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Abstract 14 

Metallic beams can be strengthened using fibre reinforced polymer (FRP) plates that are 15 

adhesively bonded to their soffit. This relies critically upon the bonded adhesive joint, and 16 

because the adhesives are viscoelastic it is known that creep at warm services temperatures can 17 

potentially result in large slips that can reduce the effectiveness of the strengthening. This paper 18 

examines the impact of adhesive creep upon the performance of an FRP-strengthened metallic 19 

beam when subjected to daily temperature cycles and daily load cycles. A finite element (FE) 20 

study was conducted that incorporates a linear viscoelastic constitutive model for the adhesive, 21 

temperature and load cycles of up to 50 years were considered, and the behaviour of the 22 

strengthened beam was examined. Differential thermal expansion between the FRP plate and 23 

metallic beam is shown to be significant because it results in both (a) additional instantaneous 24 

shear stress across the adhesive joint and (b) the shear stress due to sustained differential 25 

thermal expansion results in additional creep of the adhesive that can further reduce the 26 

effectiveness of the strengthening. An equivalent cumulative time approach is demonstrated to 27 

predict the creep response of the strengthened metallic beam without the need for a complex 28 

cyclic analysis. 29 
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 33 

1 Introduction 34 

Metallic structures can be strengthened using bonded fibre reinforced polymer (FRP) plates 35 

[1–4]. The strengthening depends on stress transfer between the FRP and metallic beam, 36 

through the adhesively bonded joint [5–7]. The creep behaviour of this adhesive connection 37 

can be of concern for the long-term performance of the strengthening system [8–10]. 38 

Most previous studies of the effects of creep on FRP-strengthened metallic beams have only 39 

considered the performance of the strengthened beam under constant elevated temperature and 40 

constant load conditions [11–15], leaving it unclear whether the long-term effectiveness of the 41 

FRP strengthening is a serious concern when subject to daily variations in ambient temperature 42 

and applied load. 43 

 44 

1.1 Background 45 

The ambient-cured epoxy resins used for FRP strengthening of metallic structures exhibit 46 

temperature-dependent viscoelastic creep [16–18]. Prior to the current paper the authors [14] 47 

experimentally characterised the linear viscoelasticity of a typical structural adhesive.  They 48 

also examined the effect of linear viscoelastic creep on the behaviour of carbon fibre reinforced 49 

polymer (CFRP) strengthened I-beams under constant warm temperatures (< 60°C) and 50 

constant applied loads. This demonstrated how linear viscoelasticity of the adhesively bonded 51 

joint can result in additional slip between the FRP and I-beam that increases with time, and 52 

how the reduced the efficiency of strengthening may need to be examined as part of the design 53 

of the strengthening. The authors went on to study whether it is necessary to examine a 54 
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nonlinear model for creep [15]; however, this only caused slightly greater slips and increased 55 

CFRP stress at shorter timescales, so that a linear slip model is sufficient in most practical cases. 56 

These previous studies, however, only considered constant temperature and constant load. 57 

Constant temperatures and loads are not realistic, and a further study examining the effect of 58 

cyclic temperature and cyclic loads is required. 59 

Several studies have examined the effect of temperature cycles on small-scale adhesively 60 

bonded lap-shear joints. These showed that the bonded joint degrades significantly under 61 

temperature cycles (rather than a continuous high temperature), resulting in lower strength and 62 

faster failure [17,19–21]. For example, Agarwal et al. [21] found that when wet thermal cycles 63 

(between 10°C to 50°C) and sustained loading were applied simultaneously, CFRP-to-steel 64 

joints could sustain only up to 15 thermal cycles under 50% of the static failure load. Hartanto 65 

et al. [17] observed that under a cyclic temperature of 20°C to 50°C and a humidity of 70%, 66 

the bond strength of the lap joints reduced significantly, and that debonding failure could occur 67 

within 50 hours of creep. Hu et al. [19] and Nguyen et al. [20] also reported substantial 68 

reductions in load capacity of adhesive joints when subject to temperature cycles. 69 

FRP-to-metal lap-shear joints have also been tested to show that there could be a significant 70 

reduction in fatigue performance when subjected to load cycles in harsh environment 71 

conditions [22,23]. For instance, Liu et al. [22] tested GFRP-to-steel double lap-shear joints 72 

subjected to cyclic loading and found that the hygrothermal condition (50°C and 95% RH) led 73 

to a reduction of the fatigue performance, resulting in mixed-mode delamination and cohesive 74 

failure. Mu et al. [23] found that the degradation of properties of CFRP-to-aluminium joints at 75 

quasi-static load cycles increased when temperature increased from 20°C to 80°C. 76 

These studies have been constrained to lap-shear tests, however, and have not analysed the 77 

impact of temperature and load cycles on the response of FRP-strengthened beams, with its far 78 

longer adhesive joint.  They did not properly consider the viscoelasticity of the adhesive, which 79 
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could bring significant time-temperature related creep deformation to the bonded joint [11,14–80 

16]. 81 

Current design guidelines for FRP strengthened metallic structures only state that the 82 

maximum service temperature should be at least 15°C below the glass transition temperature 83 

of the adhesive (described further in section 3.1.1). There is a lack of information on the long-84 

term behaviour of FRP-strengthened metallic beams under cyclic temperature conditions. 85 

 86 

1.2 Outline of the research 87 

This paper examines the effects of adhesive creep on the performance of an FRP-88 

strengthened metallic beam when subjected to cyclic temperature and cyclic load. A finite 89 

element (FE) study is conducted that uses a viscoelastic adhesive model (determined from 90 

testing) and to predict how this affects the performance of a practical-scale carbon FRP (CFRP) 91 

strengthened cast-iron bridge beam. 92 

The analysis in this paper uses a linear viscoelastic constitutive material model for the 93 

structural adhesive that was previously developed by the authors [14] for a typical two-part, 94 

ambient-cured epoxy resin used in FRP-strengthening (Sikadur 330) [24]. A nonlinear 95 

viscoelastic model is not used in this work, as nonlinear viscoelasticity was shown to have 96 

limited influence on the behaviour of the FRP-strengthened I-beam [15]. Using a linear 97 

viscoelastic model also allows a 2D model to be used (rather than the 3D model required for a 98 

nonlinear viscoelastic constitutive response in the Abaqus software used here [25]), 99 

significantly reducing the computationally time. 100 

Note that higher frequency load cycles (such as those considered for fatigue studies due to 101 

traffic load) are not within the scope of this study, which studies daily cyclic variations. It also 102 

does not examine damage of the bonded joint, as developing a model for damage of the bonded 103 

joint under cyclic load and temperature was beyond the scope of the current work. 104 
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 105 

2 Linear viscoelasticity of the structural adhesive 106 

This section describes the linear viscoelastic model used for the adhesive in this study, and 107 

the constitutive adhesive model that describes how creep deformation of the adhesive is 108 

affected by ambient temperature and applied load. 109 

Epoxy adhesives used for bonded FRP strengthening are thermosetting polymers, 110 

containing cross-linked polymer chains. As the ambient temperature increases, these polymer 111 

chains become more mobile and under load they can disentangle and slip past each other. This 112 

results in a softening of the adhesive, in which it changes from a glassy to a rubbery state (the 113 

glass transition response). The softening is accompanied by increased strain over time that is 114 

non recoverable, resulting in creep of the adhesive. A higher load or longer application time 115 

results in a greater creep strain, and further information on polymer creep can be found in the 116 

references [26,27]. 117 

The constitutive material model used in this work is described in detail in [14]. It was 118 

determined using dynamic mechanical analysis (DMA) multi-frequency scans on the adhesive 119 

samples. The adhesive was cured for seven days at ambient temperature (21°C), giving an onset 120 

glass transition temperature (Tg) of 38.0°C, and a peak tan δ glass transition temperature of 121 

49.0°C. 122 

Viscoelasticity (or viscoelastic creep) is said to be linear if (a) stress is proportional to strain 123 

at a given time, and (b) the Boltzmann superposition principle, holds, as described by Equations 124 

(1) and (2) [28,29]: 125 

𝜀𝜀[𝐶𝐶𝐶𝐶(𝑡𝑡)] = 𝐶𝐶𝜀𝜀[𝐶𝐶(𝑡𝑡)] (1) 126 

𝜀𝜀[𝐶𝐶1(𝑡𝑡) + 𝐶𝐶2(𝑡𝑡 − 𝑡𝑡1)] =  𝜀𝜀[𝐶𝐶1(𝑡𝑡)] + 𝜀𝜀[𝐶𝐶2(𝑡𝑡 − 𝑡𝑡1)] (2) 127 

where t is the creep time, ε(t) is the creep strain, σ is the stress, and C is a constant. 128 
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Viscoelastic materials exhibit recoverable strains (hence they are elastic); however, their 129 

viscosity results in creep due a strain rate that is time dependent. The Generalized Maxwell 130 

model uses a combination of spring-dashpot elements (as shown in Figure 1) to represent the 131 

instantaneous elasticity and the viscous creep, which occurs as if it has several relaxation times 132 

(hence several spring-dashpot elements). The Generalized Maxwell model is appropriate to 133 

described viscoelastic polymers, such as epoxy adhesives. [29,30]. 134 

 135 
Figure 1: Generalized Maxwell model 136 

 137 
The adhesive’s viscoelastic behaviour can be written as a Prony series [25,31] for the shear 138 

modulus, G (based upon the Generalized Maxwell model): 139 

𝐺𝐺′(𝑡𝑡) = 𝐺𝐺0 �1 −�𝑔𝑔𝑖𝑖

𝑛𝑛

𝑖𝑖=1

(1 − 𝑒𝑒−𝑡𝑡 𝜏𝜏𝑖𝑖⁄ )� (3) 140 

where 𝐺𝐺′(𝑡𝑡) is the time-related modulus, G0 is the instantaneous shear modulus, gi = Gi/G0 and 141 

τi = ηi/Gi are the material parameters. For the ith Maxwell spring-dashpot element, Gi is the 142 

shear modulus and ηi is the coefficient of viscosity. 143 

The time-temperature superposition principle (TTSP) is used to characterise the adhesive, 144 

making the assumption that the viscoelastic behaviour at a low temperature is equivalent to the 145 

response at a higher temperature, but over a shorter timescale. The change in time scale is 146 

described by the shift factor, αT, (Equation (4)), which is determined by the Williams-Landel-147 

Ferry (WLF) formula [16,31,32]: 148 

𝑡𝑡 =
𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
𝛼𝛼𝑇𝑇

(4) 149 

𝑙𝑙𝑙𝑙𝑔𝑔(𝛼𝛼𝑇𝑇)  =  
−𝐶𝐶1�𝑇𝑇 − 𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟�
𝐶𝐶2 + �𝑇𝑇 − 𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟�

(5) 150 
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where αT is the shift factor, T is the temperature of interest, Tref is the reference temperature, 151 

treal is the real elapsed time at T, t is the converted time (for Tref), C1 and C2 are calibration 152 

constants [14]. 153 

The viscoelastic adhesive response is thus given in terms of the shear modulus from 154 

Equation (3), together with equations (4) and (5) and the parameters in Table 1 (see [14] and 155 

for further details). These parameters were used in the Abaqus finite element software [25]. 156 

Table 1: Parameters of the linear viscoelastic material model 157 

Prony series 
τ i (s) gi τ i (s) gi 
4.1×109 0.0007 12 0.2078 
5.0×108 0.0001 0.41 0.3075 
8.2×107 0.0006 3.9×10-2 0.1125 
1.9×106 0.0006 9.3×10-3 0.0571 
6.7×104 0.0029 1.4×10-4 0.0695 

6.6×103 0.0159 ∑ gi = 0.9891 
7.1×102 0.0628 G0 = 1124.30MPa 
92 0.1511 (E0 = 3361.65MPa; μ = 0.495) 

WLF equation 
Tref = 40°C C1 = 21.022  C2 = 152.64°C 

 158 
 159 

It should be noted that the applied material model can only be used to predict the creep 160 

response up to 50 years and a maximum applied temperature is 40°C, due to the parameters of 161 

the tests used [14]. Whilst a more robust model is preferable, further experimental 162 

characterisation work was beyond the scope of this study. 163 

 164 

3 The behaviour of the adhesive under temperature and load cycles 165 

The FE analysis of an CFRP-strengthened I-beam will be presented in Section 4, but the 166 

current section first presents the cyclic temperature and load scenarios used in this study, 167 

followed by a single-element finite element analysis of the adhesive. This simple FE analysis 168 

is utilized to establish the cyclic viscoelastic response of the adhesive before examining the 169 

more computationally demanding and complex behaviour within a strengthened beam.  170 
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 171 

3.1 The cyclic temperature and cyclic load scenarios 172 

The paper uses simplified temperature and load cycles (which will be introduced in 3.1.2) 173 

rather than real-world cycles, as these are sufficient to examine whether or not adhesive creep 174 

is a serious concern or not. The simplified cases are extreme cases for the purpose of 175 

understanding the response of the adhesive joint. 176 

The temperature range of concern in this paper are the ambient temperatures experienced 177 

during a normal service life [33], rather than (for example) the extreme temperatures related to 178 

fire [34,35]. As noted in the outline, the load cycles considered here are daily variations, not 179 

the higher frequency cycles due to traffic crossing. 180 

 181 

3.1.1 Temperature variation relative to the glass transition temperature 182 

The temperature range used in this paper is derived from measurements from the Forth Road 183 

Bridge in Edinburgh, Scotland [33] with a maximum summer temperature on the structure of 184 

35°C. However, it is the temperature range relative to the Tg of the structural adhesive that is 185 

important. In this case, Tg = 49°C (see Section 2). The maximum working temperature specified 186 

by current design guidance  [1,36,37] is Tg -15°C = 34.0°C, which is consistent with the 35.0°C 187 

maximum summer temperature used in the idealised temperature cycles. 188 

In a warmer climate, the temperature range will differ, but cure of the ambient-cured 189 

adhesive is also enhanced and the glass transition temperature is higher. For example, Figure 190 

2 shows how the onset glass transition temperature of the adhesive used here changes with 191 

curing temperature and time, from DMA test data obtained by Othman [38].  192 

The results in this paper can therefore also be applied to other regions with higher (or lower) 193 

environmental temperature conditions, as long as the temperature cycles are considered relative 194 

to the adhesive’s glass transition temperature. 195 



9 
 

 196 
Figure 2: The influence of curing conditions on the onset Tg of the epoxy adhesive studied 197 

 198 
3.1.2 Cyclic temperature scenarios 199 

Two idealised temperature variations are used to represent both the daily and annual 200 

temperature variation: 201 

• The sinusoidal temperature variation shown in Figure 3, which varies sinusoidally by 202 

day and by year. 203 

• The trapezoidal temperature variation shown in Figure 4, in which the temperature steps 204 

from season to season. This simplification is motivated by the need to examine 205 

timescales up to 50 years, whilst reducing computational time and simplifying the 206 

interpretation of the results. 207 

Both are simplifications: 35°C is a maximum temperature with a low probability of 208 

occurrence; however, the trapezoidal variation reaches 35°C for the whole summer and the 209 

sinusoidal variation is close to this. As noted above, this is a deliberate extreme, aiming to 210 

understand the response of the adhesive joint. 211 
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 212 
                                            (a) 1-year temperature variation                                             (b) 1-day temperature cycles 213 

Figure 3: Simplified sinusoidal cyclic temperature 214 

 215 

 216 
                                            (a) 1-year temperature variation                                             (b) 1-day temperature cycles 217 

Figure 4: Simplified trapezoidal cyclic temperature 218 

 219 
The creep response of the adhesive under the sinusoidal and trapezoidal cases will be 220 

compared in Section 3.2.1. As well as trapezoidal cycles with a daily amplitude of 20°C, cycles 221 

with amplitudes of 10°C and 5°C will be applied (Figure 5), using the same maximum 222 

temperature so as to provide a comparison focusing on temperature amplitude. 223 
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 224 
                                             (a) 10°C amplitude cycles                                  (b) 5°C amplitude cycles 225 

Figure 5: Contrasting trapezoidal cyclic temperature with an amplitude of 10°C or 5°C 226 

 227 
3.1.3 Cyclic load scenarios 228 

Two daily load cycles are considered here, as shown in Figure 6: (a) the maximum load and 229 

the maximum temperature (shown in Figure 4) are synchronised, and (b) an asynchronous case 230 

where the maximum load coincides with the minimum temperature. The load varies between 231 

20% and 100% of the maximum design load of the structure [39]. 232 

 233 
                            (a) synchronous with the temperature cycles   (b) asynchronous with the temperature cycles 234 

Figure 6: Simplified trapezoidal cyclic load 235 

 236 
Only daily load cycles are applied, as there is typically little variation in loading across the 237 

year. Applying realistic traffic loading would be much more complex, and beyond the scope 238 

of the current work.  Note that differential thermal expansion between the FRP and the metal 239 

structure results in substantial additional load transfer across the adhesive joint, that varies 240 

according to the temperature cycles, and this is included in the analyses below. 241 
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 242 

3.2 Viscoelastic creep of the adhesive under temperature and load cycles 243 

An FE analysis was conducted in Abaqus on a single unit cube element (1mm sides), C3D8 244 

[25], to determine its creep response to: 245 

• cyclic temperature and constant load (Section 3.2.1); 246 

• cyclic temperature and cyclic load (Section 3.2.3). 247 

The results are presented here as understanding the response of the adhesive alone is helpful 248 

before examining the response of FRP strengthened system. 249 

 250 

3.2.1 Creep under cyclic temperature and constant load 251 

Figure 7 plots the creep strain curves of the cube element subjected to a constant unit tensile 252 

stress (1N) and to the different sinusoidal and trapezoidal simplified temperature cycles. 253 

 254 
Figure 7: Creep strain of the single adhesive element at various simplified temperature cycles 255 

 256 
Under the simplified sinusoidal cyclic temperature (Figure 3), the creep strain grows 257 

smoothly through the seasons. Under the simplified trapezoidal cyclic temperature (Figure 4), 258 

the impact of the different seasons is more pronounced, as is to be expected due to the abrupt 259 

change in the applied temperature cycles. Reducing the amplitude of the simplified trapezoidal 260 

cyclic temperature from 20°C to 10°C (Figure 5 (a)) and 5°C (Figure 5 (b)) results in a limited 261 

increase in the creep strain. Nevertheless, the overall degree of creep with time is similar at the 262 
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end of each season, and beyond 1 year. It is reasonable to apply the simplified trapezoidal 263 

cyclic temperature to study the implication of temperature cycles on the behaviour of the FRP-264 

strengthened beam at the end of each season in the first year and for durations over 1 year. If 265 

the response for other times within the first year is required, a more accurate model for the 266 

temperature cycles would be needed, remembering that the sinusoidal cycles are themselves an 267 

approximate representation. 268 

 269 

3.2.2 Equivalent constant temperature method 270 

The creep rate greatly increases with temperature according to Equation (3) – (5), and 271 

consequently it is the time spent at the higher temperatures that dominates the creep response 272 

of the adhesive. 273 

Figure 8 shows the creep strain response from trapezoidal temperature cycles, along with 274 

the creep strain due to constant temperatures of 15°C, 25°C and 35°C for 1 month. The applied 275 

load in all scenarios was a constant 1N. 276 

 277 
Figure 8: Creep strain due to simplified trapezoidal temperature cycles versus that due to constant temperatures 278 

 279 
One third of the time in the trapezoidal cycle is spent at the maximum temperature (Figure 280 

4), and consequently one month at a constant 15°C (the maximum winter temperature) results 281 

in a similar strain to three months of cyclic temperature over winter. Similarly, one month at 282 

25°C results in a similar strain to the six months of cyclic temperatures over winter and spring, 283 
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and one month at 35°C results in a similar strain to the nine months of cyclic temperatures over 284 

winter, spring, and summer.  285 

This demonstrates that the equivalent time spent at the maximum temperature is a 286 

reasonable approximation for design, so that the full cyclic temperature history does not need 287 

to be examined. However, it underestimates the cumulative strain by not including the effects 288 

of anything other than the maximum temperature. This is not significant for a trapezoidal 289 

variation in which the temperature range is large (20°C amplitude), but for smaller temperature 290 

ranges (e.g. 5°C amplitude) the discrepancy increases. This is particularly noticeable at 6 291 

months, where the constant temperature approach under-predicts the strain by 5% for a 20°C 292 

amplitude, 9% for 10°C amplitude or 15% for a 5°C amplitude. The discrepancy becomes less 293 

noticeable for 9 months and beyond. 294 

The sinusoidal temperature variation in Figure 3 (or a real temperature variation) only 295 

reaches the maximum temperature briefly, and consequently it is not sufficient to use the 296 

equivalent time spent at the maximum temperature alone. The resulting creep can, however, be 297 

predicted from the time spent at temperatures close to the maximum. 298 

For the sinusoidal temperature variation (Figure 3), the cumulative time spent at 299 

temperatures within 20% of the maximum can be used. Figure 9 shows the corresponding 300 

cumulative time after 3 months, 6 months, and 9 months. For example, at 9 months, the 301 

temperature has varied from -5°C to 35°C, meaning that the highest 20% temperature is from 302 

27°C to 35°C. This is divided into four levels (27-29°C, 29-31°C, 31-33°C, and 33-35°C), and 303 

the cumulative time spent at each level is calculated and used to construct the simpler 304 

equivalent temperature history, as shown in Figure 9. 305 
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 306 
Figure 9: Equivalent temperature histories corresponding to sinusoidal temperature cycles 307 

 308 
Figure 10 shows the creep strains from sinusoidal temperature cycles, compared to the creep 309 

strain due to the equivalent cumulative temperature histories. Applying the equivalent 310 

temperature based on the cumulative time spent within 20% of the maximum temperature can 311 

provide an accurate prediction of the adhesive creep. 312 

 313 
Figure 10: Creep strain due to simplified sinusoidal temperature cycles versus that due to equivalent temperature histories 314 

 315 
Using the cumulative time method allows a simpler analysis and avoids the need for the 316 

computationally intensive analysis that is required for cyclic temperatures. It is used in the 317 

remainder of the paper to help interpret the results from the cyclic analyses; however, it should 318 

be noted that caution is needed in applying it other examples of beam or temperature and load 319 

cycles. 320 

 321 



16 
 

3.2.3 Creep under cyclic temperature and cyclic load scenarios 322 

The synchronous and asynchronous load cycles shown in Figure 6 were applied to the single 323 

element model (with 100% load = 1N). Figure 11 shows the creep results, with the same 324 

constant temperature curves as shown in Figure 8 included by way of comparison. 325 

 326 
Figure 11: Creep strain due to simplified trapezoidal cyclic temperature and simplified trapezoidal cyclic load 327 

 328 
The viscoelastic creep is recoverable when the applied load is released or reduced [27,28], 329 

as a result, the presented creep strain shows fluctuations as the load varies with time. The 330 

synchronous cyclic load results in strains that are only 3% lower than those with a constant 331 

applied load (comparing Figure 11 to Figure 8). This was expected, as it has previously been 332 

noted that the creep occurs mostly at the maximum temperature. The equivalent cumulative 333 

time method represented by the short blue, green, and orange curves in Figure 11 can again be 334 

used to represent this case, due to the maximum load and temperatures being coincident. 335 

The asynchronous load cycles give creep strains approximately 23% of the constant load 336 

case, which might be expected, as only 20% of the maximum load was applied at the same time 337 

as the maximum temperature. 338 

Further analysis of all cyclic load scenarios (and their relationship to temperature cycles) is 339 

beyond the scope of this paper. Only the synchronous load cycles shown in Figure 6 (a) will 340 

be used in the further FE studies, as the more representative case that does not require excessive 341 

computational time.  342 
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 343 

4 Numerical study of the FRP-strengthened metallic beam 344 

Having examined the response of the adhesive, this section describes finite element analysis 345 

(FEA) of an FRP-strengthened metallic beam to (a) investigate the implications of cyclic 346 

temperature and cyclic load on creep of the bonded joint, and (b) find out whether the 347 

equivalent approach described above can be extended to predict the behaviour of the 348 

strengthening system. 349 

A 6m span FRP-strengthened cast-iron I-beam is studied. This is based upon FRP 350 

strengthening of historic railway bridges discussed in Cadei et al. [1], and is the same as that 351 

used in a preceding study by Wang et al. [14] for constant warm temperature and constant load 352 

conditions. 353 

The trapezoidal temperature and trapezoidal load cycles shown in Figure 4 and Figure 6 (a) 354 

were applied. The FE results are presented in two stages in order to sperate the effects of the 355 

cyclic temperature and the cyclic load: 356 

• the effect of cyclic temperature (Section 4.2); and 357 

• the combined effects of cyclic temperature and cyclic load (Section 4.3). 358 

 359 

4.1 FE model for the beam 360 

The CFRP-strengthened cast-iron I-beam is illustrated in Figure 12. It is strengthened by an 361 

11 mm-thick high modulus CFRP plate. A uniform applied load of 40kN/m corresponds to 362 

ultimate limit state (ULS) of a practical application [1], which is the maximum in the 363 

trapezoidal load cycles. 364 
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 365 
Figure 12: Geometry of the FRP-strengthened cast-iron I-beam 366 

 367 
The structure was modelled in 2D using 4-node CPS4 shell elements in Abaqus [25], as 368 

shown in Figure 13. The width of each section was defined through the plane stress/strain 369 

thickness option. The load was applied to the top of the beam, and the temperature was 370 

uniformly applied to all sections of the model. The cast-iron and the CFRP were modelled as 371 

isotropic elastic materials, using the properties shown in Figure 12. Note that the maximum 372 

permissible tensile stress of the I-beam is limited to 14.4MPa, due to the brittle nature of cast-373 

iron. 374 

The 2 mm-thick adhesive layer was defined as a linear viscoelastic material, using the Prony 375 

series constitutive model described in Section 2, which allows the modulus response of the 376 

adhesive and hence its long-term viscoelastic creep behaviour to be determined. The 377 

appropriate coefficients of thermal expansion (CTE) were applied to the I-beam, adhesive and 378 

FRP plate (αb, αa, αc shown in Figure 12), allowing Abaqus to compute the additional thermal 379 

stresses caused by the differential thermal expansion (DTE) between the sections. 380 

Slip between the FRP and the bottom of the I-beam is caused by shear deformation across 381 

the adhesive layer, which can increase due to the combined effects of viscoelasticity of the 382 

adhesive and the structural DTE behaviour. Joint damage (at the beam to adhesive or FRP to 383 

adhesive interface) is not within the scope of this study, but was examined in a previous paper 384 

[14]. 385 

Cast-iron I-beam (b) 
Eb = 138GPa    σt = 14.4 MPa 
αb = 11×10-6/°C     
Adhesive (a) 
Linear viscoelasticity 
αa = 45×10-6/°C    ta = 2 mm 
CFRP Plate (c) 
Ec = 360GPa        
αc = 1×10-6/°C       tc = 11 mm 
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 386 
Figure 13: Finite element model of the FRP-strengthened cast-iron I-beam 387 

 388 
4.2 The effect of cyclic temperature 389 

This section describes the effect of applying the trapezoidal cyclic temperature (Figure 4) 390 

in combination with a constant load (40kN/m) upon the CFRP-strengthened cast iron beam. It 391 

is divided into two parts, so as to allow the effects of differential thermal expansion (DTE) to 392 

be identified: 393 

• without DTE (Section 4.2.1); 394 

• with DTE (Section 4.2.2). 395 

Differential thermal expansion occurs due to temperature changes away from the 396 

temperature at which the strengthening applied, T0,  which for this case is taken as T0 = 15°C. 397 

Changes from this temperature result in differential thermal expansion, up to a maximum of 398 

±20°C. 399 

 400 

4.2.1 The performance of the strengthening without DTE 401 

Figure 14 plots the slip of the FRP relative to the I-beam, across the adhesive joint. The 402 

black curves are the slip results at different times: instantaneous with no creep, 3 months, 6 403 

months, 9 months, and 50 years. The other coloured symbols show the slip results following 1 404 

month at a sustained temperature of 15°C, 25°C, or 35°C (which are the maximum 405 

temperatures in each season, from Figure 4). Figure 15 and Figure 16 similarly plot the FRP 406 

axial stress and the axial stress in the soffit of the I-beam, along half of the symmetric structure. 407 
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 408 
Figure 14: Slip distributions at the cyclic temperature versus that at constant temperatures 409 

 410 

 411 
Figure 15: CFRP tensile stress distributions at the cyclic temperature versus that at constant temperatures 412 

 413 

 414 
Figure 16: Cast-iron tensile stress distributions at the cyclic temperature versus that at constant temperatures 415 

 416 
Under temperature cycles, the plate-end slip increases significantly, and this is accompanied 417 

by redistribution of tensile stresses out of the CFRP plate and into the cast-iron beam. After 9 418 

months, the plate-end slip has increased from 0.006mm to 0.071mm, resulting in a drop in the 419 

CFRP axial stress from 38.1MPa to 34.1MPa at the middle of the beam. The moment that must 420 

be carried by the I-beam increases, causing the maximum tensile stress of the cast-iron beam 421 

to increase from 12.3MPa to 13.2MPa, which is only 1.2MPa below the maximum permissible 422 



21 
 

tensile stress (σt = 14.4MPa). These results are similar to those previously presented by the 423 

authors for creep at constant temperatures [14]. Large plate-end slips develop due to creep, and 424 

this can damage the effectiveness of the CFRP strengthening. 425 

The effectiveness decreases significantly during the first year of temperature cycles. 426 

However, when the time is further increased to 50 years, the plate-end slip only increases by a 427 

further 0.002mm and the CFRP stress only decreases by a further 0.23MPa in the middle of the 428 

beam.  429 

The equivalent cumulative time concept discussed in Section 3.2.2 for the structural 430 

adhesive viscoelastic behaviour can also be applied to the creep of the FRP-strengthened cast-431 

iron I-beam. This can be seen by comparing the cyclic temperature results (the black lines) 432 

with the constant applied temperatures (coloured symbols). For instance, 9 months can be 433 

predicted by applying a constant 35°C for 1 month. 35°C is the maximum temperature applied 434 

during the first 9 months, and it was applied for a cumulative total of 1 month. 435 

 436 

4.2.2 The performance of the strengthening including differential thermal expansion 437 

In this section, differential thermal expansion is added to the model (T0 = 15°C). There are 438 

thus two temperature effects in this analysis: 439 

• the temperature-dependent viscoelastic response of the adhesive; and  440 

• differential thermal expansion (DTE). 441 

DTE results in additional self-equilibrating stresses across the adhesive joint between the 442 

CFRP plate and the beam. These stresses induce creep in the adhesive layer in the same manner 443 

stress due to external applied load. It is consequently helpful to consider the effects of DTE in 444 

two parts: 445 

• Instantaneous DTE: rapid changes in temperature relative to T0 result in elastic adhesive 446 

strains. These are reversible; they return to zero when the temperature returns to T0. 447 
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• Sustained DTE: the temperature history of the strengthened beam results in additional 448 

varying stresses across the adhesive joint and consequently creep strains over a 449 

sustained period. 450 

Figure 17 shows the temperature conditions examined in this section. These are at the end 451 

of winter (3 months), end of spring (6 months), and end of summer (9 months), giving the 452 

temperature histories causing sustained DTE. The instantaneous temperature at the end of these 453 

histories is also important, so in each case, results are reported at the low, mid, and high 454 

temperatures in the cycle. In the current work, the change to the instantaneous temperature has 455 

applied over a duration of one hour. 456 

Only the first-year response is examined in this section. The previous section demonstrated 457 

that there is only limited creep from 1 year to 50 years, and the authors have confirmed that 458 

this conclusion is also the case when DTE is included. 459 

 460 
Figure 17: The data output points used in Figures 18 to 20 and Figures 24 461 

 462 
Figure 18 shows the distributions of slip, FRP axial stress, and I-beam tensile stress after 3 463 

months of cyclic temperature (shown by lines). Similar figures for 6 and 9 months will be 464 

presented below, and the y-axis range has been kept consistent between these figures. 465 
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 466 
                                         (a) Slip distributions                                                    (b) CFRP axial stress distributions            467 

 468 

                          (c) Cast-iron tensile stress distributions                                                      (d) Legend 469 
Figure 18: The behaviour of the strengthened beam after 3 months at the cyclic temperature versus that at a constant 470 

temperature of 15°C for 1 month (including DTE) 471 

 472 
The first set of results to consider are those at T0 = 15°C (3 month/15°C, shown by black 473 

curves), because there would be no instantaneous DTE effect. The response after 3 months 474 

with only the sustained DTE effect in Figure 18 (3 month/15°C) can be compared to the 3-475 

month response without DTE from Figure 14, Figure 15, and Figure 16. The slip, CFRP, and 476 

cast-iron stress at 3 months are close to the same with and without DTE (the curves are 477 

indistinguishable when plotted together). This is because the creep response is dominated by 478 

the maximum temperature that has been experienced. In this case, the maximum temperature 479 

has been T0 = 15°C, so that stresses in the adhesive joint is only caused by the applied load, 480 

with no additional sustained DTE effect. Figure 18 also shows the results following a constant 481 

temperature of 15°C for 1 month (15°C/15°C), which confirm that applying the maximum 482 

temperature for the equivalent cumulative time gives a good prediction of the cyclic results (for 483 

this trapezoidal cyclic response). 484 
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The -5°C (3 month/-5°C) and +5°C (3 month/5°C) curves in Figure 18 include both the 485 

sustained DTE from the 15°C curve, together with the instantaneous DTE caused by the change 486 

in temperature relative to T0. The slip reduces, and the CFRP axial stress also reduces to the 487 

extent that it goes into compression at -5°C. As a consequence, the cast-iron stress increases to 488 

22.0MPa, which exceeds the maximum permissible tensile stress, σt = 14.4MPa, in the brittle 489 

cast-iron. These results, too, can be predicted by applying a constant 15°C for 1 month to model 490 

the effects of sustained DTE, followed by an abrupt change to the instantaneous temperature. 491 

Figure 19 and Figure 20 similarly plot the behaviour of the FRP-strengthened beam after 6 492 

months and 9 months. The results following cyclic temperatures are shown by lines; the 493 

equivalent results following a constant temperature of either 25°C or 35°C for 1 month are 494 

shown as symbols. Grey lines are included in each plot that show the results without DTE, to 495 

give a clear comparison with the results from Figure 14, Figure 15, and Figure 16. 496 

 497 
                                         (a) Slip distributions                                                    (b) CFRP axial stress distributions            498 

 499 
                          (c) Cast-iron tensile stress distributions                                                      (d) Legend 500 

Figure 19: The behaviour of the strengthened beam after 6 months at the cyclic temperature versus that at a constant 501 
temperature of 25°C for 1 month (including DTE) 502 

 503 
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 504 
                                         (a) Slip distributions                                                    (b) CFRP axial stress distributions            505 

 506 
                          (c) Cast-iron tensile stress distributions                                                      (d) Legend 507 

Figure 20: The behaviour of the strengthened beam after 9 months at the cyclic temperature versus that at a constant 508 
temperature of 35°C for 1 month (including DTE) 509 

 510 
As before, the first results to consider are those at T0 = 15°C (6 months/15°C and 9 511 

months/15°C), because these do not include the additional instantaneous effects of DTE. 512 

The slip due to the combination of cyclic temperature and sustained DTE is greater than that 513 

without DTE. Without DTE, the plate-end slip increases to 0.055mm at 6 months and 0.071mm 514 

at 9 months (grey lines). With DTE, the plate-end slip is 0.091mm at 6 months (Figure 19) and 515 

0.160mm at 9 months (Figure 20). The additional slip resulting from sustained DTE damages 516 

the effectiveness of the bonding: the maximum CFRP stress is lower (31.1MPa with DTE, 517 

compared to 34.1MPa without DTE at 9 months) and the maximum cast-iron stress is higher 518 

(16.2MPa compared to 13.2MPa). 519 

The modulus relaxation within the adhesive joint is dominated by the time spent at the 520 

maximum temperature that has been experienced, which is either 25°C at 6 months or 35°C at 521 

9 months. The stress within the adhesive joint at these temperatures is a combination of the 522 

constant applied load and sustained DTE, resulting in the additional slip. This is confirmed by 523 

Final 
temperature 

At cyclic 
temperature 

At a constant 
35°C for 1 month 

35°C  
9 months/35°C 

X 
35°C/35°C 

25°C  
9 months/25°C 

 
35°C/25°C 

15°C  
9 months/15°C 

 
35°C/15°C 

 



26 
 

the results shown using symbols, in which a constant 25°C (25°C/15°C) or 35°C (35°C/15°C) 524 

was applied for one month (before changing to T0). 525 

The curves in Figure 19 and Figure 20 that are not at T0 = 15°C include both sustained and 526 

instantaneous DTE. At 6 months, this is either above (6 months/25°C) or below (6 months/5°C) 527 

T0; at 9 months they are above (9 months/25°C, 9 months/35°C) T0. The resulting instantaneous 528 

change in slip is small compared to the creep slip; however, it results in significant 529 

instantaneous changes in the CFRP and cast-iron stresses, and hence in the performance of the 530 

CFRP bonding system. Increased temperature results in more stresses being taken by the FRP, 531 

and lower stresses in the cast-iron. Applying 5°C at 6 months (6 months/5°C), however, results 532 

in cast-iron stresses along the length of the plate that are greater than the permissible σt. 533 

The combination of thermal cycles and differential thermal expansion can lead to substantial 534 

creep across the adhesive joint. The resulting slip due to creep decreases the effectiveness of 535 

the strengthening (the stress taken by the FRP plate reduces and the tensile stress in the cast-536 

iron increases). 537 

The cumulative time spent at the maximum temperature that the structure has experienced 538 

dominates the creep and confirms the use of a simpler analysis method involving a constant 539 

temperature to predict the sustained DTE, followed by the effects of the instantaneous 540 

temperature change. 541 

 542 

4.3 The combined effects of cyclic temperature and cyclic load 543 

This section examines the combined effects of applying the trapezoidal cyclic temperature 544 

(Figure 4) with the synchronous cyclic load (Figure 6 (a), with 100% load = 40kN/m) on the 545 

performance of the FRP-strengthened beam. Two stages are presented separately: 546 

• without DTE (Section 4.3.1); 547 

• with DTE, T0 = 15°C (Section 4.3.2). 548 
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All of the reported results are for an instantaneous load of 40 kN/m (so as to show the most 549 

critical case). 550 

 551 

4.3.1 The performance of the strengthening without differential thermal expansion 552 

Figure 21 illustrates the slip distributions, Figure 22 illustrates the FRP axial stress, and 553 

Figure 23 illustrates the axial stress in the soffit of the cast-iron. The curves are the results of 554 

temperature and load cycles. The coloured symbols show the equivalent results due to a 555 

constant temperature and constant load for one month, which are the same as those previously 556 

shown in Figure 14, Figure 15, and Figure 16. 557 

 558 
Figure 21: Slip distributions at the cyclic temperature and the cyclic load versus that at constant temperatures and constant 559 

maximum load 560 

 561 

 562 
Figure 22: CFRP tensile stress distributions at the cyclic temperature and the cyclic load versus that at constant temperatures 563 

and constant maximum load 564 

 565 
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 566 
Figure 23: Cast-iron tensile stress distributions at the cyclic temperature and the cyclic load versus that at constant 567 

temperatures and constant maximum load 568 

 569 
Section 4.2.1 showed the consistent responses due to cyclic temperature with a constant load 570 

(Figure 14, Figure 15, and Figure 16). Applying cyclic load does not bring more severe 571 

structural issues; the slip results are slightly lower and is expected from the single element 572 

study in Section 3.2.3. 573 

The equivalent method (represented by the symbols in the figure) can again be used to 574 

predict the structural performance, for this case where the maximum temperature and 575 

maximum load occur simultaneously and dominate the creep. 576 

 577 

4.3.2 The performance of the strengthening including differential thermal expansion 578 

In this section, differential thermal expansion (relative to the strengthening applying at T0 = 579 

15°C) is added to the model resulting, again recognising that there are instantaneous and 580 

sustained DTE effects. The examined temperature conditions are the same as in Section 4.2.2 581 

(see Figure 17). 582 

Figure 24 shows the responses in a consistent manner to previous plots. The curves show 583 

the results of cyclic temperature and cyclic load analyses. The curves identified in black show 584 

the results of sustained DTE only, as they are at T0 = 15°C. The other colour curves represent 585 

both instantaneous and sustained DTE effects. The symbols show the predictions of the 586 

equivalent cumulative time method (and are the same as the results shown in Figure 18, Figure 587 

19, and Figure 20. 588 
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 589 
                                         (a) Slip distributions                                                    (b) CFRP axial stress distributions            590 

 591 
                          (c) Cast-iron tensile stress distributions                                                      (d) Legend 592 
Figure 24: The behaviour of the strengthened beam at the cyclic temperature and load versus that at constant temperature and 593 

load (including DTE) 594 

 595 
The results in this section for cyclic load are almost the same as those shown in Section 596 

4.2.2 (Figure 18, Figure 19, and Figure 20) for constant maximum load. This is due to the 597 

maximum load being coincident with the maximum temperature when the majority of the creep 598 

occurs. This represents the worst case (as was also seen for the single-element analysis in 599 

Section 3.2.3) and the equivalent cumulative time method can again provide a close prediction 600 

without the need for computationally intensive modelling of the all the temperature and load 601 

cycles. 602 

 603 

5 Conclusions 604 

This paper has examined the effects of adhesive creep upon the performance of an FRP-605 

strengthened metallic beam when subjected to temperature and load cycles. Finite-element 606 

analyses have been presented that combine a linear viscoelastic constitutive model for a typical 607 

two-part ambient cured epoxy adhesive, with well-established approaches to modelling the 608 
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FRP plate, metallic beam, and analysis of the slip between the plate and beam.  The analysis 609 

demonstrates how the experimentally determined constitutive response of the adhesive affects 610 

the long-term performance of the beam strengthening. 611 

Creep of the adhesive results in slip of the CFRP plate relative to the beam close to the end 612 

of the plate, resulting in a decrease in the load taken in the FRP and consequently an increasing 613 

load that must be carried by the beam. Differential thermal expansion between the FRP and I-614 

beam has a significant effect on the behaviour of the bonded structure: in the short term, DTE 615 

can be beneficial for temperatures above the temperature at which the strengthening is applied 616 

or detrimental for temperatures below this. This is known from previous studies at constant 617 

temperature [14,15], but applying a constant temperature is a very extreme case. The current 618 

work examines the magnitude of creep (and associated redistribution of stress within the 619 

strengthened beam) resulting from cyclic temperatures and load over timescales up to 50 years. 620 

• The plate-end slip increases most significantly during the first year of service life of the 621 

strengthened I-beam. This leads to the FRP plate carrying less load, and more load 622 

being carried by the metallic beam, and whilst this may only be close to the plate end 623 

(where the moment demand is lower), a design should pay particular attention to creep 624 

performance in the first year of the strengthened structure. 625 

• The creep strains in the adhesive joint are dominated by the time spent at higher 626 

temperatures, and by the load applied whilst at those higher temperatures. 627 

• Differential thermal expansion has two effects: (a) sustained differential thermal 628 

expansion over the history of the strengthened beam, which results in stress across the 629 

adhesive joint and consequently creep; and (b) instantaneous differential thermal 630 

expansion. The creep resulting from sustained differential thermal can give 631 

substantially larger plate end slips (e.g. an increase from 0.071mm to 0.160mm at 9 632 

months in the example shown). The instantaneous differential thermal expansion results 633 
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in relatively small changes in slip compared to the creep slip; however, it results in 634 

significant changes in the CFRP and cast-iron stresses, and hence the performance of 635 

the strengthening system. 636 

• The combination of thermal cycles and differential thermal expansion are detrimental 637 

to the effectiveness of the FRP bonded strengthening. For the example cast-iron I-beam 638 

examined, creep resulted in the maximum permissible tensile stress being exceeded. 639 

The fact that the creep response of the adhesive joint is dominated by the time spent at higher 640 

temperatures allows a simpler approach to predicting the creep response due to cyclic 641 

temperature and cyclic load. An equivalent cumulative time method can be used, which 642 

considers the time spent at temperatures close to the maximum temperature. This approach has 643 

been used to help interpret the more complex cyclic responses in this paper. It could potentially 644 

be used as a simpler calculation method that does not have the computational overhead of a 645 

full cyclic analysis; however, caution is necessary in applying this approach to scenarios other 646 

than those described in this paper, and verification would be required before its use for design 647 

purposes. 648 

The results in this paper are based upon: 649 

• A viscoelastic adhesive model for a typical ambient-cure epoxy used for CFRP bonded 650 

strengthening. The results are expected to apply to other structural adhesives and 651 

strengthening systems, but each adhesive will need to be characterised (using DMA 652 

tests, described in [14]). 653 

• CFRP strengthening applied to a cast-iron beam. This example represents a real bridge 654 

strengthening project, and the same method can be applied to other FRP-strengthened 655 

metallic structures. 656 

• An adhesive with a glass transition temperature that is 15°C above the maximum 657 

operating temperature, as required by current design guidance [1,36,37]. Whilst the 658 
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operating temperatures and adhesive glass transition temperature used in this work are 659 

based upon those in Scotland, the results are applicable to other climates, in which the 660 

glass transition temperature will increase along with the operating temperature. 661 
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