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Abstract: Carbon fiber-reinforced polymer (CFRP)-retrofitted steel beams are likely exposed 15 

to significant service temperature variations due to seasonal and daily temperature changes. 16 

However, there is lacking research on the structural performance of CFRP-retrofitted steel 17 

beams under service temperature variations. This paper presents an experimental study of 18 

fourteen beams including one intact beam, one notched beam and twelve CFRP-retrofitted 19 

notched beams tested at various service temperatures from -20°C to 80°C. The structural 20 

properties including load-deflection curves, load capacities at initial and ultimate debonding, 21 

crack mouth opening displacements at the notch and the CFRP strain measurements were 22 

examined and compared at different service temperatures. The debonding loads of CFRP-23 

retrofitted beams were increased with the temperatures from -20°C to 60°C and decreased at 24 

80°C. A formula was proposed to derive the local bond-slip behavior of the CFRP-to-steel 25 

interface at different temperatures from the CFRP strain measurements. The shear stiffness of 26 

the interface generally decreased with the service temperature growth, while the interfacial 27 

fracture energy first increased and then decreased. A finite element model was proposed to gain 28 

insight into the effects of interfacial thermal stress and temperature-dependent bond properties 29 

on the bond behavior and structural performance of CFRP-retrofitted beams at different service 30 

temperatures. 31 

Keywords: Steel beam, CFRP strengthening, temperature variation, debonding, thermal effect, 32 

bond-slip behavior.  33 
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1. Introduction 34 

Externally bonded carbon fiber-reinforced polymer (CFRP) plates are widely used for the 35 

strengthening of steel structures. Existing studies have demonstrated the effectiveness of the 36 

CFRP strengthening technique in enhancing the structural performance of steel beams with 37 

initial cracks (notches) under static [1-4] and fatigue loadings. For example, Deng et al. [2] 38 

reported that the load-carrying capacity of the notched steel beam under static loading could 39 

be doubled by CFRP retrofitting. The effects of loading scheme, FRP thickness, bonding 40 

adhesive and anchorage system on the fatigue performance of CFRP-retrofitted steel beams 41 

were investigated by Chen et al. [5], Yu et al. [6,7] and Colombi et al. [8]. Deng et al. [9] 42 

compared the fatigue properties of CFRP-retrofitted steel beams with externally bonded CFRP 43 

plates with different prestress levels. Wang et al. [10] studied the bond behavior of CFRP-to-44 

steel strap joints under overloading fatigue and wetting/drying cycles. In addition, the CFRP 45 

strengthening can significantly delay crack propagation under fatigue loading, thereby 46 

prolonging the fatigue life of cracked or deficient steel beams [11]. The bonded CFRP plate 47 

bridges both sides of the crack and effectively restraints the crack opening. However, the high 48 

tensile force sustained by the CFRP plate at the crack locations also generates high stress 49 

concentrations at the bond interface between the CFRP plate and the steel beam, which may 50 

lead to the occurrence of interfacial debonding. According to the existing experimental 51 

observations, such interfacial debonding usually starts at the cracked part, and thus it is termed 52 

as intermediate crack-induced (IC) debonding. The IC debonding limits the full utilization of 53 

the high strength of CFRP plates and the enhancements of the load-carrying and deformation 54 

capacities of the strengthened steel beams. Therefore, the bond action between the CFRP plate 55 

and the steel substrate is of vital importance in governing the performance of the CFRP-56 

retrofitted cracked steel beams. The bond behavior of the CFRP plate-to-steel interface is 57 

usually determined by the pull-out tests of CFRP-to-steel bonded joints [12-23]. As the most 58 

fundamental law describing the interfacial bond behavior, several types of local bond-slip 59 

models have been proposed, including elastic-brittle [24,25], elastic-plastic-brittle [26,27], 60 

trapezoidal (i.e., elastic-constant stress-softening) [28-32] and bilinear (i.e., elastic-softening) 61 

types [29,30]. The proposed bond-slip models are also widely used in analytical solutions for 62 

predicting the plate-end debonding failure of FRP-retrofitted steel beams [27,33], the IC 63 

debonding failure of FRP-retrofitted notched steel beams [2], and the deformation process of 64 

FRP-to-concrete/steel bonded joints [34-37]. In addition, finite element (FE) modeling has 65 

been employed to predict the structural performance of FRP-strengthened structures by 66 

considering the interfacial bond-slip models [11,28,38-40]. 67 
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On the other hand, the performance of CFRP-retrofitted steel beams may be significantly 68 

affected by temperature variations in service. This is because the properties of adhesive layers 69 

usually formed from epoxy resins may change at different service temperatures, especially 70 

when the temperature is close to or above the glass transition temperature (𝑇𝑇𝑔𝑔) [15,20,21,41-71 

43]. The reported 𝑇𝑇𝑔𝑔 values of most commercial epoxy resins used for structural bonding are 72 

around 40~65°C [21,44], and this temperature range can be reached when steel structures are 73 

directly exposed to sunlight [27,45]. In addition to the temperature-induced deterioration of the 74 

bonding adhesive, thermal stresses may be generated at the interface as the service temperature 75 

varies. This is because as the service temperature increases/decreases, the thermal 76 

expansion/extraction of the steel substrate is much higher than that of the bonded CFRP plate 77 

because of the larger coefficient of thermal expansion (CTE) of steel than that of CFRP along 78 

the longitudinal fiber direction. As a result, large thermally-induced stresses/slips can occur at 79 

the interface between the CFRP plate and steel [35,46-49]. Such interfacial thermal 80 

stresses/slips are possibly in the same or opposite direction as those generated by mechanical 81 

loading, which may accelerate or delay the debonding propagation and consequently lead to a 82 

reduction or increase in the debonding load of the strengthened beam. 83 

Some research groups including the authors have conducted theoretical analyses to 84 

investigate the effects of interfacial thermal stresses on the full-range deformation behavior of 85 

FRP-to-steel bonded joints and to predict the debonding loads with due consideration of the 86 

thermal stress effects [46-51]. By isolating the effects of thermal stresses, the interfacial bond 87 

behavior (i.e., the local bond-slip relationship) between the CFRP plate and steel substrate can 88 

be derived based on the measured strains of the CFRP plate. It has been found that the bond-89 

slip relationship, including interfacial shear stiffness, peak shear stress and interfacial fracture 90 

energy, is significantly influenced by relatively high temperatures [15,18,37,41]. Based on the 91 

measured bond-slip relationships (i.e., test data), Biscaia et al. [15] proposed a bilinear bond-92 

slip model between the CFRP plate and the steel substrate by using temperature-dependent 93 

bond parameters (i.e., interfacial fracture energy, shear stiffness, etc.). Recently, the authors 94 

also developed an analytical solution to describe the effects of thermal stresses on the IC 95 

debonding process of CFRP-retrofitted steel beams [48]. It was found that the thermal stresses 96 

induced by high service temperatures tended to alleviate the stress concentrations near the 97 

notch section and thus improved the debonding load, and vice versa. The proposed analytical 98 

solution was validated through comparison with the finite element (FE) analysis results instead 99 

of test data. The above literature review has indicated that the current research about the effect 100 
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of thermal loading on the IC debonding failure of FRP-retrofitted steel beams is based on the 101 

analytical and FE studies, while the experimental results are not available. 102 

This study aims to fill the current research gap and presents the results of a comprehensive 103 

experimental study that extensively investigates the effects of different service temperatures 104 

on the structural performance of CFRP-retrofitted notched steel beams. Such test results also 105 

serve as a benchmark for the validation of the FE model, which aims to gain insight into the 106 

temperature effects on the IC debonding mechanism of CFRP-retrofitted notched steel beams 107 

at different service temperatures. 108 

 109 

2. Experimental Program 110 

2.1. Specimens 111 

The experimental program consisted of flexural bending tests on twelve CFRP-retrofitted 112 

notched steel beams at various temperatures, including -20°C, 0°C, 30°C, 45°C, 60°C and 80°C. 113 

Fig. 1 shows the configuration of the tested specimens. The design of the specimens is similar 114 

to that used in the experimental study conducted by Deng et al. [2] at normal temperature. 115 

Considering that the “effective bond length” of the CFRP strengthening system may be 116 

increased at high temperatures [18,47,52], the length of the CFRP plate was changed from 400 117 

mm in Deng et al.’s study [2] to 800 mm in the current experimental program. 118 

As shown in Fig. 1, the CFRP-retrofitted steel beams were tested under four-point bending. 119 

The beams were supported by two roller supports at a clear span of 1.1 m and loaded by a load 120 

distributor with a constant moment zone of 0.2 m. The total length of the steel beams was 1.3m. 121 

The steel beams were prefabricated with a notch to simulate the crack defect on the soffit of 122 

the steel beam. Each retrofitted steel beam was strengthened by a 0.8 m long CFRP plate. In 123 

addition, two different thicknesses (1.2 mm and 1.4 mm) of CFRP plates were used for the 124 

strengthening applications. The specimens were named according to the CFRP plate thickness 125 

and the tested service temperature. For example, “BnP1.4T30” represents the notched steel 126 

beam retrofitted by a 1.4 mm thick CFRP plate and tested under 30°C. In addition, the notched 127 

steel beam without retrofitting (Bn) was also tested as a reference. The details of all the 128 

specimens are summarized in Table 1. 129 

The close view of the prefabricated notch is shown in Fig. 1c. The width of the crack 130 

opening is 5 mm and the height of the opening is the same as the thickness of the bottom flange. 131 

In addition, a narrow notch was cut in the web, which was perpendicular to the longitudinal 132 

axis of the beam and had a width of 0.18 mm and a height of 8 mm. In addition, some plate 133 
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stiffeners with a thickness of 6 mm were welded on both sides of the beam web at the loading 134 

and supporting points to avoid local buckling. 135 

 136 

 137 
Fig. 1  Schematic of the CFRP-retrofitted steel beam: a) front view; b) side view; c) close view 138 
of the precast notch. 139 
 140 

Table 1  Detail of the specimens 141 

Specimen name CFRP plate thickness 
(mm) Tested temperature (°C) 

Bn - 30 

BnP1.2 

BnP1.2T-20 

1.2 

-20 
BnP1.2T0 0 
BnP1.2T30 30 
BnP1.2T45 45 
BnP1.2T60 60 
BnP1.2T80 80 

BnP1.4 

BnP1.4T-20 

1.4 

-20 
BnP1.4T0 0 
BnP1.4T30 30 
BnP1.4T45 45 
BnP1.4T60 60 
BnP1.4T80 80 

 142 
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2.2. Materials 143 

The properties of the steel were measured according to ASTM A370 [53]. The elastic 144 

modulus, yield strength and Poisson’s ratio were 210.5 GPa, 359 MPa and 0.27, respectively. 145 

The properties of the CFRP plates, measured according to ASTM D3039 [54], were given by 146 

the manufacturer. The elastic moduli of the 1.2 mm and 1.4 mm thick CFRP plates were 171.3 147 

GPa and 158.2 GPa, and the corresponding tensile strengths were 2743.3 MPa and 3044.4 MPa, 148 

respectively. In addition, the coefficients of thermal expansion (CTEs) of the materials were 149 

measured by thermomechanical analysis (TMA) test according to BS ISO 11359 [55]. The 150 

measured CTEs of steel, 1.2 mm and 1.4 mm CFRP plates were 1.14×10-5/°C, -9.10×10-7/°C 151 

and -8.48×10-7/°C, respectively. 152 

Sikadur-330CN was used as the adhesive for bonding the CFRP plate onto the steel beam. 153 

The mechanical properties of the bonding adhesive at room temperature, including the tensile 154 

strength and the elastic modulus were 49.7 MPa and 2.55 GPa, respectively, as provided by the 155 

manufacturer. Moreover, the thermal degradation of the bonding adhesive, which was prepared 156 

and cured in the same environments as the beam specimens, was measured by the dynamic 157 

mechanical analysis (DMA) according to ASTM D7028 [56]. The DMA test was performed 158 

on a single cantilever configuration with a heating rate of 2°C/min and an oscillation frequency 159 

of 1 Hz. Fig. 2 shows the measured changes in storage (elastic) modulus, loss (viscous) 160 

modulus and tan delta (i.e., the ratio of loss modulus to storage modulus) with the temperature 161 

growth. The storage modulus is a measure of the elastic response of a material but not the same 162 

as Young’s modulus [56]. The previous study demonstrated that the temperature-dependent 163 

storage modulus was in significant correlation with the elastic modulus determined through 164 

traditional mechanical tests (i.e., tensile or flexural tests) [57]. It can be observed that as the 165 

temeprature increases, the elastic modulus decreases slightly at relatively low temperatures and 166 

then drops sharply in the glass transition region. According to different definitions of 𝑇𝑇𝑔𝑔 [56], 167 

the 𝑇𝑇𝑔𝑔 is 56.25°C at the onset of softening, 60.15°C at peak loss modulus and 69.74°C at peak 168 

tan delta. 169 
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 170 
Fig. 2  DMA results 171 

 172 
2.3. Strengthening application 173 

The bottom surface of each steel beam was degreased with acetone and sandblasted to 174 

remove the oxide coating (Fig. 3). A 0.25 mm diameter angular alumina grit was used for the 175 

sandblasting of the bottom surface of each steel beam to ensure its chemical compatibility with 176 

the adhesive, following the suggestions provided by Fernando et al. [58]. In addition, the 177 

blasting angle was controlled at about 75° [59], and the pressure was controlled within 0.4-0.6 178 

MPa. After sandblasting, the steel surface was cleaned away from any dust with compressed 179 

air. Before bonding to the steel surface, the CFRP plate was carefully cleaned with acetone 180 

using gauze. Afterwards, the CFRP plate was adhesively bonded to the steel beam within half 181 

an hour, avoiding the oxidation of the steel surface. As Deng and Lee [60] recommended, more 182 

adhesives were laid along the center than the outer edges, which allowed the air trapped 183 

between the adherends to escape when they were pushed together. Then constant compressive 184 

stress of 4.2 kPa was applied on the top surface of the CFRP plate to ensure that the externally 185 

bonded CFRP plate and the steel beam were tightly bonded together during the curing process 186 

of the CFRP strengthening system [38,61]. Afterwards, to avoid spew fillet and estimate the 187 

consumption of epoxy resin, the excess adhesive along the sides of the plate was scraped off, 188 

collected and weighted. The average epoxy resin weight for each specimen was 22.8 g. 189 

Therefore, the average thickness was about 0.37 mm. The CFRP-retrofitted steel beams were 190 

cured at room temperature for about six months before the bending tests. 191 
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 192 
Fig. 3  Sandblasting of the steel surface 193 

 194 
2.4. Testing procedure and instrumentations 195 

The following testing procedure was used: first, the beam was placed in the environmental 196 

chamber and the internal temperature was changed; second, after the target temperature was 197 

reached, it was maintained at a nearly constant value. Finally, the beam was mechanically 198 

loaded until failure. 199 

 200 

 201 
Fig. 4  The environmental chamber 202 

 203 

As shown in Fig. 4, an environmental chamber with size of 3.4 m × 1.9 m × 1.2 m was 204 

built with heating insulation boards to reduce possible heat exchange between the specimens 205 

and the out-chamber air during the tests. A heating and cooling system was specifically 206 

designed to adjust the temperature in the chamber. The chamber was heated by electronic 207 

heating pipes while cooled down by liquid nitrogen pumping. An electric fan was installed to 208 

help reduce temperature gradients inside the chamber and achieve an even temperature 209 
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environment. In order to monitor the temperature variations of the beam specimen, four K-type 210 

thermocouples were installed at different locations on the specimen surface, including the 211 

CFRP plate surface, the beam web at the mid-span location, and the upper flange of the steel 212 

beam at both ends. Fig. 5 shows the change of temperatures measured at different locations of 213 

the specimen under the 60°C testing temperature. It can be seen that the measured temperatures 214 

were quite close to each other at various locations and changed gradually according to the set 215 

temperature. Similar temperature changing schemes were employed for the heating/cooling 216 

process of the specimens tested at other service temperatures (i.e., -20°C, 0°C, 30°C, 45°C and 217 

80°C). Note that the heating/cooling process was divided into several small steps with 218 

temperature intervals of 15 or 20°C. After the measured temperature of the specimen reached 219 

the target value, the air temperature inside the chamber was maintained at an almost constant 220 

value for at least 30 minutes to ensure that the temperatures of the specimen measured at 221 

different locations were almost the same. 222 

  223 
Fig. 5  Measured temperature history of the specimen during the heating process 224 

 225 

 226 
Fig. 6  Experimental setup inside the environmental chamber 227 

Fig. 6 shows the loading and measurement apparatus. The mechanical loading was applied 228 

by an electro-hydraulic loading and control system at a constant loading speed of 3 mm/min. 229 
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Moreover, the two supports and the loading points of the load distribution girder were designed 230 

with smooth rollers, which could rotate freely. This seemed to be important in previous 231 

experiments [62], but was often overlooked. During the loading process, the applied loads, 232 

mid-span deflections, axial strain distributions in the CFRP plate, and crack mouth open 233 

displacements (CMODs) at the notch location were recorded simultaneously by a computer-234 

aided program at a frequency of 5 Hz. The mid-span deflection responses were obtained from 235 

the readings of six LVDTs located at the mid-span and both ends of the beam. The strain gauges 236 

were bonded to the CFRP surface using NP-50B adhesive, which could be used in temperatures 237 

ranging from -30°C to 300°C. Furthermore, for thermal compensation purpose, strain gauges 238 

from the same batch were attached to the TiS glass and placed near the strain measurement 239 

points [17]. Special considerations were given to the arrangement of strain gauges. The spacing 240 

of the strain gauges was set to 10 mm near the notch, where the values of the interfacial shear 241 

stresses are relatively high, 20 mm near the plate ends, and 30 mm between these two regions. 242 

In total, 44 strain gauges were used to measure the strain distributions along the CFRP plate 243 

(see Fig. 7 for more details). 244 

 245 
Fig. 7  Locations of strain gauges attached on the CFRP plate 246 

 247 
The CMOD is also an important parameter to show the strengthening efficiency of CFRP 248 

plates [5,6]. As shown in Fig. 8, on each side of the beam an extensometer was installed at the 249 

two sides of the notch of the bottom flange to measure the CMOD. The extensometers used 250 

has a gauge length of 10 mm, a maximum deformation capacity of 4 mm and an accuracy of 251 

0.012 mm. 252 

To correct the eccentricity of the applied load and possible torsion of the beam during the 253 

loading process, the beam was pre-loaded to around 10 kN. Then the two measured CMODs 254 

were compared so that the loading apparatus could be adjusted if necessary. 255 

 256 
Fig. 8  The extensometer 257 

 258 
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3. Experimental Results 259 

3.1. Test observations 260 

Fig. 9a shows a typical failure mode of the CFRP-retrofitted steel beams. The typical 261 

failure of the retrofitted steel beams was due to interfacial debonding on one side. At the same 262 

time, the steel beam had a certain residual deformation after unloading. A local buckling of the 263 

steel beam was not found due to the presence of steel stiffeners. In addition, the propagation of 264 

the prefabricated crack tip was found in the retrofitted steel beams, mainly due to the 265 

continuous loading after the CFRP debonding. Fig. 9b shows a close-up view of the debonded 266 

side of the CFRP-retrofitted steel beam. After debonding, the CFRP plate had no residual 267 

deformation due to the material elasticity characteristics. Fig. 9c&9d show the close-up views 268 

of the debonded interface on both the CFRP plate and substrate steel sides. It is clearly seen 269 

that the cohesive failure, which occurs inside the adhesive layer, is the dominant failure mode. 270 

 271 

 272 
Fig. 9  Typical failure mode of the CFRP-retrofitted steel beams: a) front view; b) close-up 273 
view of the debonded side; and close-up views of the debonded surface c) on the CFRP plate; 274 
d) on the substrate steel side. 275 
 276 
3.2. Structural performance of two CFRP-retrofitted steel beams tested at room temperature 277 

Fig. 10 shows the load-deflection and the CMOD-load curves of two CFRP-retrofitted 278 

steel beams and the notched steel beam without retrofitting, which were tested at normal 279 

temperature (i.e., 30°C). It is seen that, under a low level of mechanical loading, the load-280 

deflection curves exhibited typical elastic behavior and the deflections increased linearly with 281 

 

(a) 

(b) 

(c) (d) 
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the applied loads. For the notched beam without retrofitting, the flexural stiffnesses of the steel 282 

beam decreased after the steel yielding, and then exhibited almost plastic behavior with 283 

increasing CMOD values. In comparison, for the retrofitted steel beams, the initiation of 284 

interfacial debonding occurred at one side, which was witnessed by the reduced interfacial 285 

stress measured at this side to almost zero. The loads at the onset of debonding for both 286 

specimens were quite close (65.6 kN vs. 65.0 kN). Then the interfacial debonding propagated 287 

gradually from the notch to the plate ends with almost the constant axial force sustained by the 288 

CFRP plate at the notch location. Meanwhile, the flexural stiffness of the CFRP-retrofitted 289 

beam decreased slightly, while the steel beam remained elastic. After the steel yielded, the load 290 

increased at a much lower rate, accompanied by a rapid increase in the CMOD. Finally, the 291 

load dropped abruptly corresponding to the ultimate debonding. 292 

  293 

    294 
Fig. 10  Structural performance of two CFRP-retrofitted steel beams tested at room temperature: 295 
a) the load-deflection curves; b) the CMOD-load curves. 296 
 297 

The strain distributions of the CFRP plate under different loading levels are shown in Fig. 298 

11. At relatively low load levels, the strains in the CFRP plate increased from zero at the end 299 

of the CFRP plate to a maximum value at the notch. Moreover, the axial strain values at each 300 

location grew with the increasing load. As seen in Fig. 11, the axial strains along the bond 301 

length of the two specimens were distributed almost symmetrically around the notch at lower 302 

load levels (e.g., 20 kN, 40 kN and 60 kN). However, when the load was further increased, 303 

interfacial debonding initiated near the notched section at one side, where the axial strains in 304 

the CFRP plate remained almost unchanged, indicating the presence of an interfacial debonding 305 

zone there. 306 
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  308 
Fig. 11  Strain distributions in the CFRP plate: a) BnP1.2T30; b) BnP1.4T30. 309 
 310 

Using the measured CFRP strains along the bond length, the local interfacial shear stress 311 

(𝜏𝜏𝑖𝑖+12
) (i starts from the plate end) between two subsequent strain gauges at the locations of 𝑥𝑥𝑖𝑖 312 

and 𝑥𝑥𝑖𝑖+1 could be derived based on the difference of the measured strains (i.e., 𝜀𝜀𝑖𝑖+1 − 𝜀𝜀𝑖𝑖) using 313 

the following equation [13,30,63]: 314 

𝜏𝜏𝑖𝑖+12
= 𝜀𝜀𝑖𝑖+1−𝜀𝜀𝑖𝑖

𝑥𝑥𝑖𝑖+1−𝑥𝑥𝑖𝑖
𝐸𝐸𝑓𝑓𝑡𝑡𝑓𝑓                                                      (1) 315 

where 𝐸𝐸𝑓𝑓 and 𝑡𝑡𝑓𝑓 are the elastic modulus and the thickness of the CFRP plate, respectively. 316 

Fig. 12 shows the distributions of the interfacial shear stresses in the two beams tested at 317 

30°C. When the applied load was low, the entire bond interface was in the elastic (E) stage and 318 

the interfacial shear stresses were higher near the notch and plate ends. When the interfacial 319 

shear stress near the notch increased to the maximum value, the interface entered the elastic-320 

softening (E-S) stage and the local interfacial shear stress started to decrease. With the further 321 

increase of the applied load, the interfacial shear stress near the notch decreased gradually to 322 

almost zero, indicating that the local interfacial debonding occurred. Then, during the elastic-323 

softening-debonding (E-S-D) stage, the interfacial debonding propagated from the notched 324 

section to the plate end. The location corresponding to the maximum shear stress was then 325 

shifted from the notch to the plate end. With the propagation of the debonding failure, the 326 

deflections of the CFRP-retrofitted notched steel beams grew significantly accompanied by a 327 

slight increase of the applied load. Finally, as seen in Fig. 10, an abrupt drop of the applied 328 

load occurred due to the failure of the CFRP-retrofitted steel beams (i.e., complete 329 

debonding/separation of the CFRP plate from the beam typically over one span). 330 
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  332 
Fig. 12  Distributions of interfacial shear stresses: a) BnP1.2T30; b) BnP1.4T30. 333 

 334 
3.3. Structural performance of CFRP-retrofitted steel beams tested at other temperatures 335 

3.3.1. Load-deflection curves 336 

Fig. 13 compares the load-deflection curves of the un-strengthened notched steel beam 337 

and the CFRP-retrofitted steel beams tested at different service temperatures. Due to the CFRP 338 

strengthening, the load-carrying capacities (i.e., the loads at the ultimate debonding) of the 339 

retrofitted beams were significantly enhanced. However, the measured curves of the CFRP-340 

retrofitted steel beams were quite different at different temperatures. The highest load-carrying 341 

capacity and ultimate deflection were achieved at 60°C. In contrast, the load-carrying capacity 342 

and deformability of the CFRP-retrofitted steel beams were significantly reduced at low service 343 

temperatures (i.e., -20°C and 0°C). At 80°C, the load-carrying capacity of the retrofitted beams 344 

was also decreased due to the softening of the bonding adhesive. In addition, the residual 345 

strength of BnP1.4T-20 was smaller than that of the notched steel beam without retrofitting, 346 

which might be due to the abrupt propagation of the prefabricated notch along the beam depth 347 

observed during the debonding process of the externally bonded CFRP plate. 348 

  349 
Fig. 13  Load-deflection curves of a) BnP1.2 and b) BnP1.4 at different service temperatures. 350 
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Table 2 summarizes the load capacities at the initial debonding and ultimate debonding 352 

of the CFRP-retrofitted steel beams at different temperatures. The maximum load-carrying 353 

capacity was achieved at the temperature range of 30°C to 60°C. The variations of the load 354 

capacities as the temperature changes are shown in Fig. 14. It is seen that the load capacities 355 

of CFRP-retrofitted steel beams were increased with the growth of the temperature when the 356 

temperature was lower than 60°C while reduced significantly at 80°C. In addition, the load-357 

carrying capacities of the notched steel beams retrofitted by 1.4 mm thick CFRP plates were 358 

slightly higher than those of their counterpart beams with 1.2 mm thick CFRP plates, except 359 

the two beams tested at 80°C. 360 

 361 
Table 2  Load capacities of the specimens at the initial and ultimate debonding 362 

Specimens Initiation of debonding (kN) Ultimate debonding (kN) 
BnP1.2T-20 23.5 61.8 
BnP1.4T-20 37.5 69.2 
BnP1.2T0 32.9 64.0 
BnP1.4T0 43.9 68.0 
BnP1.2T30 65.5 75.4 
BnP1.4T30 65.0 88.5 
BnP1.2T45 79.1 83.0 
BnP1.4T45 81.0 85.9 
BnP1.2T60 72.7 90.0 
BnP1.4T60 85.4 89.9 
BnP1.2T80 49.0 71.7 
BnP1.4T80 47.0 61.4 

 363 

  364 
Fig. 14  Comparisons of the load capacities at a) initial debonding and b) ultimate debonding 365 
of the CFRP-retrofitted steel beams tested at different service temperatures. 366 
 367 
3.3.2. CMOD-load relationships 368 

Fig. 15 compares the changes of CMOD as a function of load at different temperatures. 369 
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reduced, indicating that the CFRP plate could effectively suppress the opening of the 371 

prefabricated notch. However, the effectiveness of CFRP retrofitting was different at various 372 

temperatures. Again the best crack-arresting ability was achieved in the temperature range of 373 

30°C to 60°C. Fig. 16 compares the CMOD values in the specimens tested at different service 374 

temperatures given the same load level. At low load levels (e.g., 10 kN and 20 kN), the CMOD 375 

values at -20°C and 0°C were smaller than those at normal and high service temperatures (from 376 

30°C to 80°C). At 10 kN and 20 kN, the bondline was still in the elastic stage and the only 377 

difference of the bondline was its elastic modulus. Therefore, the smaller CMOD could be 378 

attributed to the higher elastic modulus of the bonding adhesive at low temperatures. In 379 

comparison, after the applied load exceeded 40 kN, the CMOD at low temperatures (-20°C and 380 

0°C) was much higher than that at the normal temperature (30°C). This was due to the initiation 381 

of local interfacial debonding near the notch, which reduced the strengthening efficiency of the 382 

CFRP plate in arresting the crack opening at the notch location. In addition, the CMODs at 383 

high service temperatures (45°C, 60°C and 80°C) were higher than that at 30°C at all load 384 

levels due to the reduction of the elastic modulus of the adhesive with the temperature increase. 385 

The local interfacial debonding at 80°C under 60 kN further increased the CMOD. 386 

  387 
Fig. 15  CMOD-load curves of the specimens tested at different temperatures: a) strengthened 388 
with a 1.2 mm CFRP plate; b) strengthened with a 1.4 mm CFRP plate. 389 
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  391 
Fig. 16  Comparison of crack-opening displacements at various temperatures and constant 392 
mechanical loading: a) 10 kN to 30 kN; b) 40 kN to 60 kN. 393 
 394 
3.3.3. Distributions of CFRP strains and interfacial shear stresses 395 

Taking a load level of 20 kN as an example, Fig. 17 shows the strain distributions in the 396 

CFRP plate at different temperatures. It can be seen that the strain values at various 397 

temperatures were similar in the notched section but were very different at the locations far 398 

from the notched section. Specifically, the magnitudes of CFRP strain at -20°C and 0°C were 399 

even negative near the plate ends due to the different thermal shrinkages of the CFRP plate and 400 

steel beam. In addition, a dramatic increase in CFRP strains could be seen near the notch. The 401 

strain values in the CFRP plate at 80°C were positive near the plate ends and the slope of the 402 

strains near the notch was much lower, suggesting that the stress concentration near the notch 403 

section was alleviated due to the softening of the bonding adhesive at high temperatures. 404 

 405 
Fig. 17  Distributions of CFRP strains at different temperatures under 20 kN: a) BnP1.2; b) 406 
BnP1.4. 407 
 408 

Fig. 18 shows the distributions of the interfacial shear stresses under 20 kN at different 409 

temperatures. It is seen that in most cases, the interfacial shear stresses were higher near both 410 

the notch and plate ends, despite some fluctuations due to the accumulated measurement error 411 
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of the CFRP strain during the heating/cooling period. This indicates that the interfaces were 412 

still in the E stage. In addition, the magnitudes of interfacial shear stresses near the notch at 413 

high service temperatures (i.e., 45°C, 60°C, 80°C) were lower than those at low (i.e., -20°C, 414 

0°C) and normal temperatures (i.e., 30°C), because of the thermally-induced softening of the 415 

bonding material. 416 

Fig. 19 shows the strain distributions in the CFRP plate under a higher level of mechanical 417 

loading (i.e., 60 kN) at different temperatures. It is evident that the strain values in the CFRP 418 

plate increased significantly as compared to those at 20 kN (Fig. 17). In addition, for the 419 

specimens tested in the temperature range of 30°C to 60°C, the strains in the CFRP plate 420 

increased almost linearly from the plate end to the notch location where the maximum value 421 

was reached, implying that the bondline in these cases was still in its elastic stage. However, 422 

the locally debonded zone could be observed for the specimens tested at -20°C, 0°C and 80°C 423 

at 60 kN, as indicated by the flat strains in the CFRP plate with large values. Especially for 424 

BnP1.2T-20, it is seen that the length of the debonded zone on the right side was comparable 425 

to the total length of the CFRP plate, indicating that the ultimate debonding failure was 426 

approaching. 427 

 428 
Fig. 18  Distributions of interfacial shear stresses at different temperatures under 20 kN: a) 429 
BnP1.2; b) BnP1.4. 430 
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 432 
Fig. 19  Distributions of CFRP strains at different temperatures under 60 kN: a) BnP1.2; b) 433 
BnP1.4. 434 
 435 

Fig. 20 shows the distributions of interfacial shear stresses at different temperatures under 436 

60 kN. In this figure, the solid lines describe the distributions of interfacial shear stresses in the 437 

E and E-S zones, whereas the dash lines show the distribution of interfacial shear stress in the 438 

locally debonded zone. It can be observed that the interfacial shear stresses increased rapidly 439 

in the area near the notch in the temperature range of 30°C to 60°C, which meant that the 440 

bondline interface was still in its elastic deformation stage. However, for the specimens tested 441 

at -20°C, 0°C and 80°C, the debonded region was observed at one or both sides of the notch. 442 

In the debonded zones, the interfacial shear stresses decreased to almost zero. The softening 443 

and elastic zones could be clearly differentiated near the side of the debonded zone. 444 
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Fig. 20  Distributions of interfacial shear stresses at different temperatures under 20 kN: a) 446 
BnP1.2; b) BnP1.4. 447 
 448 

Fig. 21 shows the peak values of the interfacial shear stresses experienced by the bondline 449 

at various locations near the ultimate state (i.e., close to the ultimate debonding). The dashed 450 

lines in this figure illustrate that the regions exhibited distinct softening and debonding stages 451 

in terms of the local bond-slip behavior. It can be observed that the peak interfacial shear 452 

stresses were generally high and fluctuated a lot near the notch section, probably due to the 453 

local compressive stress in the direction normal to the interface near the notch [11]. In 454 

comparison, the peak interfacial shear stresses away from the notch section were relatively 455 

close, which experienced obvious E and E-S stages. The hollow symbols in this figure represent 456 

the data points with close peak stresses, which are used to derive the representative local bond-457 

slip relationship of the beam specimen. For some specimens (e.g., BnP1.4T80, BnP1.2T60, 458 

BnP1.2T45, BnP1.4T0), the interfacial debonding propagated abruptly from the notched 459 

section to the plate end. In this case, the CFRP plate strains during the propagation of interfacial 460 

debonding could not be monitored, and as a result, the representative local bond-slip behaviors 461 

of these specimens are not provided in the following subsection. 462 

 463 
Fig. 21  Distributions of the peak values of interfacial shear stresses at different temperatures: 464 
a) BnP1.2; b) BnP1.4. 465 
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3.4. Local bond-slip behavior at different temperatures 467 

3.4.1. Determination of the interfacial slips 468 

The above analyses showed that the interfacial bond behaviors of the CFRP-retrofitted 469 

steel beams are quite different at various temperatures. When determining the bond-slip 470 

relationship, the values of interfacial shear stresses can be derived by Eq. (1) and special 471 

attention should be paid to how the interfacial shear slips are determined. 472 

In the previous study [18], the interfacial slips along the bondline were derived according 473 

to the formula proposed by Alexander and Cheng [64]. In this method, the difference of the 474 

interfacial slips (𝛿𝛿𝑖𝑖+12
− 𝛿𝛿𝑖𝑖−12

) between two points (i.e., 𝑥𝑥𝑖𝑖−12
 and 𝑥𝑥𝑖𝑖+12

) was calculated by 475 

integrating the strain in the CFRP plate along the length between these two points. Meanwhile, 476 

the CFRP strain (𝜀𝜀𝑓𝑓𝑓𝑓), which was measured by the strain gauge located at 𝑥𝑥 = 𝑥𝑥𝑖𝑖 and between 477 

the two considered points (i.e., 𝑥𝑥𝑖𝑖−12
, 𝑥𝑥𝑖𝑖+12

), was approximately taken as the average strain in 478 

this region. Then the slip difference (𝛿𝛿𝑖𝑖+12
− 𝛿𝛿𝑖𝑖−12

) can be calculated by multiplying the 479 

measured FRP strain (𝜀𝜀𝑓𝑓𝑓𝑓) with the distance between the two points (i.e., 𝑥𝑥𝑖𝑖+12
− 𝑥𝑥𝑖𝑖−12

). 480 

𝛿𝛿𝑖𝑖+12
= 𝛿𝛿𝑖𝑖−12

+ 𝜀𝜀𝑓𝑓𝑓𝑓(𝑥𝑥𝑖𝑖+12
− 𝑥𝑥𝑖𝑖−12

)                                                  (2) 481 

where 𝜀𝜀𝑓𝑓𝑓𝑓 is the measured strain in the CFRP plate at 𝑥𝑥𝑖𝑖; 𝑥𝑥𝑖𝑖 is the location of the strain gauge. 482 

Then the interfacial slip at 𝑥𝑥𝑖𝑖+12
 can be calculated by accumulating the interfacial slips starting 483 

from 𝑥𝑥1
2
. 484 

𝛿𝛿𝑖𝑖+12
= 𝛿𝛿1

2
+ ∑ 𝜀𝜀𝑓𝑓𝑓𝑓(𝑥𝑥𝑖𝑖+12

− 𝑥𝑥𝑖𝑖−12
)𝑖𝑖

1                                                  (3) 485 

Later on, Biscaia et al. [65] proposed a new formula for deriving the interfacial slips 486 

between FRP and steel/concrete substrate under combined mechanical and thermal loading, in 487 

which the thermal deformations of the adherends were considered. As indicated in the previous 488 

analytical studies [33,66-68], the interfacial shear slip was defined as the difference of axial 489 

deformations between the CFRP plate and the steel/concrete substrate. However, in the above-490 

mentioned two methods [64,65], only the strains in the CFRP plates were considered in 491 

deriving the interfacial slip, and the deformation of the concrete/steel substrate was ignored by 492 

assuming that the substrate is rigid. Such an assumption may be appropriate for the FRP-to-493 

steel/concrete bonded joints, considering that the steel substrate is under a Mode II shear 494 

loading without bending deformation. However, for the CFRP-retrofitted steel beam, the 495 

substrate beam is subject to flexural loading and the bending deformation-induced tensile strain 496 

at the beam soffit is significant. Therefore, the interfacial slip should be calculated by 497 
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integrating the strain difference between the CFRP plate and the beam soffit. Therefore, Eq. (3) 498 

should be modified as follows: 499 

𝛿𝛿𝑖𝑖+12
= 𝛿𝛿1

2
+ ∑ (𝜀𝜀𝑓𝑓𝑓𝑓 − 𝜀𝜀𝑠𝑠𝑠𝑠)(𝑥𝑥𝑖𝑖+12

− 𝑥𝑥𝑖𝑖−12
)𝑖𝑖

1                                                    (4) 500 

where 𝜀𝜀𝑓𝑓𝑖𝑖 and 𝜀𝜀𝑠𝑠𝑠𝑠 is the axial strain of the CFRP plate and steel beam soffit at the location of 501 

the strain gauge (𝑥𝑥𝑖𝑖). 𝜀𝜀𝑠𝑠𝑠𝑠 can be calculated considering the deformation of steel beam under 502 

bending, axial loading and thermal loading by the following equation [48,49]: 503 

𝜀𝜀𝑠𝑠𝑠𝑠 = 𝑦𝑦𝑠𝑠
𝐸𝐸𝑠𝑠𝐼𝐼𝑠𝑠

𝑀𝑀𝑠𝑠𝑠𝑠 −
1

𝐸𝐸𝑠𝑠𝐴𝐴𝑠𝑠
𝑁𝑁𝑠𝑠𝑠𝑠 + 𝛼𝛼𝑠𝑠∆𝑇𝑇                                                (5) 504 

where 𝑀𝑀𝑠𝑠𝑠𝑠 and 𝑁𝑁𝑠𝑠𝑠𝑠 are the bending moment and axial force sustained by the steel beam at 𝑥𝑥 =505 

𝑥𝑥𝑖𝑖. 𝐼𝐼𝑠𝑠, 𝐴𝐴𝑠𝑠 and 𝐸𝐸𝑠𝑠 are the second moment of inertia, sectional area and elastic modulus of the 506 

steel beam, respectively. 𝑦𝑦𝑠𝑠 is the distance between the neutral axis and the bottom surface of 507 

the steel beam. Δ𝑇𝑇 is the magnitude of temperature variation. Considering the force equilibrium 508 

of the CFRP-retrofitted steel beam in its axial direction, 509 

𝑁𝑁𝑓𝑓𝑓𝑓 = 𝑁𝑁𝑠𝑠𝑠𝑠                                                                 (6) 510 

where 𝑁𝑁𝑓𝑓𝑓𝑓 is the axial force resisted by the CFRP plate at (𝑥𝑥 = 𝑥𝑥𝑖𝑖). 𝑁𝑁𝑓𝑓𝑓𝑓 can be calculated by the 511 

measured axial strain in the CFRP plate (𝜀𝜀𝑓𝑓𝑓𝑓) based on the following equation: 512 

𝑁𝑁𝑓𝑓𝑓𝑓 = (𝜀𝜀𝑓𝑓𝑓𝑓 − 𝛼𝛼𝑓𝑓∆𝑇𝑇)𝐸𝐸𝑓𝑓𝐴𝐴𝑓𝑓                                                     (7) 513 

The moment equilibrium of the CFRP-retrofitted steel beam at 𝑥𝑥 = 𝑥𝑥𝑖𝑖 can be expressed 514 

as follows: 515 

𝑀𝑀𝑇𝑇𝑇𝑇 = 𝑀𝑀𝑠𝑠𝑠𝑠 + 𝑁𝑁𝑓𝑓𝑓𝑓(𝑦𝑦𝑠𝑠 + 𝑦𝑦𝑓𝑓 + 𝑡𝑡𝑎𝑎)                                              (8) 516 

where 𝑀𝑀𝑇𝑇𝑇𝑇 is the total moment resisted by the retrofitted steel beam at 𝑥𝑥𝑖𝑖. 𝑦𝑦𝑓𝑓 is the distance 517 

from the neutral axis of the CFRP plate to the outer surface of the adhesive layer. 𝑡𝑡𝑎𝑎 is the 518 

thickness of the adhesive layer. 519 

By substituting Eqs. (6)-(8) into Eq. (5), the strain at the steel beam soffit can be obtained 520 

as: 521 

𝜀𝜀𝑠𝑠𝑠𝑠 = 𝑦𝑦𝑠𝑠
𝐸𝐸𝑠𝑠𝐼𝐼𝑠𝑠

𝑀𝑀𝑇𝑇𝑇𝑇 −
𝑦𝑦𝑠𝑠
𝐸𝐸𝑠𝑠𝐼𝐼𝑠𝑠

�𝑦𝑦𝑠𝑠 + 𝑦𝑦𝑓𝑓 + 𝑡𝑡𝑎𝑎�𝑁𝑁𝑓𝑓𝑓𝑓 − 𝜀𝜀𝑓𝑓𝑓𝑓(𝑥𝑥) + �𝛼𝛼𝑓𝑓 + 𝛼𝛼𝑠𝑠�∆𝑇𝑇              (9) 522 

For simplicity: 523 

𝜀𝜀𝑠𝑠𝑠𝑠 = 𝛽𝛽1𝑀𝑀𝑇𝑇𝑇𝑇 − 𝛽𝛽2𝜀𝜀𝑓𝑓𝑓𝑓 + 𝛽𝛽3∆𝑇𝑇                                               (10) 524 

where 𝛽𝛽1 = 𝑦𝑦1
𝐸𝐸1𝐼𝐼1

 ; 𝛽𝛽2 = 𝑦𝑦𝑠𝑠𝐸𝐸𝑓𝑓𝐴𝐴𝑓𝑓
𝐸𝐸𝑠𝑠𝐼𝐼𝑠𝑠

�𝑦𝑦𝑠𝑠 + 𝑦𝑦𝑓𝑓 + 𝑡𝑡𝑎𝑎� + 𝐸𝐸𝑓𝑓𝐴𝐴𝑓𝑓
𝐸𝐸𝑠𝑠𝐴𝐴𝑠𝑠

 ; and 𝛽𝛽3 = 𝛽𝛽2𝛼𝛼𝑓𝑓 + 𝛼𝛼𝑠𝑠 . The detailed 525 

derivation process of the above formulae can be found in Refs. [48,49]. Note that in the above 526 

equation, 𝛽𝛽1, 𝛽𝛽2 and ∆𝑇𝑇 are constants for the specimen tested at a specific service temperature, 527 

while 𝑀𝑀𝑇𝑇𝑇𝑇 can be calculated by the applied loads. 528 
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Finally, by substituting Eq. (10) into Eq. (4), 𝛿𝛿𝑖𝑖+12
  can be computed by the following 529 

equation: 530 

𝛿𝛿𝑖𝑖+12
= 𝛿𝛿1

2
+ ∑ [𝜀𝜀𝑓𝑓𝑓𝑓(1 + 𝛽𝛽2) − 𝛽𝛽1𝑀𝑀𝑇𝑇𝑇𝑇 − 𝛽𝛽3∆𝑇𝑇](𝑥𝑥𝑖𝑖+12

− 𝑥𝑥𝑖𝑖−12
)𝑖𝑖

1                      (11) 531 

To validate the reliability and accuracy of the above formula, Fig. 22 compares the 532 

resultant distributions of the interfacial slips along the bond length calculated from the previous 533 

formula [64], the newly proposed formula (i.e., Eq. 11) and the FE modeling [48]. For 534 

calculating the interfacial slips, the parameters adopted in the studied case and the measured 535 

strains in the CFRP plate were all taken from the previous FE modeling [48]. It seems that the 536 

previous formula [64] leads to an overestimation of the interfacial slips and the formula 537 

proposed in this paper gives the results much closer to the FE predictions. 538 

 539 
Fig. 22  Comparison of the interfacial slips obtained from different methods. 540 

 541 
Note that when the proposed formula is used for deriving the interfacial slip distribution, 542 

another consideration is the selection of the first integration point. As shown in Fig. 22, if the 543 

interfacial slip is integrated from the plate end by setting the interfacial slip at the plate end as 544 

zero, the calculated values of interfacial slips would be negative in the region near the plate 545 

end, where the strain of the steel beam bottom is higher than that of the CFRP plate (i.e., 𝜀𝜀𝑓𝑓𝑓𝑓 −546 

𝜀𝜀𝑠𝑠𝑠𝑠 is negative). In reality, the interfacial slip at the plate end is not zero (see the FE prediction 547 

in Fig. 22), and the values of interfacial slips decrease to almost zero as the distance from the 548 

plate end increases. Therefore, it is more appropriate to set the first integrating point at the 549 

position where the value is equal to zero or a sufficiently small positive value (mainly because 550 

the position of the strain gauge cannot exactly correspond to the zero point), so that the slips 551 

obtained by the strain integration can be consistent with the FE prediction (see Fig. 22). 552 

As clearly seen in Fig. 22, the resultant interfacial slips increase gradually from the first 553 

integration point to the notch and obtain the maximum value at the notch. The sum of interfacial 554 

slips derived from two sides of the notch (i.e., at 𝑥𝑥 = -2.5 mm and 𝑥𝑥 = 2.5 mm) is the CMOD 555 

of the notch. Therefore, the CMOD at the notched section measured by the extensometer can 556 
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be used to further validate the proposed formula for calculating the interfacial slips. Fig. 23 557 

compares the sum of interfacial slips derived from the two sides of the notch based on the 558 

previous formula [64] and the formulae proposed in this paper as well as the CMOD values 559 

measured by the extensometers for BnP1.2T30, BnP1.2T80, BnP1.4T-20 and BnP1.4T60. 560 

Note that due to the imposition of different temperatures, the CMOD values measured by the 561 

extensometers needed to be initialized to zero to eliminate possible thermally induced values. 562 

For ease of comparison, the interfacial slips derived based on the proposed formula were also 563 

initialized to zero at 0 kN. It is seen that the proposed formula gives much better predictions, 564 

indicating that the assumption of a rigid substrate (i.e., ignoring the bending deformation of the 565 

steel beam by the previous formula [64]) is inaccurate for deriving the interfacial slips of the 566 

CFRP-retrofitted steel beam. 567 

568 

 569 
Fig. 23  Comparison of the CMOD values measured by the extensometers and those derived 570 
by different formulae: a) BnP1.2T30; b) BnP1.2T80; c) BnP1.4T-20; d) BnP1.4T60. 571 
 572 
3.4.2. Comparison of local bond-slip relationships at different temperatures 573 

Fig. 24 compares the derived local bond-slip relationships along the bond length obtained 574 

from BnP1.2T30. The interfacial stresses and slips were calculated using Eqs. (1) and (11), 575 

respectively. It can be observed that the bond-slip relationships at different locations are quite 576 
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different. Specifically, the bond interface near the notch (i.e., from -30 mm to 30 mm) generally 577 

exhibited an elastic-plastic-softening behavior, which varied dramatically within this region. 578 

This could be attributed to the effect of the interfacial compressive stress [2] that enhanced the 579 

local bond in the mode-II direction. In the previous research on analyzing the bond behavior 580 

between the CFRP plate and concrete/steel substrate under a mixed-mode loading 581 

[38,40,50,68], the effect of tensile stress in the mode-I direction was usually considered 582 

because it decreased the mode-II bond strength. A similar phenomenon was also reported in 583 

the previous experimental study on the bond behavior of FRCM composites using direct shear 584 

and modified beam tests [69]. It was found that the interfacial compressive stresses produced 585 

in the modified beam tests tended to enhance the utilization efficiency of the FRP strength and 586 

to reduce the interfacial slips, as compared to those observed in the direct shear tests. However, 587 

there was still a lack of study on the effect of interfacial compressive stress on the mode-II 588 

bond behavior. 589 

Fig. 24b shows that the bond interface exhibited almost the consistent bond behavior at 590 

locations farther from the notch and stiffeners (i.e., from -365 mm to -115 mm), where the 591 

normal interfacial stresses were marginal [2]. This phenomenon was widely observed in the 592 

specimens conducted at normal and elevated temperatures. In this paper, only the locations 593 

with similar local bond behaviors and far away from the notch section were considered for 594 

determining the representative local bond-slip relationships. These locations are indicated 595 

using the symbols in Fig. 21. 596 

  597 
Fig. 24  The local bond-slip relationships obtained at different locations in BnP1.2T30: a) 598 

from -30 mm to 30 mm; b) from -365 mm to -115 mm. 599 
 600 

Fig. 25Fig. shows the derived representative bond-slip relationships of BnP1.2T30. The 601 

dashed lines are the bond-slip curves derived based on the nonlinear regression analysis using 602 

MATLAB curve fitting box (smoothing splines with the smoothing parameter set as 0.9999), 603 
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which was also used by Zhou et al.’s [18] to derive the bond-slip curves. It is clear that the 604 

regressed bond-slip relationships show obvious ascending (elastic stage) and descending 605 

(softening stage) branches. Therefore, a bilinear bond-slip model with linear elastic and 606 

softening stages was used herein to describe the local bond behavior in the CFRP-retrofitted 607 

steel beams. The interfacial shear stiffnesses (i.e., slopes) in both elastic and softening stages 608 

were calculated based on the linear fitting method, and the interfacial fracture energy (𝐺𝐺𝑓𝑓) was 609 

calculated as the area underneath the regressed bond-slip curves. Then, the peak shear stress 610 

could be calculated from the determined fracture energy and the stiffnesses of the elastic and 611 

softening branches. The resulting bilinear bond-slip relationships are shown by the solid black 612 

line in Fig. 25. 613 

  614 
Fig. 25  The representative local bond-slip relationships of BnP1.2T30. 615 

 616 
The derived representative bond-slip relationships of some other specimens are shown in 617 

the Fig. A1 of the Appendix to ensure that the paper is written more concisely. The derived 618 

parameters of the bilinear bond-slip relationships at different temperatures are summarized in 619 

Table 3. The bond properties of the CFRP-to-steel interface changed significantly with the 620 

temperature variations, in terms of elastic stiffness (i.e., interfacial shear stiffness of the elastic 621 

branch), peak shear stress and interfacial fracture energy. Fig. 26 compares the elastic stiffness 622 

with the storage modulus of the bonding material at various temperatures. It is seen that the 623 

interfacial shear stiffness decreases as the temperature increases, generally following the 624 

variation of the elastic modulus of the bonding adhesive, indicating the thermally-induced 625 

deterioration of the material from a solid glassy to a viscous softening state. 626 

Table 3  The parameters of the bilinear bond-slip relationship at different temperatures 627 
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Specimens Elastic stiffness 
(MPa/mm) 

Peak shear stress 
(MPa) 

Interfacial fracture 
energy (N/mm) 

BnP1.2T-20 998.6 10.64 0.34 
BnP1.4T-20 1078.8 18.86 0.53 
BnP1.2T0 905.0 12.34 0.44 

BnP1.2T30 1292.3 26.61 2.02 
BnP1.4T30 1266.7 28.99 2.50 
BnP1.4T45 308.0 22.68 2.91 
BnP1.4T60 66.5 13.69 3.20 
BnP1.2T80 26.0 7.02 1.22 

 628 

 629 
Fig. 26  Interfacial elastic stiffness and measured storage modulus of the bonding material at 630 
different temperatures. 631 
 632 

Fig. 27 shows the changes of peak shear stress and interfacial fracture energy as the 633 

temperature increases. The peak shear stress and interfacial fracture energy were much lower 634 

at both low and high service temperatures. Moreover, the interfacial fracture energy increased 635 

from 30°C to 60°C, while the peak shear stress decreased during this temperature range. The 636 

change of the debonding load of CFRP-retrofitted steel beams (Fig. 14) was quite close to the 637 

change of the interfacial fracture energy as the temperature varied (Fig. 27b) rather than the 638 

change of peak shear stress (Fig. 27a). 639 

 640 
Fig. 27  Changes of the bond properties at different temperatures: (a) peak shear stress; (b) 641 
interfacial fracture energy. 642 
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4. Finite Element (FE) Model 643 

4.1. Description of the FE model 644 

For better interpreting the structural performance and the IC debonding mechanism of 645 

CFRP-retrofitted steel beams at different temperatures, two-dimensional finite element (FE) 646 

modeling was conducted using the commercial software ABAQUS 6.14 based on the plane 647 

stress assumption. The schematic of FE modeling is shown in Fig. 28. The CFRP plate and the 648 

steel beam were modeled by 4-node plane stress quadrilateral (CPS4R) elements. The different 649 

widths at different heights of the specimen (i.e., web, flange, adhesive layer and CFRP plate) 650 

were considered by adopting different out-of-plane thicknesses. The adhesive layer was 651 

modeled by 4-node two-dimensional cohesive (COH2D4) elements. The element sizes of the 652 

adherends and the adhesive layer were set as 0.2 mm in the x-direction [47]. The ABAQUS 653 

software has been successfully used by the authors’ group for modeling the FRP-strengthened 654 

steel/concrete beams at both normal and high temperatures (exposed to fire) [38,70-73], and 655 

therefore, the element types and size as well as the definitions of material properties and 656 

boundary conditions are all determined based on the previous experience. The reference 657 

temperature (i.e., 30°C) was set in the initial step. The target service temperature was defined 658 

by the predefined field variable in the second step, which was uniformly distributed in the 659 

specimen. The beams were loaded in a displacement-controlled manner as the third step. 660 

 661 
Fig. 28  Schematic of the FE model. 662 

The material properties of the steel obtained from the tensile coupon tests are the 663 

engineering (nominal) stress and strain values. These engineering stresses (𝜎𝜎𝑒𝑒) are calculated 664 

by dividing the measured tensile forces (𝐹𝐹) by the original cross-sectional area (𝐴𝐴0), while the 665 

engineering strains (ɛ𝑒𝑒) are determined by dividing the measured deformations (𝛿𝛿) by the initial 666 

gauge length (𝐿𝐿0). The engineering stress-strain values cannot be used directly as input data in 667 

the numerical analysis because they are only valid before necking. Therefore, the ABAQUS 668 

software adopts true (Cauchy) stresses and logarithmic strains for FE modeling of the steel 669 

material. The true stress (𝜎𝜎𝑡𝑡) and logarithmic strain (ɛ𝑡𝑡) can be computed by the following 670 

functions [74,75]: 671 

𝜎𝜎𝑡𝑡 = 𝜎𝜎𝑒𝑒 × (1 + ɛ𝑒𝑒)                                                         (12) 672 

Vertical displacement

Roller supporterRoller supporter

Steel beam (CPS4R)

Adhesive layer (COH2D4) CFRP plate (CPS4R)



29 

ɛ𝑡𝑡 = 𝑙𝑙𝑙𝑙 (1 + ɛ𝑒𝑒)                                                           (13) 673 

where 𝜎𝜎𝑒𝑒 is the nominal stress and ɛ𝑒𝑒 is the nominal strain; both are obtained from the tensile 674 

coupon tests. Fig. 28 compares the nominal stress-strain curves of the steel obtained from three 675 

tensile coupon tests with the stress-strain relationship used in the FE model. The yielding 676 

strength in the nominal stress-strain relationship is determined as 359 MPa and inputted into 677 

the FE model. After the steel has yielded, the strain hardening modulus (𝐸𝐸′) is set as 2700 678 

N/mm2 according to the suggestion provided in Ref. [76], which was also used in the previous 679 

FE model of CFRP-retrofitted steel beams and was shown to achieve excellent FE predictions 680 

of the load-deflection responses [28,40]. In the current FE model, the von-Mises yield surface 681 

criterion specified in ABAQUS is used to define the initiation of plastic flow of the steel 682 

material under a biaxial stress state. The J2 flow rule is then used to determine the stress 683 

increment due to the strain growths during the plastic deformation. 684 

The possible crack propagation of the steel along the prefabricated notch in the steel beam 685 

web is modeled by the extending finite element method (XFEM), which was widely used in 686 

the FE modelings of metallic structures, such as steel pressure vessels and piping [77], steel 687 

pipelines [78-82] and aluminum plates [83]. The onset of damage of the steel material after the 688 

in-plane principal stress reaches its maximum value (𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚) (Fig. 28). Then a damage variable 689 

evolves linearly with the plastic strain, and the crack propagates until the energy dissipated per 690 

unit area reaches the specified fracture energy (𝐺𝐺𝑓𝑓) during the damage evolution process. In the 691 

previous studies, the recommended values of 𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 and 𝐺𝐺𝑓𝑓 were found to be affected by the 692 

material properties of steel and the specimen geometry [84], and thus they were usually 693 

estimated by a trial-and-error calibration method using experimental results [80-82]. 694 

 695 
Fig. 28  The nominal and input stress-strain relationships of the steel. 696 

 697 
According to the experimental observations, at large CMODs, the necking phenomenon 698 

is observed around the notch tip (i.e., as the out-of-plane thickness of the steel decreases) due 699 
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to the intensified stress concentration. Therefore, using the engineering stress-strain 700 

relationship and ignoring the necking effect in the FE model will significantly underestimate 701 

the deflections and CMODs of the notched steel beam under bending loading. In the literature, 702 

in order to more closely simulate the structural performance of the notched steel beam without 703 

retrofitting, accurate values of 𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 and 𝐺𝐺𝑓𝑓 were obtained by trial-and-error analysis to best 704 

predict the load-deflection and CMOD-load curves [80-82]. In the current FE model, a similar 705 

approach is used, and the exact values of 𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 and 𝐺𝐺𝑓𝑓 are determined to be 450 MPa and 706 

3.3×103 N/mm, respectively. Table 4 summarizes the material parameters of steel adopted in 707 

the FE model. 708 

 709 
Table 4  Material parameters of steel 710 

Elastic 
modulus (𝐸𝐸) 

(GPa) 

Yielding 
stress (𝑓𝑓𝑦𝑦) 

(MPa) 

Maximum 
principal stress 

(𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚) 
(MPa) 

Strain 
hardening 

modulus (𝐸𝐸′) 
(MPa) 

Fracture 
energy (𝐺𝐺𝑓𝑓) 

(N/mm) 

Coefficient of 
thermal 

expansion (α𝑠𝑠) 
(/°C) 

210.5 359 450 2700 3300 1.14×10-5 
 711 

The load-deflection and CMOD-load curves predicted by the FE model are compared with 712 

the experimental results in Fig. 29. It is clearly seen that using the material parameters of steel 713 

defined in Table 1, the structural performance of the un-strengthened notched steel beam can 714 

be accurately predicted by the proposed FE model. 715 

 716 

  717 
Fig. 29  Comparison of the structural performance of the notched steel beam obtained from the 718 
experimental test and the FE model: a) load-deflection curves; b) CMOD-load curves. 719 

 720 
The CFRP plate is defined as an orthotropic material. The elastic modulus in the axial 721 

direction (𝐸𝐸1) is obtained from the coupon tests. Other parameters, including the elastic moduli 722 

in the other two directions (𝐸𝐸2, 𝐸𝐸3), Poisson’s ratios (𝑣𝑣12, 𝑣𝑣13, 𝑣𝑣23) and shear modulus (𝐺𝐺12, 723 
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𝐺𝐺13, 𝐺𝐺23) are taken from the previous study [38], in which a similar CFRP plate was used. The 724 

material parameters of the CFRP plate adopted in the FE model are shown in Table 5. 725 

 726 
Table 5  Material parameters of CFRP plate 727 

CFRP 
plate 

Elastic 
modulus 

(𝐸𝐸1) 
(GPa) 

Elastic 
modulus 
(𝐸𝐸2&𝐸𝐸3) 

(GPa) 

Poisson’s 
ratio (𝑣𝑣12, 
𝑣𝑣13) 

Poisson’s 
ratio (𝑣𝑣23) 

 

Shear 
modulus 

(𝐺𝐺12&𝐺𝐺22) 
(GPa) 

Shear 
modulus 

(𝐺𝐺23) 
(GPa) 

Coefficient 
of thermal 
expansion 
(α𝑓𝑓) (/°C) 

1.2T 171.32 10 0.3 0.0058 25.5 3.6 -9.10×10-7 
1.4T 158.18 10 0.3 0.0058 25.5 3.6 -8.48×10-7 

 728 
The bond parameters determined at various temperatures shown in Table 3 are used to 729 

define the bilinear bond-slip behavior of the CFRP-to-steel interface in the mode II direction. 730 

The bond behavior in the mode I direction is also simplified as a bilinear bond-separation 731 

relationship, whose parameters are determined from the tensile tests of the adhesive coupons. 732 

According to the test data, the tensile strength and elastic modulus of the adhesive at normal 733 

temperature are 49.7 MPa and 2.55 GPa, respectively. Therefore, the peak interfacial normal 734 

stress and interfacial tensile stiffness are determined as 49.7 MPa and 6.89 GPa/mm. 735 

Furthermore, the slope of the softening branch of the bond-separation relationship is set to be 736 

12.8 times that of the elastic branch (i.e., interfacial normal stiffness in Table 6), as suggested 737 

by the previous FE modeling [40]. In addition, the changes of the parameters (e.g., the 738 

interfacial normal stiffness and the interfacial fracture energy) of the bond-separation behavior 739 

in the mode-I direction at different temperatures are determined to be the same as the 740 

corresponding parameters in the mode-II direction as described in Table 3. The resulting values 741 

used to define the bond behavior in the mode-I direction at different temperatures are 742 

summarized in Table 6. 743 

 744 
Table 6  The interfacial bond parameters in the mode-I direction 745 

Specimens Interfacial normal 
stiffness (MPa/mm) 

Peak normal stress 
(MPa) 

Interfacial fracture energy 
(N/mm) 

BnP1.2T-20 5378.6 17.13 0.0295 
BnP1.4T-20 5810.8 22.14 0.0456 
BnP1.2T0 4874.7 18.43 0.0376 

BnP1.2T30 6891.9 49.70 0.194 
BnP1.4T30 6891.9 49.70 0.194 
BnP1.4T45 1659.2 27.68 0.249 
BnP1.4T60 358.1 13.49 0.274 
BnP1.2T80 140.1 5.20 0.105 

 746 
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4.2  Validation of the FE model 747 

4.2.1 Comparisons of the load-displacement responses 748 

Fig. 30 compares the experimental and FE predicted load-displacement curves of four 749 

representative CFRP-retrofitted steel beams at different temperatures. More comparisons are 750 

provided in Fig. A2 of the Appendix. The data points at the onset of debonding and the ultimate 751 

debonding are marked in the figure. The initial debonding load in the FE analysis is determined 752 

when the interfacial shear stress at the notch location is reduced to zero. The ultimate debonding 753 

load in the FE modeling is ascertained when the predicted length of the debonded region is 754 

identical to that measured during the experiment in the ultimate debonding state. It is seen that 755 

the load-deflection curves predicted by the FE model are in good agreement with the 756 

experimental results, which has verified the reliability of the FE model and the adopted local 757 

bond-slip relationships of the CFRP-to-steel interface at different temperatures. It is 758 

noteworthy that at -20°C and 0°C, the flexural stiffness of CFRP-strengthened steel beams 759 

predicted by the FE model after the onset of interfacial debonding is lower than the 760 

experimental data (Fig. 30a & Fig. A2 a, b, c). This difference is mainly due to the ignorance 761 

of possible enhancement in the steel properties at low service temperatures. As reported in the 762 

previous study [85], the elastic modulus and yield strength of the conventional steel material 763 

were increased by 1.8% and 9.4% respectively, when the service temperature was reduced from 764 

20°C to -10°C. These enhancements were further increased to 4.9% and 18.1% as the 765 

temperature decreased to -30°C. Overall, the FE model can give reasonably good predictions 766 

of the load-displacement curves of the CFRP-retrofitted notched steel beams tested at different 767 

service temperatures. 768 

Fig. 31 further compares the load capacities from the experimental tests and the FE 769 

predictions at initiation and ultimate debonding states. It is observed that the changing trends 770 

of the load capacities at different temperatures can be well captured by the FE model. 771 
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  773 
Fig. 30  Comparisons of load-deflection curves obtained from experiments and FE modeling: 774 
a) BnP1.4T-20; b) BnP1.2T30; c) BnP1.4T60; d) BnP1.2T80. 775 
 776 

  777 
Fig. 31  Comparisons of load capacities at initiation and ultimate debonding states obtained 778 
from experiments and FE modeling: a) BnP1.2; b) BnP1.4. 779 
 780 
4.2.2. Comparisons of the CMOD-load curves 781 

Fig. 32 shows the comparisons between the experimental and FE predicted CMOD-load 782 

curves of CFRP-retrofitted steel beams at different temperatures. The FE results also agree well 783 

with the experimental data, indicating that the crack-opening behavior in the strengthened 784 

beams can be accurately predicted. 785 
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  787 
Fig. 32  Comparison of CMOD-load relationships obtained from experiments and FE modeling: 788 
a) BnP1.4T-20; b) BnP1.2T30; c) BnP1.4T60; d) BnP1.2T80. 789 
 790 
4.2.3. Comparisons of the strain distributions in the CFRP plate 791 

Fig. 33 shows the experimental and FE predicted strain distributions in the CFRP plate 792 

before applying the mechanical loading at two extreme temperatures (i.e., -20 and 80°C). It is 793 

important to note that the thermal deformation of the specimen is small, and the accuracy of 794 

the strain gauges is sensitive to these small values. Therefore, the measured CFRP strains 795 

exhibit significant fluctuations. Nevertheless, overall, the predicted CFRP strains are in close 796 

agreement with the measured data. 797 
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  800 
Fig. 33  Comparison of the experimental and FE predicted strain distributions in the CFRP 801 
plate under thermal loading only: a) BnP1.2T-20; b) BnP1.2T80; c) BnP1.4T-20; d) 802 
BnP1.4T80. 803 
 804 

Fig. 34 compares the strain distributions in the CFRP plate at various load levels obtained 805 

from the experiments and the FE model predictions in the representative specimens. More test 806 

data is provided in Fig. A3 of the Appendix. In general, the agreement is acceptable although  807 

relatively large scatters are observed near the notched section, where the enhanced local bond 808 

behavior exists as explained earlier. The evolution of deformation stages of the CFRP-809 

retrofitted steel beams, including the E, E-S and E-S-D stages, are all well captured by the FE 810 

model. 811 

 812 

  813 

-400 -200 0 200 400

-800

-600

-400

-200

0
St

ra
in

 in
 th

e 
C

FR
P 

pl
at

e 
(μ

ε)

Distance from the notch (mm)

     Exp:       30°C   20°C  10°C
                   0°C     -10°C  -20°C
Analytical:  30°C   20°C   10°C
                    0°C    -10°C   -20°C

BnP1.4T-20

(c)
-400 -200 0 200 400

-200

0

200

400

600

St
ra

in
 in

 th
e 

C
FR

P 
pl

at
e 

(μ
ε)

Distance from the notch (mm)

     Exp:       30°C   40°C  50°C
                   60°C     70°C  80°C
Analytical:  30°C   40°C   50°C
                    60°C    70°C   80°C

BnP1.4T80

(d)

-400 -200 0 200 400
-1000

0

1000

2000

3000

4000

Exp:    20 kN  40 kN  Ultimate debonding
FEM:  20 kN  40 kN  Ultimate debonding

St
ra

in
 in

 th
e 

C
FR

P 
pl

at
e 

(μ
ε)

Distance from the notch (mm)

BnP1.4T-20

(a)
-400 -200 0 200 400

0

2000

4000

6000

8000

BnP1.2T30

St
ra

in
 in

 th
e 

C
FR

P 
pl

at
e 

(μ
ε)

Distance from the notch (mm)

Exp:   20 kN  60 kN  70 kN  Ultimate debonding 
FEM:  20 kN  60 kN  70 kN  Ultimate debonding

(b)



36 

  814 
Fig. 34  Comparisons of the experimental and FE predicted strain distributions in the CFRP 815 
plate: a) BnP1.4T-20; b) BnP1.2T30; c) BnP1.4T60; d) BnP1.2T80. 816 

 817 
5. Conclusions 818 

In this paper, the structural performance of CFRP-retrofitted notched steel beams under 819 

flexural loading and the corresponding interfacial behaviors were investigated in the 820 

temperature range of -20°C to 80°C. Based on the experimental studies and FE modeling, the 821 

following conclusions can be drawn: 822 

(a) When the temperature is changed from -20°C to the glass transition temperature of the 823 

bonding adhesive (i.e., 60°C), the average load capacities at the initial and ultimate 824 

debonding of the CFRP-retrofitted steel beams are increased by 161% and 37.4%, 825 

respectively. However, at a high temperature of 80°C, they decrease by 39.7% and 26.0%, 826 

respectively. 827 

(b) The ultimate debonding load of the CFRP-retrofitted steel beam is found to be 828 

significantly affected by the interfacial fracture energy of the CFRP-to-steel interface in the 829 

mode-II direction. 830 

(c) The strengthening efficiency of the CFRP plate in restricting the CMODs is seriously 831 

compromised at both very low (e.g., -20°C, 0°C) and very high (e.g., 80°C) temperatures, 832 

because of the increased brittleness of the bonding adhesive at very low temperatures and 833 

the reduced interfacial shear stiffness at very high temperatures. 834 

(d) For the local bond-slip behavior of the CFRP-to-steel interface obtained from the 835 

experimental study, the changes of interfacial shear stiffness at different temperatures are 836 

related to the variations of the elastic modulus of the bonding adhesive. The average 837 

interfacial fracture energy increases by 6.3 times from -20°C to 60°C, but decreases by 838 

61.7% at 80°C. 839 
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(e) The structural performance of the FRP-retrofitted steel beams at different temperatures 840 

can be accurately predicted by the proposed FE model, in which the effects of interfacial 841 

thermal stresses and the temperature-dependent bond properties are appropriately 842 

considered. 843 
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  853 

 854 
Fig. A1  Local bond-slip relationships of the interface derived from the bending tests of the 855 
specimens: a) BnP1.2T-20; b) BnP1.4T-20; c) BnP1.2T0; d) BnP1.4T30; e) BnP1.4T45; f) 856 
BnP1.4T60; g) BnP1.2T80. 857 
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  860 

  861 

   862 
Fig. A2  Comparisons of load-deflection curves between the test data and the FE predictions: 863 
a) BnP1.2T-20; b) BnP1.2T0; c) BnP1.4T0; d) BnP1.4T30; e) BnP1.2T45; f) BnP1.4T45; g) 864 
BnP1.2T60; h) BnP1.4T80. 865 
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Fig. A3  Comparisons of CFRP strain distributions between the test data and the FE predictions: 870 
a) BnP1.2T-20; b) BnP1.2T0; c) BnP1.4T0; d) BnP1.4T30; e) BnP1.2T45; f) BnP1.4T45; g) 871 
BnP1.2T60; h) BnP1.4T80. 872 
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