there is lack of comprehensive study on the temperature effects on the 16 

bond behavior and the debonding load of the CFRP-to-steel interface at different service 17 

temperatures. This paper presents the results from the pull-out tests on CFRP-to-steel double-18 

lap bonded joints tested at service temperatures ranging from -20 °C to 60 °C. The test results 19 

including failure modes, debonding loads, load-displacement curves, CFRP strain distributions 20 

and interfacial shear stress and slip responses are investigated and compared. Also, a bilinear 21 

local bond-slip model is developed to describe the relationships between the shear stresses and 22 

the interfacial slips at different service temperatures. A finite element (FE) model is proposed 23 

to predict the bond behavior and the debonding loads of the bonded joints at different service 24 

temperatures and validated through the comparisons between experimental and FE results. The 25 

validated FE model is then used to further investigate the temperature effects on the CFRP 26 

strain distributions, interfacial shear stresses and the debonding loads of the bonded joints at 27 

different service temperatures. The experimental and FE results have indicated that the 28 

debonding loads of the CFRP-to-steel interface are significantly reduced at both low and high 29 

service temperatures. The elastic stiffness and the peak shear stress of the local bond-slip model 30 

are generally reduced with the service temperature increase, while the interfacial fracture 31 

energy decreases at both low and high service temperatures. 32 

Keywords: Carbon fiber-reinforced polymer (CFRP), steel, service temperature variations, 33 

thermal stress effect, double-lap bonded joints, interfacial debonding.  34 
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1. Introduction 35 

Externally bonded (EB) carbon fiber-reinforced polymer (CFRP) composites are widely 36 

used to strengthen and retrofit steel structures using wet layup techniques. The composite 37 

action between EB CFRP plates and steel substrates is significantly dependent on their bond 38 

behavior. Since the strengths of the adherends (steel and CFRP) are much higher than that of 39 

the bonding adhesive, the failure of the strengthening system always occurs at the bond 40 

interface, which is referred to as debonding failure [1-3]. Therefore, the structural behaviors of 41 

EB CFRP-strengthened steel structures depend on the mechanical properties of the adhesives 42 

used to bond the CFRP plates to the existing steel structures. 43 

Another key issue of CFRP-strengthened steel structures is their durability and resistance 44 

to harsh environments. Among the environmental factors that may adversely affect the 45 

behaviors of CFRP-strengthened steel structures, temperature effects should be appropriately 46 

considered during the strengthening design and highlighted in the existing literature [4-7]. This 47 

is because the service temperatures of CFRP-strengthened steel structures may vary 48 

significantly due to seasonal and diurnal temperature changes. Sometimes, when the surface of 49 

the CFRP plate is directly exposed to solar radiation (such as in the strengthened steel structures 50 

used in outdoor applications), it is possible to obtain relatively high service temperatures (i.e., 51 

around 60°C) at the bond interface, which are much higher than the room temperature of the 52 

air [5,7,8]. In addition, the EB CFRP-strengthened steel structures may suffer from severe cold 53 

environments in winter, especially when used in high latitudes [9,10]. 54 

The adhesives widely used to bond CFRP plates to steel structures are usually epoxy resins, 55 

mainly because of their excellent mechanical properties and workability. Apart from the 56 

preceding advantages, however, the material properties of conventional epoxy adhesives are 57 

sensitive to service temperature variations. At relatively high service temperatures, epoxy 58 

adhesives may change from a solid-state to a softened and viscous state. For commercially 59 

available epoxy resins used in the strengthening applications, the reported glass transition 60 

temperature is typically 40-60°C [11,12]. When the epoxy adhesives are subjected to service 61 

temperatures close to the glass transition temperature, their strength and stiffness may be 62 

significantly reduced. Also, epoxy adhesives may become brittle at low service temperatures, 63 

possibly leading to stress concentrations at the bond interface due to the increased stiffness and 64 

reduced deformability of epoxy adhesives. Therefore, the debonding load (also referred to as 65 

“bond strength” or “ultimate load” in the literature) of the EB CFRP plate and the steel substrate 66 

can be severely affected by the service temperature variations. In addition to the mechanical 67 

property changes of epoxy resins, interfacial thermal stresses may be generated during service 68 
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temperature variations due to the different coefficients of thermal expansion (CTEs) of steel 69 

and CFRP materials. The existing studies have only investigated the thermal stress effects 70 

through analytical solutions and finite element (FE) modeling [13-22]. The results have 71 

indicated that the interfacial thermal stresses were possibly in the same or opposite directions 72 

as that generated by the mechanical loading, resulting in a decrease or increase in the debonding 73 

load of the bond interface. 74 

 75 

2. Existing Experimental and Analytical Studies 76 

A few CFRP-to-steel bonded joints [11,23-30] were tested under combined pull-out loads 77 

and high temperature variations (i.e., thermal loadings) in the literature, aiming to study the 78 

temperature-dependent bond properties of the CFRP-to-steel interface. For example, Zhou et 79 

al. [29] carried out pull-out tests on CFRP-to-steel single-lap bonded joints at the service 80 

temperatures from 25°C to 55°C. The test results showed that the initial stiffness and peak 81 

shear stress of the bond interface decreased at high service temperatures. However, the 82 

interfacial fracture energy increased with temperatures up to 47.5°C and then reduced with the 83 

further temperature increase. Biscaia et al. [30] reported an average 65.9% reduction in the 84 

debonding load for the bonded joints tested at high temperatures of 80°C and 95°C compared 85 

to the results obtained at 20°C. Meanwhile, a 90.1% decrease in the peak shear stress and a 86 

61.0% decrease in the ultimate slip were observed. Similar phenomena were also reported in 87 

other pull-out tests [11,23-28]. 88 

Heshmati et al. [12] conducted a literature review work and collected the results from 89 

some previous bonded joint tests [24,25,31], which showed that the initial (elastic) stiffnesses 90 

of the bond interface decreased from room temperature to 𝑇𝑔-5°C (𝑇𝑔 was the glass transition 91 

temperature of the bonding adhesive), while the debonding loads maintained almost unchanged 92 

within the temperature range. However, when the exposure temperatures were higher than 𝑇𝑔-93 

5°C, the debonding loads and elastic stiffnesses of the bond interface gradually decreased with 94 

average rates of 3.3% and 4.4% per degree Celsius, respectively. In contrast, the pull-out tests 95 

of CFRP-to-steel bonded joints at decreased temperatures (i.e., low service temperatures 96 

changed from curing temperature under ambient conditions) are limited [32]. The results of the 97 

pull-out tests showed that the elastic stiffness and peak shear stress of the bond interface 98 

remained nearly constant or increased slightly at decreased temperatures. Similar observations 99 

were also reported for the bond interface between EB FRP composites and concrete or other 100 

substrates when epoxy resins were used as the bonding adhesives [33-36]. Moreover, the 101 
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debonding load of the joint was related to the interfacial fracture energy (defined as the area 102 

enclosed by the shear stress versus the interfacial slip relationship) if the bond length was 103 

sufficiently long and larger than the effective bond length (i.e., the length beyond which the 104 

debonding load of the joint would not increase any further). However, it was observed that the 105 

deformability of epoxy resins decreased significantly at low service temperatures, resulting in 106 

brittle bond failures [32,33,35] and reduced interfacial fracture energy [33]. In addition to the 107 

pull-out tests, some analytical solutions were proposed to predict the full-range deformation 108 

behavior of FRP-to-concrete bonded joints under combined thermal and mechanical loadings 109 

[13-15,22]. These analytical approaches are also applicable to CFRP-to-steel bonded joints and 110 

can be used to isolate the effect of interfacial thermal stresses from the changes in bond 111 

properties, since only the latter should be appropriately considered when developing 112 

temperature-dependent bond-slip models of the bond interfaces [20,22]. 113 

From the literature review work described above, the majority of the bonded joint tests 114 

are carried out at increased temperatures (i.e., representing ambient conditions where the 115 

service temperatures are much higher than the curing temperature), while there is lacking 116 

bonded joint tests of the CFRP-to-steel interface at decreased temperatures (i.e., lower winter 117 

service temperatures). More importantly, reliable bond-slip models for CFRP-to-steel 118 

interfaces at different service temperatures are lacking in the literature, mainly because the 119 

local bond-slip relationships of the bond interfaces tested in previous studies have not been 120 

reported in detail. This paper presents a comprehensive experimental study on the pull-out tests 121 

of CFRP-to-steel bonded joints at increased and decreased service temperatures. The 122 

experimental results of debonding loads and strain distributions of the CFRP plate at different 123 

service temperatures are investigated and compared. The latter is used to derive the local bond-124 

slip model of the CFRP-to-steel interface at different service temperatures. Then, a finite 125 

element (FE) model is developed to predict the bond behavior of the CFRP-to-steel interface 126 

under mechanical loading and temperature variations, in which the preceding bond-slip model 127 

is used to define the local shear stress versus the interfacial slip relationships of the interface at 128 

different service temperatures. The proposed FE model is validated by the pull-out tests in the 129 

paper and then used to further study the temperature effects on the interfacial shear stress 130 

distributions and the debonding loads of the bonded joints at different service temperatures. 131 

 132 
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3. Experimental Program 133 

3.1. Material properties 134 

A series of CFRP-to-steel double-lap bonded joint tests were carried out at five different 135 

service temperatures of -20°C, 0°C, 30°C, 45°C and 60°C, and accordingly, the specimens 136 

were named as JT-20, JT0, JT30, JT45 and JT60, respectively. At each service temperature, 137 

three duplicated specimens were prepared and identified by a letter of “A”, “B” or “C” after 138 

the specimen designation. These five different temperatures were determined to reflect possible 139 

service temperature variations that CFRP-strengthened steel structures may encounter in 140 

different regions of China [19]. Fig. 1 shows the geometric dimensions of the double-lap 141 

bonded joint, which consists of two separate steel plates jointly bonded with CFRP plates on 142 

both surfaces. The length of the two CFRP plates was 340 mm, and the bond lengths were 150 143 

mm on each steel plate, leaving a gap of 40 mm between the two ends of the steel plates (see 144 

Fig. 1 for more details). 145 

 146 
Fig. 1. Geometric dimensions of the double-lap bonded joint 147 

 148 

The steel plates were made of Q235 steel with a thickness of 15 mm, and the width of the 149 

bonding area was 80 mm. The two ends of the steel plate were wider (i.e., 110 mm) and used 150 

to apply the pull-out force from the grip by friction. The nominal thickness of the CFRP plate 151 

was 1.5 mm. The elastic modulus and ultimate strain were measured as 141.9 GPa and 13050 152 

µε as per ASTM D3039 [37]. In addition, the elastic modulus, yielding stress and tensile 153 

strength of the steel were determined to be 204.6 GPa, 225.9 MPa and 370.5 MPa as per ASTM 154 

A370 [38]. The thermal expansion coefficients of CFRP plate and steel were measured as 155 

4.2×10-6/°C and 10.4×10-6/°C according to the test standard of ISO 11359-2 [39]. 156 

The bonding adhesive used in the pull-out tests was Sikadur-330CN adhesive. According 157 

to the brochure provided by the manufacturer, the tensile strength and elastic modulus of the 158 

adhesive at room temperature were 49.7 MPa and 2.55 GPa, respectively. The 𝑇𝑔 value of the 159 

adhesive was measured by dynamic mechanical analysis (DMA) as per ASTM D7028 [40]. 160 

Fig. 2 depicts the changes of storage (elastic) modulus, modulus loss and tan(δ) (defined as the 161 

ratio of modulus loss divided by storage modulus) with temperatures. It is noteworthy that there 162 
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are three different methods usually used to define the 𝑇𝑔 value, including the 𝑇𝑔-onset method, 163 

the peak in the loss modulus curve and the peak in the tan(δ) curve. A full description of these 164 

definitions is beyond the scope of the current study and more details can be found in Gao et al. 165 

[41] and Maluk et al. [42]. As shown in Fig. 2, the 𝑇𝑔 values using the 𝑇𝑔-onset method, the 166 

peak in the loss modulus curve and the peak in the tan(δ) curve are determined as 56.25°C, 167 

60.15°C and 69.74°C, respectively. 168 
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Fig. 2. Different methods used for determining the 𝑇𝑔 values 170 

 171 

3.2. Strengthening applications 172 

Both surfaces of each steel plate were firstly smoothened using a steel grinder. Then, the 173 

steel surfaces were degreased with acetone and sandblasted to remove the oxide coating (Fig. 174 

3a). According to the suggestion specified in Fernando et al. [43], angular alumina grits with 175 

a diameter of 0.25 mm were used for sandblasting to ensure the chemical compatibility of the 176 

steel surfaces with the bonding adhesive. In addition, the blasting angle was controlled at about 177 

75° [44], and the pressure was maintained at around 0.4-0.6 MPa. After sandblasting, the 178 

residual surface dust was cleaned by using compressed air. Before bonding to the steel surfaces, 179 

the CFRP plates were carefully washed with acetone using gauze. Then, the CFRP plates were 180 

bonded to the steel surfaces within half an hour to avoid oxidation of the steel surfaces. As 181 

Deng and Lee [45] recommended, more adhesives were laid along the center than the outer 182 

edges, which allowed air trapped between the adherends to be easily escaped when they were 183 

pushed together. The excess adhesives along the edges of the plate were scraped off, collected 184 

and weighted. The average epoxy weight per side of the bonded joint was 11.4 g, and the 185 

average thickness was determined as 0.37 mm by dividing the weight by the epoxy density. 186 

The bonded joints were cured at room temperature for at least two weeks after the strengthening 187 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 

7 

application was completed. During the curing process, the uniform thickness of the adhesive 188 

layer was maintained by applying consistent compressive stress of approximately 4.2 kPa on 189 

the top surface of the CFRP plate (by applying a weight as shown in Fig. 3b). Such a curing 190 

method was also used by Zeng et al. [46] and Colombi et al. [47] for the preparation of the 191 

CFRP-strengthened steel beams. 192 

 193 
Fig. 3. Preparation of the specimens: (a) sandblasting; (b) curing. 194 

 195 

3.3. Loading scheme and instrumentation 196 

Fig. 4 shows the test setup and environmental chamber used for the pull-out tests. The 197 

environmental chamber was equipped with several internal insulation panels to reduce possible 198 

heat exchange between it and the surrounding air. During the tests, high service temperatures 199 

were achieved by the heating pipes, while low service temperatures were obtained using liquid 200 

nitrogen. Three thermocouples were mounted at various locations on each bonded joint, 201 

including two end zones of each specimen and the mid-height of the CFRP plate, to ensure that 202 

the bonded joint reached a uniform temperature equal to the target service temperature. 203 

 204 
Fig. 4. Test setup and environmental chamber: a) overview; b) inside view. 205 
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At each service temperature, several strain gauges were bonded to the surfaces of the 206 

CFRP plate in the first specimen of three duplicates to measure the strain distributions in the 207 

CFRP plate. The arrangement and detailed locations of the strain gauges are shown in Fig. 5. 208 

The first strain gauge was located 5 mm from the plate end, and the others were spaced at 10 209 

mm intervals apart (Fig. 5). The other two strain gauges from the same batch were bonded to 210 

TiS glasses and placed near the joint to account for thermal compensation. As shown in Fig. 5, 211 

two LVDTs were attached to the adjacent ends of two steel plates with a gap of 40 mm to 212 

measure the relative displacement. Therefore, the measured displacements consisted of two 213 

parts, including the sum of the interfacial shear slips at the two loaded ends and the axial 214 

deformation of the 40 mm unbonded length of the CFRP plate. Therefore, half of the measured 215 

relative displacement minus the axial deformation of the 20 mm CFRP plate was the slip at the 216 

loaded end of the bonded joint under combined thermal and mechanical loadings. 217 

The testing procedure was divided into two steps. First, the bonded joint was placed in the 218 

environmental chamber with the upper end held by the loading grip. Then the heating pipe or 219 

liquid nitrogen pump was started to increase or decrease the chamber temperature to the target 220 

service temperature. The pull-out loading was applied within 30 min after the measured 221 

temperatures were stabilized at the target temperature and evenly distributed across the 222 

different positions recorded by the thermocouples. The pull-out load was applied by the lower 223 

grip at a speed of 2 mm/min. 224 

 225 
Fig. 5. Locations of strain gauges and LVDTs 226 

 227 

4. Results and Discussion 228 

4.1. Failure modes 229 

Fig. 6 shows a typical failure mode of the bonded joints tested at different service 230 

temperatures from -20oC to 45oC, which was caused by the debonding failure at the bond 231 

interface and the localized delamination of the CFRP plate. This failure mode has demonstrated 232 

an excellent surface preparation of the steel substrate. However, when the service temperature 233 

was increased to 60oC, the delamination zone of the CFRP plate became negligible, mainly due 234 
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to the softening of the bonding adhesive at the high service temperature close to the glass 235 

transition temperature of the adhesive. Similar observations were also reported in the previous 236 

pull-out tests of CFRP-to-steel bonded joints at high service temperatures [24,26]. Fig. 7 237 

further compares the difference between the failure modes of JT0-A and JT60-A after the pull-238 

out tests. It can be seen that a large number of burrs and adhesive fragments were attached to 239 

the debonded interface of JT0-A, and the observed failure progress was very brittle. In contrast, 240 

the debonded surface of JT60-A was relatively smooth because of the reduced elastic stiffness 241 

and softening behavior of the adhesive layer at 60oC. 242 

 243 
Fig. 6. Debonded interface of JT-20-A. 244 

 245 

 246 
Fig. 7. Difference between the failure modes of: (a) JT0-A; and (b) JT60-A. 247 

 248 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 

10 

4.2. Experimental results 249 

Fig. 8 shows the changes of debonding loads for the CFRP-to-steel bonded joints tested 250 

at different service temperatures. In this figure, the existing pull-out test results of CFRP-to-251 

steel bonded joints reported in the literature [24-30,32] are also presented for comparison. It 252 

can be seen that most of the existing pull-out tests were conducted at high service temperatures, 253 

as mentioned earlier. All the debonding loads are normalized by the corresponding average 254 

value measured at room temperature for a clear comparison. In Fig. 8, since different types of 255 

bonding adhesives were used in the pull-out tests of He et al. [26] and Al-Shawaf et al. [25,32], 256 

the debonding loads at different service temperatures are normalized by the average value of 257 

the joints obtained at room temperature for each type of adhesive, and the results of different 258 

types of adhesives are denoted by various symbols. In addition, only the specimens cured at 259 

room temperature in Chandrathilaka et al. [28] are included in the figure for comparison.  260 

 261 
Fig. 8. Comparison of the normalized debonding loads at different service temperatures 262 

 263 

In the present study, the debonding loads increased from -20°C to 30°C and then 264 

decreased with the further service temperature increase. The average debonding loads were 265 

reduced only slightly (i.e., 4.3%) from 30°C to 45°C and more significantly (i.e., 44.7%) from 266 

45°C to 60°C. The latter significant reduction of the debonding loads is attributed to the 267 

softening behavior of the adhesive layer at high service temperatures close to its glass transition 268 

temperature. Similar observations about the significant reduction of the debonding loads for 269 

the bonded joints tested at high service temperatures were also reported by other researchers 270 

[24-30], in which epoxy resins were used as the bonding adhesives. In addition, the debonding 271 

loads of the joints decreased significantly from the room temperature (i.e., 30°C in this study) 272 
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to low service temperatures (i.e., 0°C and -20°C), although the elastic stiffness of the bonding 273 

adhesive was observed to be slightly increased (Fig. 2). Therefore, the debonding load 274 

reduction was due to the combined effects of reduced interfacial fracture energy and interfacial 275 

thermal stresses. Such combined effects will be further examined and discussed in the 276 

following sections to clarify how they affect the bond behaviors of CFRP-to-steel bonded joints 277 

under combined mechanical and thermal loadings (i.e., service temperature variations). 278 

Furthermore, current design guidelines recommend that the maximum service temperature 279 

(i.e., temperature limit) specified for FRP-strengthened structures should be less than 𝑇𝑔-15°C 280 

[48,49]. According to the above design guidance, the allowable maximum service temperature 281 

of the adhesive used in the present study should be 41oC, 45oC or 55oC according to the 𝑇𝑔 282 

value determined by the 𝑇𝑔-onset method, the peak value of the loss modulus curve or the peak 283 

value of the tan(δ) curve, as described in Section 3.1. The test results in Fig. 8 have indicated 284 

that the recommended maximum service temperature for practical FRP strengthening 285 

applications is generally safe when the 𝑇𝑔 value is determined using the 𝑇𝑔-onset method or the 286 

peak in the loss modulus curve method. However, since the debonding loads were significantly 287 

reduced at 55oC, this design guidance may not be conservative for practical FRP strengthening 288 

applications when the 𝑇𝑔 value is determined as the peak in the tan(δ) curve (i.e., 55oC in the 289 

current study). This observation suggests that more attention should be paid to the method used 290 

for determining the 𝑇𝑔  value for practical strengthening applications. In addition, the 291 

significant reduction of the debonding loads at low service temperatures raise safety concerns 292 

for the applications of FRP-strengthened steel structures in cold regions. 293 

Fig. 9 compares the load-displacement curves of the bonded joints tested at different 294 

service temperatures. Since the measured curves for the three duplicates tested at each 295 

temperature are similar (see Fig. 17 for more details), only the results of the first specimen are 296 

included herein for a clear comparison. At low service temperatures of 0°C and -20°C, the 297 

load-displacement curve exhibits an almost linear elastic response until the debonding failure 298 

of the CFRP plate. At service temperatures of 30°C and 45°C, the pull-out load initially grows 299 

linearly with the displacement in the elastic stage. With a further increase in the displacement, 300 

a nonlinear load-displacement response appears and reaches a short load plateau, and the load 301 

increase converges at the debonding failure. This load plateau indicates that the bond length 302 

used in the study was longer than the “effective bond length” of the bonded joint. However, 303 

this load plateau was not observed at 60°C, because such temperature led to the increase in the 304 

effective bond length (i.e., longer than 150 mm used in this study). The increase in the effective 305 
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bond length at high service temperatures is mainly attributed to the decrease in elastic stiffness 306 

and the associated softening behavior of the bonding adhesive [7,29]. Another reason for the 307 

increase in the effective bond length at high service temperatures is the effect of interfacial 308 

thermal stresses caused by the different CTEs of CFRP and steel plate, which requires a longer 309 

bond length to reach the load capacity (i.e., debonding load) as revealed by the analytical 310 

solution proposed by the authors [14]. In addition, the initial slopes of the load-displacement 311 

curves were slightly larger at low service temperatures due to the increased elastic stiffness of 312 

the bond interface (see Table 1 for more details). 313 

 314 
Fig. 9. Load-displacement curves of the bonded joints tested at different service temperatures 315 

 316 

Fig. 10 shows the strain distributions in the CFRP plate of the bonded joint tested at 30°C, 317 

in which the x-axis originates from the free end (Fig. 5). It is evident that the strain values at 318 

each location grow with the applied pull-out loads. Furthermore, the CFRP strains increase 319 

monotonically from the free end (x=0 mm) to the loaded end (x=150 mm). At the ultimate 320 

state, the strain distribution curve is almost flat near the loaded end, indicating that the 321 

interfacial debonding of the CFRP plate occurred in the loaded end region. Fig. 11 further 322 

compares the strain distributions in the CFRP plate for the joints tested at different service 323 

temperatures under the same pull-out load (i.e., 100 kN). The recorded CFRP strains near the 324 

loaded end (at x =145 mm) are very close, while the variation trends of the strain distributions 325 

along the bond length are dissimilar at different service temperatures. At low service 326 

temperatures, the strain distributions grow slowly from the free end and increase abruptly near 327 

the loaded end, whereas at 60°C the CFRP strains are increased almost linearly from the free 328 

end to the loaded end. The different strain distributions should be due to diverse local bond-329 

slip relationships of the bond interface at different service temperatures, which will be further 330 

examined in the next section. 331 
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 333 
Fig.10. Strain distributions in the CFRP plate of JT30-A. 334 

 335 

 336 
Fig. 11. Strain distributions in the CFRP plate at 100 kN. 337 

 338 

4.3. Local bond-slip relationships 339 

The interfacial bond stress (𝜏
𝑖+

1

2

) (i starts from the free end) between two adjacent strain 340 

gauges at the locations of 𝑥𝑖  and 𝑥𝑖+1 can be derived from the difference of the measured 341 

strains (i.e., 𝜀𝑖+1 − 𝜀𝑖) by the following equation [1,50-52]. 342 

𝜏
𝑖+

1

2

=
𝜀𝑖+1−𝜀𝑖

𝑥𝑖+1−𝑥𝑖
𝐸𝑓𝑡𝑓                                                           (1) 343 

where 𝐸𝑓 and 𝑡𝑓 are the elastic modulus and thickness of the CFRP plate. The corresponding 344 

local interfacial slip can be calculated by integrating the CFRP strain from the free end to the 345 

relevant location as follows: 346 

𝛿
𝑖+

1

2

= ∑
𝜀𝑖+𝜀𝑖+1

2

𝑖
1 (𝑥𝑖+1 − 𝑥𝑖)                                                    (2) 347 

Fig. 12 shows the local bond-slip relationships obtained from the pull-out tests at different 348 

service temperatures. The dotted lines represent the results recorded at various locations along 349 

the CFRP plate, while the dashed lines are based on nonlinear regression analysis using the 350 

curve fitting toolbox provided by MATLAB software. The same data treatment approach was 351 

also used by the previous study to derive the local bond-slip relationships of the CFRP-to-steel 352 

interface [29]. 353 
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354 

 355 

 356 
Fig. 12. Local bond-slip relationships obtained from the bonded joint tests: (a) JT-20-A; (b) 357 

JT0-A; (c) JT30-A; (d) JT45-A; (e) JT60-A. 358 

 359 

From the measured and regressed curves shown in Fig. 12, a bilinear relationship can be 360 

used approximately to describe the local bond-slip responses at different service temperatures. 361 

Indeed, due to the increased elastic stiffness of the bonding adhesive at low service 362 

temperatures, the local bond-slip relationships of the joints tested at -20°C and 0°C exhibit a 363 

very brittle behavior with an abruptly descending portion. That is, the bilinear bond-slip model 364 

can be simplified to an elastic-brittle model, as illustrated in Fig. 12a and 12b. Fig. 13 depicts 365 

the bilinear bond-slip model used to describe the relationship between the shear stress and the 366 

interfacial slip, including elastic and softening portions (Fig. 13a). In the elastic stage (i.e., 367 
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𝛿<𝛿0 and 𝜏<𝜏𝑝), the shear stress increases linearly with the interfacial slip with a constant slope 368 

of 𝐾𝑇. After reaching the peak shear stress (𝜏𝑝), the interfacial shear stress decreases linearly 369 

with the interfacial slip with a slope of 𝐾𝑇
′  until the interfacial debonding occurs at the slip 370 

𝛿𝑓.The interfacial fracture energy is defined as the area underneath the bond-slip curve (i.e., 𝐺𝑓 371 

=𝜏𝑝𝛿𝑓/2). As mentioned earlier, at -20°C and 0°C, the interfacial shear stress is observed to 372 

increase linearly to 𝜏𝑝, followed by the CFRP debonding failure (i.e., 𝛿0=𝛿𝑓), and thus the 373 

bond-slip model can be approximately described by the elastic-brittle model as shown in Fig. 374 

13b. 375 

 376 
Fig. 13. Local bond-slip relationships: a) bilinear; b) elastic-brittle. 377 

 378 

The area enclosed by the regressed shear stress-interfacial slip curve in Fig. 12 is used to 379 

define the interfacial fracture energy for the local bond-slip model, while the slopes of the 380 

elastic and softening portions (𝐾𝑇 and 𝐾𝑇
′ ) are determined from the least-squares curve fitting 381 

of the regressed curve at each service temperature. For the joints tested at -20oC and 0oC, only 382 

the elastic stiffness (𝐾𝑇) needs to be determined. Table 1 summarizes all the bond properties 383 

of the CFRP-to-steel interface at different service temperatures obtained from the test results 384 

presented in Fig. 12. It can be seen that the elastic stiffness and peak shear stress are generally 385 

reduced with the service temperature increase, while the interfacial fracture energies at 30°C 386 

and 45°C are much higher than those obtained at other service temperatures. 387 

 388 

Table 1. Bond properties of the interface at different service temperatures 389 
Temperature 

(oC) 

Elastic stiffness 

(MPa/mm) 

Peak shear stress 

(MPa) 

Interfacial fracture 

energy (N/mm) 

-20 910.3 42.92 1.02 
0 757.1 52.74 1.86 
30 312.4 28.39 5.95 

45 223.1 21.79 6.32 
60 79.9 12.77 1.66 
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5. Finite Element (FE) Model 392 

5.1. Description of the FE model 393 

To gain insight into the temperature effects on the bond behavior of CFRP-to-steel bonded 394 

joints at different service temperatures, a two-dimensional finite element (FE) model was 395 

developed within the framework of ABAQUS 6.14. The CFRP and steel plates were modeled 396 

by 4-node plane stress quadrilateral elements (CPS4R), while the adhesive layer was modeled 397 

by a 4-node cohesive element (COH2D4). The element sizes of the CFRP and steel plates as 398 

well as the adhesive layer were set as 0.2 mm [16]. Due to the symmetry of the bonded joint, 399 

only a quarter of the joint was modeled (Fig. 14). The symmetrical boundary conditions in the 400 

vertical and horizontal directions were set on the right and bottom of the FE model, respectively. 401 

The room temperature was set to 30°C as the initial step. The service temperature was defined 402 

as a second loading step using the predefined field variable, in which the entire joint was set as 403 

the same service temperature without considering the temperature gradient within the joint. 404 

This assumption was established corresponding to the final state after completing the service 405 

temperature change. Then, pull-out loads were applied using a displacement-controlled manner 406 

at the end of the steel plate. In the FE model, the CFRP and steel plates were assumed to be 407 

isotropically elastic with the stiffnesses of 141.9 GPa and 204.6 GPa, respectively. The local 408 

bond-slip relationships of the CFRP-to-steel interface at different service temperatures were 409 

defined by the bond properties provided in Table 1. It is worth noting that for the FE modeling 410 

process of the joints tested at -20oC and 0oC, the stiffness of the softening portion (i.e., 𝐾𝑇
′ ) was 411 

defined by a sufficiently large value (i.e., 100 times of 𝐾𝑇 ) to avoid possible numerical 412 

convergence problems. 413 

 414 
Fig. 14. FE model of the CFRP-to-steel bonded joint 415 

 416 

5.2. Validation of the FE Model 417 

5.2.1. Distribution of CFRP strains 418 

Fig. 15 compares the CFRP strain distributions obtained from the pull-out tests and the 419 

FE predictions for the joints under different load levels and service temperatures. The excellent 420 

agreement between them has demonstrated the accuracy and reliability of the proposed local 421 

bond-slip model that can be used to describe the bond properties of the CFRP-to-steel interface 422 
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at different service temperatures. At low service temperatures (e.g., -20oC and 0oC), the CFRP 423 

strains grow slowly from the free end and increase abruptly near the loaded end, mainly due to 424 

the high shear stiffness and elastic-brittle behavior of the bond interface at low service 425 

temperatures. At high service temperatures (e.g., 45oC and 60oC), the CFRP strains increase 426 

faster from the free end to the loaded end, and eventually a strain plateau is observed near the 427 

loaded end corresponding to the debonding failure of the CFRP plate. The strain distributions 428 

have indicated the nonlinear local bond-slip behavior of the bond interface at high service 429 

temperatures. 430 

431 

 432 

 433 
Fig. 15. Comparisons of CFRP strain distributions at different load levels obtained from the 434 

pull-out tests and the FE predictions: a) JT-20-A; b) JT0-A; c) JT30-A; d) JT45-A; e) JT60-A. 435 
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5.2.2. Distribution of interfacial shear stresses 437 

Fig. 16 further compares the distributions of the interfacial shear stresses obtained from 438 

the pull-out tests and the FE model predictions. With the growth of the pull-out load, the bond 439 

interface undergoes two stages before the debonding failure, including elastic and elastic-440 

softening stages. At low load levels, the interfacial shear stresses are increased monotonically 441 

from the free end to the loaded end, and the entire bond length is in the elastic stage. With the 442 

further increase of the pull-out load, the shear stress at the loaded end reaches the peak value 443 

and then decreases accordingly, and thus the bond interface enters the elastic-softening stage. 444 

Under the ultimate state, the debonding failure occurs at the loaded end of the CFRP plate. 445 

Overall, the FE predictions agree well with the test results, although the dispersion between 446 

them becomes relatively significant after the bond interface enters the softening stage. It is 447 

worth noting that before the pull-out load is applied (i.e., 0 kN), the interfacial shear stresses 448 

are distributed almost symmetrically due to the imposition of the service temperature (Fig. 16a, 449 

16b, 16d and 16e). The thermal stresses generated near the loaded end at low service 450 

temperatures are positive and vice versa, resulting in significant effects on the bond behavior 451 

and the associated debonding loads of the joint at different service temperatures, which will be 452 

further discussed in the next section. 453 

 454 
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 456 
Fig. 16. Comparisons of interfacial shear stress distributions at different load levels obtained 457 

from the pull-out tests and the FE predictions: a) JT-20-A; b) JT0-A; c) JT30-A; d) JT45-A; e) 458 

JT60-A. 459 

 460 

5.2.3. Load-displacement curves 461 

Fig. 17 depicts the comparisons of the load-displacement curves between the pull-out test 462 

results and the corresponding FE predictions. All the test results for three duplicate specimens 463 

tested at each service temperature are presented, and the debonding loads predicted by the FE 464 

model are marked in the figure. It can be observed that in the elastic stage, the load increases 465 

linearly with the displacement. At room and high service temperatures, the interfacial 466 

deformation process evolves from an elastic stage to an elastic-softening stage, and finally 467 

CFRP debonding occurs at the end of the elastic-softening stage. In contrast, at -20°C and 0°C, 468 

the elastic stage is approximately terminated at the occurrence of the CFRP debonding, 469 

indicating that the elastic-softening stage is negligible due to the increased elastic stiffness of 470 

the bond interface at low temperatures. The FE model can accurately predict the load-471 

displacement responses at different service temperatures. Each predicted load-displacement 472 

curve is almost the average of the measured results of the three duplicates at each service 473 

temperature. 474 
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 476 

 477 
Fig. 17. Comparison of load-displacement curves obtained from the pull-out tests and the FE 478 

predictions: a) JT-20; b) JT0; c) JT30; d) JT45; e) JT60. 479 

 480 

Table 2 summarizes the debonding loads obtained from the pull-out tests and the FE 481 

predictions for the joints tested at different service temperatures. The tested debonding load at 482 

each temperature is averaged from the results of three duplicate specimens. The percentage 483 

difference between the test result and the corresponding FE prediction is determined by 484 

dividing the difference by the tested debonding load. The comparison in Table 2 shows that 485 

the percentage differences are all less than 8%, indicating that the FE model is capable of 486 

predicting the debonding loads of the bonded joints tested at different service temperatures. 487 

Table 2. Comparison of debonding loads at different service temperatures 488 

Temperature 

(°C) 

Test results 

(kN) 

FE 

predictions 

(kN) 

Difference 

-20 116.5 114.8 1.9% 

0 171.9 160.7 6.1% 

30 293.5 271.7 7.5% 

45 280.9 281.2 -0.1% 

60 155.5 146.3 6.0% 
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6. Discussion of Temperature Effects 490 

6.1. Temperature effect on the bond behavior 491 

Fig. 18 shows the strain distributions in the CFRP plate after the imposition of the service 492 

temperature (i.e., before applying the pull-out load as described in Section “5.1. Description 493 

of the FE model”), in which the measured CFRP strains and the FE predictions are both 494 

included for comparison. Since the applied service temperature at different locations exhibits 495 

slight variations along the bond length, the CFRP strain distributions measured by the strain 496 

gauges show small fluctuations. Nevertheless, the trends of the measured strain distributions 497 

in the CFRP plate at different service temperatures are well captured by the FE model. Fig. 19 498 

depicts the interfacial shear stress distributions predicted by the FE model. It can be seen that 499 

the interfacial shear stresses near the loaded end due to the imposition of the decreased service 500 

temperature are in the same direction as the pull-out load. In particular, the maximum value of 501 

the thermally induced interfacial shear stresses is about 3.8 MPa when the service temperature 502 

is -20°C. This shear stress is approximately 8.9% of the peak shear stress (i.e., 42.9 MPa) 503 

obtained during the pull-out test. In addition, the maximum value of the thermally induced 504 

shear stresses depends on the range of service temperature variation and the elastic stiffness of 505 

the bond interface, as also revealed by the analytical studies proposed by the authors [13,14]. 506 

 507 
Fig. 18. CFRP strain distributions after the imposition of different service temperatures 508 

 509 

Figs. 20 and 21 illustrate the CFRP strain distributions and the corresponding interfacial 510 

shear stresses for the bonded joints under a constant pull-out load of 25 kN. Such a load level 511 

corresponds to the elastic stage of the bond interface at different service temperatures (as shown 512 

in Fig. 17). The results obtained at different service temperatures have indicated that they are 513 

significantly influenced by the combined effects of mechanical and thermal loadings (i.e., 514 

temperature variations). In addition, the comparisons between the measured results and the FE 515 
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predictions shown in Fig. 20 have further demonstrated the reliability of the FE model in 516 

predicting the CFRP strain distributions of the joints tested at different service temperatures. 517 

 518 
Fig. 19. Shear stress distributions after the imposition of different service temperatures 519 

 520 

 521 
Fig. 20. CFRP strain distributions after applying a pull-out load of 25 kN 522 

 523 

 524 
Fig. 21. Shear stress distributions after applying a pull-out load of 25 kN 525 

 526 

As shown in Fig. 21, the interfacial shear stresses at the loaded end are affected by the 527 

temperature variations. That is, higher shear stresses are obtained at low service temperatures 528 

(i.e., -20oC and 0oC), while the minimum shear stress occurs at 60°C. The latter is attributed to 529 

the combined effects of interfacial thermal stress and reduced elastic stiffness of the bond 530 
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interface. The observations in Fig. 21 also suggest that the decreased temperature variations 531 

may lead to an earlier occurrence of the debonding failure, and thus more attention should be 532 

paid to the CFRP debonding of the strengthened steel beams at low service temperatures. 533 

 534 

6.2. Temperature effect on the debonding load 535 

In the analytical solution previously proposed by the authors [13], the effect of interfacial 536 

thermal stress on the debonding load of the bonded joint was theoretically analyzed in the case 537 

of single-lap shear tests. From the analytical solution, the increase in the debonding load (Δ𝑃𝑑𝑒𝑏) 538 

due to the presence of interfacial thermal stress can be calculated by the following equation: 539 

Δ𝑃𝑑𝑒𝑏 = −
𝐸𝑝𝑡𝑝𝑏𝑝

1+𝛼
(𝛼𝑝 − 𝛼𝑐)Δ𝑇                                          (3) 540 

where 𝛼 is the stiffness ratio defined as 𝛼 = 𝐸𝑝𝑡𝑝𝑏𝑝/𝐸𝑠𝑡𝑠𝑏𝑠. 𝐸, 𝑡, 𝑏 are the elastic modulus, 541 

thickness and width of the adherend with the subscripts “𝑝” or “𝑠” representing the CFRP plate 542 

or the steel substrate, respectively. According to Eq. (3), the increase in the debonding load 543 

induced by the thermal stress depends on the properties of the CFRP plate and the steel 544 

substrate; however, it is irrelevant to the local bond-slip behavior of the bond interface. 545 

The present FE model can be used to investigate the temperature effects on the debonding 546 

loads of the bonded joints at different service temperatures, in which the combined effects of 547 

thermal stresses and local bond-slip behavior (i.e., bond properties) can be properly considered 548 

for different temperatures. Therefore, the advantage of the present FE model over the previous 549 

analytical solution is that the former can be used to distinguish the above two different effects 550 

on the debonding loads. Fig. 22 compares the change in the debonding load at different service 551 

temperatures predicted by the FE model and the analytical solution. Note that the increases in 552 

the debonding load are determined by subtracting the load values at different service 553 

temperatures from the corresponding analytical or FE result obtained at 30oC. It can be seen 554 

that the analytical results are almost increased linearly with the temperature growths, while the 555 

FE results show that the debonding load is reduced significantly at 0ׄ°C, -20ׄ°C and 60°C. The 556 

difference between the analytical results and the FE predictions is mainly due to the changes 557 

in the local bond-slip behavior (i.e., bond properties) of the CFRP-to-steel interface at different 558 

service temperatures. 559 
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 561 
Fig. 22. Temperature effects on the debonding loads: Analytical vs. FE results 562 

 563 

7. Conclusions 564 

This paper presents the results from the pull-out tests of CFRP-to-steel bonded joints at 565 

different service temperatures from -20°C to 60°C. The test results including the failure modes, 566 

debonding loads, load-displacement curves, CFRP strain distributions and interfacial shear 567 

stress and slip responses were examined and compared. Also, a bilinear local bond-slip model 568 

was established to describe the shear stress versus the interfacial slip relationships of the bond 569 

interface at different service temperatures. An FE model was proposed to predict the bond 570 

behavior and the debonding loads of the bonded joint at different service temperatures and was 571 

validated through the comparisons between the experimental and FE results. The validated FE 572 

model was then used to further investigate the temperature effects on the CFRP strain 573 

distributions, interfacial shear stresses and the debonding loads of the bonded joints at different 574 

service temperatures. Based on the results and discussions presented in the paper, the following 575 

conclusions can be drawn: 576 

(a) The service temperature variations have two different effects on the bond behavior and 577 

the related debonding loads of the bonded joint at different service temperatures, including the 578 

effect of interfacial thermal stresses and the changes in the local bond-slip behavior. 579 

(b) The debonding loads of the bonded joint are increased from a low service temperature 580 

to room temperature and then decrease at a high service temperature close to the glass transition 581 

temperature of the bonding adhesive. 582 

(c) The bilinear bond-slip model can be used to describe the relationships between the 583 

shear stress and the interfacial slip at different service temperatures. At low service 584 

temperatures, the softening portion of the bilinear model can be neglected, and thus the bond-585 

slip model can be simplified as the elastic-brittle model. 586 
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(d) The elastic stiffness and the peak shear stress of the local bond-slip model are generally 587 

reduced with the service temperature increase, while the interfacial fracture energy decreases 588 

at both low and high service temperatures. 589 

(e) The good agreement between the test results and the corresponding FE predictions has 590 

demonstrated the reliability and accuracy of the proposed FE model. The advantage of this FE 591 

model over the previous analytical solution is that the former can be used to distinguish the 592 

above two different effects on the debonding loads. 593 

The experimental and FE results have demonstrated that the debonding loads of the CFRP-594 

to-steel interface are significantly reduced at both low and high service temperatures. This 595 

observation raises an important issue: the temperature effects need to be appropriately 596 

considered in practical strengthening design. However, the design guidance on how to consider 597 

the temperature effects is lacking in current design guidelines. Therefore, more research is 598 

needed to account for the temperature effects on the bond behavior and the associated 599 

debonding loads of CFRP-strengthened flexural steel members under different service 600 

temperature conditions. 601 
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