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Abstract:  10 

This paper presents a theoretical study aimed at predicting the behaviour of carbon fibre reinforced 11 

polymer-to-concrete bonded joints under fatigue-cyclic loading. A model considering the plastic 12 

deformations of the interface, the damage, and the damage accumulation due to fatigue-cyclic loading 13 

is proposed. The damage accumulation model is calibrated through the experimental bond-slip 14 

relation. Then, a numerical algorithm is formulated to simulate the fatigue bond behaviour using the 15 

calibrated damage accumulation model. Numerical simulation was found to provide conservative 16 

predictions for fatigue life, which was attributed to the neglect of beneficial effects from the 17 

compression stress state near the loaded end in the single-shear pull-off test. 18 

Keywords: CFRP strengthening; bond behaviour, fatigue loading, damage accumulation model 19 
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1 Introduction 21 

Carbon fibre reinforced polymer (CFRP) strengthening of reinforced concrete (RC) structures to 22 

increase flexural and shear capacities has become a popular technique amongst the construction 23 

engineers due to its many advantages such as high strength-to-weight ratio, ease of application, and 24 

less disturbance to traffic [1, 2]. Amongst the numerous strengthening techniques using CFRPs, the 25 

externally bonded (EB) CFRP laminate strengthening technique that requires minimal efforts to 26 

implement has been the most popular technique. Performance of RC structures strengthened using 27 

EB CFRP relies on the interfacial shear stress transfer mechanism of the CFRP-to-concrete (FC) 28 

bonded joints [3]. Therefore, understanding the behaviour of FC bonded joints is of key significance. 29 

As a result, many efforts have been devoted to understanding and predicting the bond behaviour of 30 

FC bonded joints [4-8]. Design theories have been well established to predict the behaviour of FC 31 

bonded joints under quasi-static monotonic loading [4, 5]. In these prediction models, a bond-slip 32 

relation which describes the relation between the interfacial shear stress and the relative displacement 33 

between the CFRP and concrete substrate, is commonly used for modelling the behaviour of FC 34 

bonded joints under monotonic loading [5,9]. In such bond-slip models, a damaged elasticity 35 

assumption (i.e., load is assumed to always unload to zero at zero slip) is often made for defining 36 

damage evolution.  37 

Many EB CFRP strengthened RC structures, such as bridge girders are likely to be subjected to 38 

repeated loading. Such repeated loading can be generally categorized into quasi-static cyclic loading 39 

and fatigue-cyclic loading according to the loading frequency. For simplicity, the former will be 40 

termed as cyclic loading and the latter as fatigue loading in this paper. Compared to the research on 41 

the bond behaviour under monotonic loading, only limited research has been carried out so far on 42 

understanding the behaviour of FC bonded joints under cyclic loading [9-14]. Existing experimental 43 

investigations have shown that when subjected to cyclic loading, FC bonded joints also fail within 44 

concrete (i.e. cohesion failure within concrete) similarly to those joints subjected to monotonic 45 

loading [14].  46 



Experimentally derived bond-slip relations under cyclic loading showed clear damage plasticity (i.e. 47 

reduction in unloading stiffness due to damage and residual slip at zero load during unloading 48 

showing plastic deformations) behaviour [11, 14, 15] therefore shows the commonly used damage 49 

elasticity assumption in representing the cyclic bond behaviour is not accurate [3, 16]. Several 50 

analytical models have been proposed to predict the cyclic bond behaviour of the FC bonded joints 51 

considering damaged plasticity [12-14]. Different from bond-slip relations under monotonic loading, 52 

bond-slip relations under cyclic loading require damage parameters to be defined considering both 53 

damage and plasticity during unloading/reloading within the softening range. Zhou et al. [14] pointed 54 

out several shortcomings of the existing models and proposed the first thermodynamically consistent 55 

bond-slip relation for FC bonded joints under cyclic loading. However, existing experimental studies 56 

on FC bonded joints under fatigue loading have shown that failure modes are more complex than that 57 

of FC bonded joints under monotonic or cyclic loading [17-25], thus bond-slip models derived for 58 

monotonic or cyclic loading cannot be directly applied to FC bonded joints under fatigue loading.  59 

Different failure modes including cohesion failure within the concrete, cohesion failure within the 60 

adhesive, adhesion failure at the CFRP-adhesive bi-material interface, adhesion failure at the 61 

concrete-adhesive bi-material interface, and interlaminar failure within the CFRP laminate were 62 

observed in FC bonded joint tests under fatigue loading [18, 20-23, 26]. Amongst the failure modes 63 

observed, adhesion failures are subjected to the quality of surface preperation. However, studies 64 

reporting the adhesion failures often did not report surface quality measurements or sufficient details 65 

of the adopted surface preparation methods. Therefore, it is difficult to asses if the adhesion failure 66 

was driven by the poor surface quality. On the otherhand, existing research has shown that with 67 

adequate surface preperation, adhesion failure modes of the FC bonded joints (i.e. adhesion failure at 68 

the CFRP-adhesive and the concrete-adhesive bi-material interfaces) can be avoided [26]. Once 69 

adhesion failures are avoided, failure mode under fatigue loading was found to be dependent on the 70 

concrete strength, the CFRP laminate type and the maximum fatigue load level [27]. To date the exact 71 

reasons for complex failure modes observed under fatigue loading remain largely unknown. More 72 



studies are required to better understand the change of failure modes in FC bonded joints under fatigue 73 

loading. Nonetheless, while the effect of CFRP laminate type on the overall fatigue performance is 74 

not clear, the selection of a certain type of CFRP laminate (e.g. MasterBrace Laminate) was found to 75 

to avoid  the CFRP interlaminar failure and the failures were limited to cohesion failure within 76 

concrete or cohesion failure within adhesive [27]. Experimental studies of FC bonded joints under 77 

fatigue loading showed a decrease in the slope of the load-displacement curve with the increasing 78 

number of loading cycles [19-26]. Softening of the interface and the gradual debonding of the CFRP 79 

laminate from the concrete substrate are believed to be the reasons for the observed degradation of 80 

stiffness of the load-displacement curves.  81 

It is common to assess the performance of a bonded joint in terms of its fatigue life (i.e. number of 82 

loading cycles the bonded joint can sustain), thus has been the key focus of the majority of the 83 

published work on FC bonded joints under fatigue loading [18, 21, 25, 28, 29]. To the best of the 84 

author’s knowledge, only two studies have been published so far on the experimental bond-slip 85 

behaviour of FC bonded joints under fatigue loading [23, 26]. Both studies showed an obvious 86 

damage accumulation in unloading/reloading stiffness of the bond-slip relation because of the fatigue 87 

loading. Existing experimental investigations on FC bonded joints under fatigue loading [27] have 88 

demonstrated that if elastic interfacial shear stresses are less than 80% of the maximum interfacial 89 

shear strength, fatigue loading would not cause any damage. When loaded beyond this stress level, 90 

damage due to fatigue will initiate and starts to accumulate. A similar conclusion can be found in Al-91 

Saoudi et al. [30] in which the fatigue damage threshold value of the stress was found to be 75% of 92 

the maximum interfacial shear strength under monotonic loading. 93 

Several theoretical models have been proposed to predict the fatigue life of FC bonded joints [22, 25, 94 

26, 31, 32], the rate of debonding [18, 28], and the bond-slip relation under fatigue loading [13, 23, 95 

33]. Among which, Zhu et al. [26] and Li et al. [22] expressed the fatigue life of  FC bonded joints as 96 

a function of the loading amplitude and the concrete compressive strength. However, the fatigue life 97 

of the bonded joints is also affected by the interface geometry (e.g., CFRP laminate thickness, 98 



adhesive thickness) which affects the interfacial stress significantly. Therefore, both models cannot 99 

be applied for bonded joints of different geometries. Carrara and De Lorenzis [13] proposed a 100 

damage-plasticity model to capture the behaviour of the bonded interface under fatigue loading. Their 101 

model assumed unloading of the slip with zero interfacial shear stress. However, this assumption was 102 

later proven to be unreasonable by experimental results of FC bonded joints under cyclic loading [14]. 103 

Recent study by Zhang et al. [33] presented a mix-mode cohesive zone model to simulate the bond 104 

behaviour of FC bonded joints under fatigue loading. Stiffness degradation of the traction-separation 105 

curves was not related to the number of loading cycles. Empirical-based equations were developed 106 

for load degradation as a function of the number of loading cycles. Such a model however does not 107 

appropriately consider the fatigue damage of the interface as a function of the loading applied to the 108 

interface, thus cannot be used in general for modelling fatigue behaviour of any FC bonded interface.  109 

It should be noted that none of the existing models considered the possibility of fracture surface 110 

moving from one constituent to another. As the interfacial fracture work is directly related to the 111 

constituent where the fracture would occur, a change in the failure mode affects the total fracture 112 

work thus the damage process. Therefore, if the fracture path is different, models ignoring the failure 113 

mode change cannot be directly applied.  114 

Against this background, this paper presents a theoretical study aimed at developing a bond-slip 115 

relation for FC bonded joints under fatigue loading, when the failure mode is cohesion failure within 116 

concrete. The present study is built upon the previous experimental work carried out by the authors 117 

on FC bonded joints subjected to fatigue loading [27]. Only the “cohesion failure within concrete” 118 

failure mode was considered due to lack of data available on FC bonded joints subjected to fatigue 119 

loading and failing in other failure modes. In the present study, a finite difference (FD) algorithm was 120 

firstly formulated to simulate the bond behaviour of FC bonded joints under fatigue loading. Then, a 121 

path-defined model was proposed to simulate the unloading and reloading of bond-slip relation under 122 

fatigue loading. Based on the experimental results of FC bonded joints failed within concrete, the 123 

damage accumulation rate was calibrated through regression analysis and was implemented in the 124 



proposed FD algorithm. The load-displacement curve and the local bond-slip relation from the 125 

numerical predictions were compared with test results. 126 

2 The proposed model 127 

2.1 Simulation of the CFRP-to-concrete bonded joints under fatigue loading 128 

The bond behaviour of FC bonded joints is often investigated through a single-shear pull-off test (Fig. 129 

1). By assuming that the interfacial shear stresses are uniform through the thickness of the adhesive 130 

layer and ignoring the bending and longitudinal normal stresses in the adhesive layer, the free body 131 

diagram of an indefinite segment can be drawn as Fig. 1c. These assumptions, also commonly adopted 132 

in other research, were shown to have a negligible effect on the simulation of the behaviour of FC 133 

bonded joints under mode II loading [7, 12, 34]. To simulate the bond behaviour of FC bonded joints 134 

under fatigue loading, the FD method proposed by Carrara and Ferretti [34] was modified to account 135 

for the change in bond-slip relation when fatigue loading is applied. Detailed FD method is presented 136 

below. 137 



 138 

Fig.1. Idealized CFRP-to-concrete (FC) bonded joints 139 

According to the force equilibrium of the CFRP element shown in Fig. 1c, the following differential 140 

equation can be established: 141 

 p
p

dF
b

dx
τ=   (1) 142 

where pF  and pb  are the axial force and width of the CFRP plate respectively, 𝜏𝜏 is the interfacial 143 

shear stress acting at the bi-material interface with segment length 𝑑𝑑𝑑𝑑. 144 

The relative displacement between the CFRP plate and the concrete substrate, i.e., slip (δ ) can be 145 

written as follows: 146 

 p cu uδ = −   (2) 147 



Where pu  and cu  are the displacements of CFRP plate and concrete at a given position of the 148 

bonded joints respectively. 149 

For the CFRP laminate and the concrete under axial loading, the constitutive relation can be written 150 

as: 151 

 p
p p

du
E

dx
σ =   (3) 152 

 c
c c

duE
dx

σ =   (4) 153 

where pE  and cE  are the elastic moduli of the CFRP plate and concrete respectively, and pσ  and cσ  154 

are the axial stresses of the CFRP plate and the concrete respectively. The axial stresses of the CFRP 155 

plate and the concrete can be also written as:  156 

 𝜎𝜎𝑝𝑝 = 𝐹𝐹𝑝𝑝
𝐴𝐴𝑝𝑝

  (5) 157 

 𝜎𝜎𝑐𝑐 = 𝐹𝐹𝑐𝑐
𝐴𝐴𝑐𝑐

  (6) 158 

where 𝐹𝐹𝑐𝑐 is the axial force applied on the concrete block, pA  and 𝐴𝐴𝑐𝑐 are the sectional areas of CFRP 159 

laminate and concrete substrate respectively. According to the force equilibrium at any section, the 160 

following equation can be derived: 161 

 0p cF F+ =   (7) 162 

From Eqs (2)-(7), the following equation can be derived: 163 

 
1 1

p
p p c c

d F
dx E A E A
δ  
= +  
 

  (8) 164 



Dividing the whole bonding interface into 𝑛𝑛 number of segments, Eqs (1) and (8) at each segment i 165 

(Fig.1c) can be approximated as: 166 

 
1

11
2

i i
p p i i

p
i

F F
b

h
τ τ

+
+−

 = +    (9) 167 

 ( )
1

11 1 1
2

i i
i i
p p

i p p c c

F F
h E A E A

δ δ+
+

 −
= + +  

 
  (10) 168 

where ih  is the length of the segment, , ,i i i
pFδ τ  are the slip, interfacial shear stress and axial force of 169 

CFRP at node i, respectively. When a bilinear bond-slip relation is adopted, the interfacial shear stress 170 

can be calculated as: 171 

 ( )1
i i i i i

f tKτ τ δ δ= + −   (11) 172 

where i
fτ  and i

tK  are the peak shear stress and the tangential stiffness of the bond-slip relation in a 173 

given loading cycle. 1
iδ  is the slip value at the peak shear stress at node i in a particular loading cycle. 174 

Experimental observations showed that when fatigue loading was stopped and followed by monotonic 175 

loading, the bond behaviour has followed the envelope bond-slip relation under monotonic loading 176 

[27]. Therefore, it is assumed that for slip values greater than 1
iδ , the slope of the softening curve will 177 

be the same as the softening branch of the bond-slip curve under monotonic loading, i.e. sK . 178 

Therefore, i
tK  can be calculated as: 179 

 
( ) 1

1

1      

                 

0                   

i i i
e e

i i i
t s f

i
f

D K if

K K if

if

δ δ δ

δ δ δ

δ δ

 − < <
= < <


<

  (12) 180 

where eK  and sK are the initial tangential stiffness in the ascending branch and the slope of the 181 

softening branch of the bond-slip relation respectively (Fig. 2), iD  is the damage parameter at node 182 



i, and 1 , ,  and i i i
e fδ δ δ  are the slip values at the peak shear stress, zero shear stress and the full damage 183 

point at node i  respectively. Experimental studies showed that once damage initiates, the value of the 184 

iD  increases gradually until the full damage is reached [26]. Therefore, a model to define the 185 

variation of iD (i.e., a damage accumulation model presented in Section 2.2) in Eq. (12) is necessary.  186 

During unloading, it is possible that interfacial shear stress becomes negative. In such a case, the 187 

tangential stiffness can be found by using the centre-symmetrical point of the slip values with respect 188 

to i
eδ .  189 

At the thk  step, substituting Eq. (11) into Eq. (9) gives: 190 

 ( ) ( )
1

, , 1 1 1 1
, , 1, , , 1,

1
2

i i
p k p k i i i i i i i i

f k t k k k f k t k k k p
i

F F
K K b

h
τ δ δ τ δ δ

+
+ + + +−

 = + − + + −    (13) 191 

As shown in Fig. 2, if the damage parameter is known, the maximum interfacial shear stress ( ,f kτ ) 192 

and the corresponding slip value ( 1,kδ ) at different nodes in a particular loading cycle can be 193 

calculated and will be a constant value within that loading cycle. Therefore, Eq. (10) can be rewritten 194 

as: 195 

 
( ) ( ) ( ) ( )1 1 1

1, 1, 1, 1,1
, ,

1 1 1
2

i i i i i i
k k k k k ki i

p k p k
i p p c c i

F F
h E A E A h

δ δ δ δ δ δ+ + +
+

− − − − 
= + + −  

 
  (14) 196 

 197 



 198 

Fig.2. The proposed bond-slip model under fatigue loading. 199 

Taking , 1,
i i i
d k k kδ δ δ= −  and 1 1 1

, 1,
i i i
d k k kδ δ δ+ + += − , Eqs (13) and (14) can be expressed respectively as: 200 

 ( )
1

, , 1 1 1
, , , , , ,

1 1 1
2 2 2

i i
p k p ki i i i i i

t k d k p t k d k p f k f k p
i i

F F
K b K b b

h h
δ δ τ τ

+
+ + +− − + − = +   (15) 201 

 
( )11

1, 1,, ,1

2 2

i ii i
k kd k d ki i

k k
i i i

W WF F
h h h

δ δδ δ ++
+

−
− − − + = −   (16) 202 

where 
1 1
p p c c

W
E A E A

= + . Expressing Eqs (15) and (16) in matrix form gives: 203 

 
( )
( )

11 ,
, ,, ,

,
11

1, 1,,
1

,

11 1 1 1
22 2

1 1 1 1
2 2

i
i ii i p k
f k f k pt k p t k p i

i i d k
i ii
k kp k

i
i i id k

F bK b K b
h h

FW W
h h h

τ τ
δ

δ δ

δ

++

++

+

     +− − −     
     =  −  

− − − −    
      

  (17) 204 

Eq. (17) can be extended to model the full bond joint using the system of equations as: 205 



 

1 1 1 1

2 2 2 2

1 1 1

i i i i

n n n n

n n+ +

     
     
     
     
     =     
     
     
     
         

J Q U R
J Q U R

J Q U R

J Q U R
B B U Z

   

   

  (18) 206 

The above equation can be also written as × =C U R , where C is the coefficients matrix composed 207 

of iJ  and iQ  which are given by: 208 

 

1
, ,

1 1 1 1
2 2

,  
1 1 1 1
2 2

i i
t k p t k p

i i
i i

i i

K b K b
h h

W W
h h

+   − − −   
   = =
   
− − −   
   

J Q   (19) 209 

iU  and iR  in the matrixes U and R are given by: 210 

 
( )
( )

1
, ,

,
1

1, 1,,

1
2

,  

i i
f k f k pi

p k
i ii ii
k kd k

i

b
F

h

τ τ

δ δδ

+

+

 +    = =  −   − 
 

U R   (20) 211 

1B  and 1n+B  in Eq. (18) are used to implement the boundary conditions, which are dependent on the 212 

load type (i.e., force or displacement) and Z  in Eq. (18) is the corresponding force or displacement 213 

vector at the loaded end. For fatigue loading of single shear pull-off tests on FC bonded joints 214 

presented in Zhou et al. [27], the force control method was used for the initial monotonic loading and 215 

the subsequent fatigue loading. However, the displacement control method was used for the final 216 

monotonic loading to failure. Therefore, both force and displacement boundary conditions should be 217 

considered in simulating the single-shear pull-off tests under fatigue loading presented in Zhou et al. 218 

[27]. For the test using force control, the boundary conditions are: 219 



 1 1 1

1 0 0 0 0
,    ,    =

0 0 1 0n nF+ +

     
= =     
     

B B Z   (21) 220 

Substituting the boundary conditions in Eq. (21) in to Eq. (18) and expanding the expression yields: 221 

 1 1 1 1
, , , ,1 0 0 0 0n n

p k d k p k d kF Fδ δ+ +× + × + × + × =   (22) 222 

 1 1 1 1 1
, , , , ,0 0 1 0n n n

p k d k p k d k p kF F Fδ δ+ + +× + × + × + × =   (23) 223 

in which Eq. (22) represents no force is applied at the far end of the CFRP plate, while Eq. (23) means 224 

non-zero force is applied at the loaded end. 225 

When the displacement-controlled loading is used, the boundary conditions can be considered as 226 

follows: 227 

 1 1 1
,

01 0 0 0
,    ,    =

0 0 0 1n n
d kδ+ +

    
= =     
     

B B Z   (24) 228 

Substituting the boundary conditions in Eq. (24) into Eq. (18) and expanding the expression yields: 229 

 1 1 1 1
, , , ,1 0 0 0 0n n

p k d k p k d kF Fδ δ+ +× + × + × + × =   (25) 230 

 1 1 1 1 1
, , , , ,0 0 0 1n n n

p k d k p k d k d kF Fδ δ δ+ + +× + × + × + × =   (26) 231 

which represent a displacement loading boundary condition applied at the loaded end of the CFRP 232 

plate. 233 

Once ,
i
d kδ  is solved iteratively, the interfacial shear slip at each node along the bonding length can 234 

be calculated from the following expression: 235 

 , 1,
i i i
k d k kδ δ δ= +   (27) 236 

and the interfacial shear stress can be determined from Eq. (11). 237 



It can be seen from the above FD algorithm that the i
tK , therefore iD  is critical in simulating the 238 

bond behaviour under fatigue cyclic loading. To account for the variation of i
tK  under fatigue loading, 239 

iD should be updated when fatigue cyclic loading is applied. A fatigue damage accumulation model, 240 

which describes the variation of iD with fatigue loading is presented next. 241 

2.2 The fatigue damage accumulation rate model 242 

Zhou et al. [14] presented a model to determine the damage parameter evolution of FC bonded joints 243 

during cyclic loading. In this model, the unloading and reloading were assumed to be the same, such 244 

an assumption is also adopted in Roe and Siegmund [35] and Zhang et al. [33]. However, actual 245 

loading and unloading behaviour of FC bonded joints demonstrate hysteretic loops [14]. Nonetheless, 246 

existing studies on FC bonded joints subjected to cyclic loading have demonstrated that ignoring the 247 

hysteretic behaviour in bond-slip models have negligible effects on the overall behaviour of the FC 248 

bonded joint [14, 32, 34]. However, assuming the same stiffness in loading and unloading cannot 249 

capture the damage accumulation unless the unloading reached the inverse softening region or the 250 

loading reached the envelope curve [14].  251 

In the present study, in addition to the unloading/reloading curve, a transition path (dashed line in Fig. 252 

2) is defined to capture the damage accumulation between two unloading/reloading curves.  Different 253 

from the reloading path, the transition path represents the damage parameter evolution for every 254 

fN∆  number of fatigue loading cycles. In this study, the minimum fN∆ was taken as 20, as the 255 

experimental data in Zhou et al. [27] was recorded at every 20 cycles.  256 

While finding the proper function to represent the damage parameter increment, the following 257 

characteristics of the bond-slip relation of FC bonded joints subjected to fatigue loading were 258 

considered: 259 

(1) The damage under fatigue loading was assumed to occur only if the maximum interfacial 260 

shear stress is higher than 80% of the peak shear strength under monotonic loading [27]. When 261 



a bi-linear bond-slip relation is employed in the simulation, the same ratio can be used for the 262 

slip value at interfacial shear stress when the fatigue damage starts to accumulate.  263 

(2) the damage accumulation rate was assumed to decrease with the damage level. Once the 264 

fatigue loading was stopped and monotonic loading was applied, the bond-slip relationship 265 

tends to follow the envelope bond-slip curve under monotonic loading.  266 

With the above two considerations, the damage evolution law for both unloading/reloading and 267 

transition stiffness is expressed as: 268 

 ( ) ( )/ / / / /1 expur tr ur tr ur tr ur tr ur trD D Dα β
•

= × − × × ×∆   (28) 269 

where /ur trD
•

 is the damage accumulation rate for the unloading/reloading stiffness ( urD ) or transition 270 

stiffness ( trD ) with respect to the loading cycles. It should be noted that the transition stiffness is the 271 

slope of the curve representing the path between different loading cycles, thus it only carries a 272 

numerical meaning in this study. ∆  is a parameter to account for loading amplitude effect on the 273 

damage accumulation rate, and is given as: 274 

 max max min

1,0 1,0

δ δ δ
δ δ

+

 −
∆ = × 

  
  (29) 275 

where maxδ  and minδ  are the maximum and minimum slips the node can reach within the loading 276 

cycle, 1,0δ  is the slip value corresponding to the maximum shear stress of the initial bond-slip relation 277 

under monotonic loading, and +  is an operator defined as: 278 

 
      

0      
cri

cri

if r
if r

η η
η

η+

≥
=  <

  (30) 279 



where crir  is the critical ratio when the fatigue damage starts to accumulate (in this study, 0.8crir =  is 280 

considered based on the test results presented in Zhou et al. [27]). crir , /ur trα and /ur trβ  are empirical 281 

parameters calibrated from the experimentally obtained bond-slip relations under fatigue cyclic 282 

loading.  283 

As the damage accumulation rate under fatigue loading depends on both the current damage 284 

parameter and the loading amplitude, the damage parameter in the unloading/reloading or transition 285 

path under fatigue loading should be updated as follows: 286 

 / , / /
i i i
ur tr tot ur tr ur trt t t

t t

D D t D
−∆

−∆

= + ∆ ×


  (31) 287 

where t  is the pseudo time, which could be the number of loading cycles, and t∆  is the number of 288 

loading cycles when the damage parameter is updated. /
i
ur tr t t

D
−∆

 is the damage parameter of 289 

unloading/reloading or transition stiffness at the thi  node at time t t−∆ . 290 

2.3 The bond-slip relation of CFRP-to-concrete bonded joints subjected to fatigue loading 291 

A complete bond-slip relation of a FC bonded joint under fatigue loading is illustrated in Fig.3. As 292 

mentioned previously, the damage parameter during the initial monotonic/cyclic loading of the 293 

bonded joint can be calculated with the damage-plasticity model proposed in Zhou et al. [14]. In 294 

which the damage parameter as a function of the ratio between the dissipated energy and the total 295 

fracture energy. Once fatigue loading is applied, no damage will accumulate until the slip at that point 296 

reach the critical value ,0cri cri frδ δ=  (S1 in Fig.3) in which 0.8crir =  is assumed according to previous 297 

research by the authors group [27]. Beyond this slip, fatigue damage will start to accumulate. For a 298 

point already in the softening stage (S2 in Fig. 3), the damage parameter can be calculated from the 299 

unloading/reloading stiffness, as the greater value between the value calculated from Eq. (31) and the 300 

one from the damage-plasticity model under cyclic loading (i.e. Zhou et al. [14] model). It is assumed 301 



that the change in damage parameter can only occur at the minimum slip point (S3 in Fig. 3) for the 302 

transition stiffness, and the maximum slip point (S4 in Fig. 3) for the unloading/reloading stiffness 303 

So far to the best of the authors’ knowledge, no experimental data exists on FC bonded joints under 304 

reversed cyclic loading, thus the behaviour of the FC bonded joints under reverse cyclic loading 305 

remains largely unknown. In bond-slip relation of FC bonded joints, the total layers between the 306 

underside of the CFRP laminate and the final fracture surface in concrete are considered as a single 307 

layer. To date the most detailed explanation of fracture propagation process in FC bonded joints was 308 

provided by Lu et al. [36]. Lu et al. [36] explained that under interfacial stresses, multiple diagonal 309 

cracks may occur within concrete near the adhesive-concrete interface resulting in mesoscale columns. 310 

At some stage, due to tensile stresses created by bending of those meso-scale columns, fracture 311 

parallel to the axis of the bonded joint will occur. Reversal of the shear forces may create new fracture 312 

lines orthogonal to the original diagonal cracks. In addition, reversal of the shear cracks will also 313 

reverse the direction of bending of the meso-scale columns. Therefore, it is not possible to provide a 314 

simple solution for reversal of bond-slip relation assuming reversal of plasticity. More investigations 315 

are necessary to understand the mechanisms occurring at the bonded joints under reverse cyclic 316 

loading.  317 

 318 

Fig.3. Possible states of the nodes under fatigue loading. 319 



For completeness of the model proposed in this paper, a damaged elasticity type of model was 320 

assumed when shear stress is reversed. This is highlighted in Fig. 3 by the reversal of the load to point 321 

S5. The residual fracture energy during the reverse loading was assumed to remain unchanged. This 322 

assumption of the reverse loading model should be updated once better data become available.  323 

3 Damage parameter calculation 324 

The fracture work of the FC bonded joints is related to the fracture surface/path. Therefore, when 325 

obtaining the bond-slip relationship of the bonded joints, it is important to ensure attention is given 326 

to the particular failure mode. Bond-slip behaviour of an interface failing through fracture of a certain 327 

surface cannot be used to simulate the behaviour of a bonded joints failing through another fracture 328 

surface. As mentioned, the damage-plasticity model used to calculate the initial damage parameter is 329 

for the bonded joints failed within concrete. Therefore, in the present study, only the fatigue bond 330 

behaviour of FC bonded joints failed within concrete is considered. The other failure modes such as 331 

the inter-laminar failure of CFRP plate is dependent on the matrix used in the manufacturing. Data 332 

available so far on FC bonded joints under fatigue loading failing in failure modes other than cohesive 333 

failure within concrete are inadequate to derive any meaningful conclusions. Therefore, the fatigue 334 

bond behaviour of such FC bonded joints failing in failures other than cohesive failure within concrete 335 

is considered outside the scope of this study. To calibrate the empirical parameters presented in Eq. 336 

(28), only the bond-slip relation of FC bonded joints failed in concrete under fatigue loading should 337 

be used.  338 

In the present work, only the bond-slip relation from the tests in Zhou et al. [26] where samples failed 339 

in cohesion failure within concrete (i.e., MC50-1, MC50-3, MC50-4, MC60-2 and MC60-3) were 340 

used. Specifically, for sample MC50-3, only the data recorded before the failure mode shifted from 341 

cohesion failure within concrete to adhesion failure (i.e., before 3000 loading cycles) was used. With 342 

the above bond-slip relation under fatigue loading, the unloading/reloading and the transition damage 343 



parameter in recorded cycles were calculated by following the same steps as presented in Zhou et al. 344 

[14].  345 

The evolution of the transition stiffness damage parameter at different positions of the bonded joint 346 

is presented in Fig.4. The corresponding figures for the unloading/reloading stiffness damage 347 

parameter can be found in Zhou et al. [27] and Zhou [37]. Except for the sample MC60-3, the damage 348 

accumulation rate in all other samples increased with distance from the loaded end and stabilized 349 

after a certain distance (about 60mm away from the loaded end). A slower damage accumulation rate 350 

was observed in regions closer to the loaded end due to the existence of compressive stress (the grey 351 

hatched zone in Figs. 4(a)-(c)), while damage accumulation rate in regions far away from the loaded 352 

end was much larger (in the light red hatched zone in Figs. 4(a)-(c)). As debonding propagates, 353 

compressive stress will gradually reduce resulting in gradual increase of damage rate. As debonding 354 

propagates away from the loaded end, mode II stresses become dominant resulting in a more stable 355 

damage rate. Existing studies show that mode I and mode II stress ratio varies along the bonded joints 356 

[34, 38]. While complex stresses including compression and shear stress exists in regions close to the 357 

loaded end [34], interfacial stress state becomes mode II dominant as debonding propagates away 358 

from the loaded end [39]. The existence of compressive stress could lower down the damage 359 

propagation rate compared to that under pure mode II loading. Similar observations were also made 360 

in existing experimental studies [10, 40].  361 



 362 

Fig.4. The transition stiffness damage parameter evolution at different locations with the number of 363 

loading cycles. 364 

For CFRP-to-concrete bonded joints made of 64MPa concrete, it was found that the damage 365 

accumulation rate was significantly affected by the maximum fatigue load. A gradually increasing 366 

damage rate was observed in the MC60-2 specimen as well as in the MC50-1, -3, and -4 specimens. 367 



However, when debonding propagated approx. 54mm into the bond line away from the loaded end, 368 

sudden crack propagations resulted in a steep gradient of the damage parameter accumulation curves 369 

as shown in Figs. 4(a)-(d). For the specimen MC60-3 (Fig. 4(e)), the minimum load applied varied 370 

during the testing as 11%, 12.5%, 13.9% and 11% of the load-carrying capacity under monotonic 371 

loading, which can explain the variation in damage increase rates at different locations [27]. 372 

As only the modelling of the interfacial behaviour of FC bonded joints under mode II loading is aimed 373 

at in this paper, only the damage propagation curves from the region where damage propagation is 374 

dominated by mode II loading (i.e. the middle region of the bond length) were considered in 375 

calibrating the empirical parameters in Eq. (28). Considering the sudden cracking observed during 376 

the testing of the sample MC60-2 [26], data from that sample was excluded from the calibration. It is 377 

obvious from Fig. 4, that data from the middle region of the specimens provide a higher damage 378 

accumulation rate than the data from the end regions. Therefore, when using the data from the middle 379 

region of the bonded joints, the calibrated parameters will lead to a higher damage accumulation rate 380 

prediction than the actual in regions close to the loaded end. As the proposed model will be applied 381 

to the whole bonding interface, the fatigue life prediction can be expected shorter than the actual.  382 

4 Calibration of the damage accumulation rate model under fatigue loading 383 

The damage parameter evolution curves from different locations of the bonded joints were used to 384 

determine the damage accumulation rate for both the unloading/reloading and transition stiffness as 385 

a function of the loading parameter (∆  ) and the damage parameter ( urD  or trD ). The slip value ( 1δ ) 386 

corresponding to the peak shear stress under monotonic loading was also obtained through the tests. 387 

With the above parameters, a nonlinear regression analysis was carried out using all the test data (Fig. 388 

5). As can be seen in Fig. 5, a higher damage accumulation rate results in lower values of the damage 389 

parameter, and the damage accumulation rate tends to decrease as the damage level increases. In 390 

addition, for a given damage state, a greater loading parameter will result in a higher damage 391 

accumulation rate. In other words, an increase in fatigue damage accumulation rate can be expected 392 



when a greater maximum load and a greater load amplitude are applied. Through a nonlinear 393 

regression analysis, expressions for the damage accumulation rate of unloading/reloading and 394 

transition stiffness are obtained as: 395 

 ( ) ( )1.6780.00303 1 urD
ur urD D e

•
−= × − ∆   (32) 396 

 ( ) ( )1.6820.00308 1 trD
tr trD D e

•
−= × − ∆   (33) 397 

The degradation rate of the transition stiffness for a given damage parameter or loading parameter is 398 

slightly higher than that of the unloading/reloading stiffness. Significant scatter in data resulted in the 399 

relative low fitting score (0.66 and 0.64 represented by the adjusted R-square value). Such variance 400 

can be attributed to the dynamic cracking in the FC bonded joints. Typically, during damage 401 

propagation, a crack of a certain bonding length can occur at any given time. Inhomogeneity in the 402 

concrete microstructure as well as the number of micro cracks at any given stage influence the crack 403 

propagation, therefore may lead to different crack propagation rates. However, in developing the 404 

theoretical models, concrete is considered as a homogeneous material, thus abrupt variations in crack 405 

propagation rate are neglected. Irrespective of the variations observed in test data, a model based on 406 

the above-mentioned test data may still provide an averaged damage accumulation rate for the FC 407 

bonded joints under mode II dominated loading conditions, which can be considered as a conservative 408 

fatigue damage prediction model. 409 

In addition, it is also clear that for FC bonded joints failing in cohesive failure within concrete, the 410 

mechanical properties of the concrete play a key role in damage initiation and propagation. The 411 

empirical constants in Eqs. (32) and (33) are obtained only from test data covering concrete strengths 412 

50MPa and 64.1MPa. Only two concrete strengths are far from sufficient to derive generally accurate 413 

empirical equations. Therefore, much more data covering different concrete strengths are required to 414 

develop more accurate functions for Eqns. (32) and (33). Nonetheless, the modelling approach 415 

presented in this paper is still generally applicable for all FC bonded joints.  416 



 417 

Fig. 5. The calibrated model for the damage accumulation rate of CFRP-to-concrete (FC) bonded 418 

joints. 419 

5 Numerical implementation of the proposed model 420 

To demonstrate the numerical implementation of the proposed mode, the behaviour of a FC single-421 

shear pull-off test specimen under fatigue loading was modelled using the FD method presented in 422 

Section 2. Damage evolution due to fatigue loading was calculated using the damage accumulation 423 

rate for unloading/reloading and transition stiffness given in Eqs (32) and (33). During the simulation, 424 

the state of each node was checked at every loading cycle to determine if the node has reached the 425 

range that fatigue damage starts to accumulate (i.e., node slip is greater than the critical ratio crir ). 426 

Damage accumulation was initiated when reloading occurred. A flow diagram illustrating the 427 

calculation algorithm implemented in Matlab [41] to simulate the behaviour of FC bonded joints 428 

under mode II fatigue loading is given in Fig. 6.  429 
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 430 

Fig. 6. Flow chart of the numerical implementation of the proposed model. 431 

In the algorithm shown in Fig. 6, the material properties ( cE , 𝐸𝐸𝑝𝑝), geometry of the bonded joints (𝐵𝐵𝑝𝑝-432 

width of the FRP plate, L- length of the bonded joint, 𝑡𝑡𝑐𝑐-thickness of the concrete block, 𝑡𝑡𝑝𝑝-thickness 433 

of the FRP plate), the initial parameters for the bond-slip relation (𝜏𝜏𝑓𝑓- interfacial shear strength, 𝛿𝛿1-434 

slip at interfacial shear strength, 𝛿𝛿𝑓𝑓-slip at full damage) under monotonic loading and the fatigue load 435 

conditions (𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚 -maximum applied load, 𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚 -minimum applied load, 𝑁𝑁𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,𝑝𝑝𝑝𝑝𝑝𝑝 -number of 436 



predefined fatigue loading cycles) are given as input to start the analysis. When the bonded joint is 437 

subjected to a monotonic loading condition, the 𝛿𝛿 and 𝜏𝜏 are calculated through an iterative process 438 

for each force increment. The detailed solving process can be found in Ref. [34]. When the fatigue 439 

loading is applied to the bonded joints and the maximum interfacial shear stress/slip has reached the 440 

threshold value for fatigue damage accumulation (i.e., 𝛿𝛿
𝛿𝛿1
≥ 𝑟𝑟𝑐𝑐𝑐𝑐𝑐𝑐), the urD , and trD will be calculated 441 

and updated for the subsequent calculation. These damage parameters will be further used as input 442 

for the iterative solution process. Once a converged solution is obtained (that is when  443 

||𝑪𝑪𝑈𝑈,𝑘𝑘𝑼𝑼𝑘𝑘|𝑗𝑗 − 𝑹𝑹𝑘𝑘|𝑗𝑗||2 ≤ 𝑡𝑡𝑡𝑡𝑡𝑡 , where tol is the tolerance value to accept the convergence), the 444 

interfacial slip, stress, damage parameters, and the parameters for the bond-slip relation in the current 445 

loading cycle will be used for the subsequent calculation. In each loading cycle, such process will be 446 

repeated until the prescribed force is attained. The above process will be looped until the number of 447 

loading cycles has reached the predetermined value.  448 

To demonstrate the workability of the proposed model and FD algorithm, behaviour of the specimen 449 

MC50-4 from Zhou et al. [27] was simulated using the parameters given in Table. 1. In the numerical 450 

simulation, the loading protocol followed in the test was used as the input to control the simulation. 451 

The bonded joint was first monotonically loaded to 24kN and then unloaded to 4kN. This was then 452 

followed by 2500 cycles of fatigue loading ranging from 4kN to 24kN. Next another 3000 cycles of 453 

fatigue loading ranging from 4kN to 25kN were applied. Finally, monotonic loading was applied until 454 

full debonding of the bonded joint occurred.  455 

Table 1. Parameters used in the simulation of sample MC504 456 

pE  pb  pt  cE  cb  ct  ,0fτ  1δ  2δ  L  

MPa mm mm MPa mm mm MPa mm mm mm 

160000 50 1.4 33446 150 200 7.24 0.045 0.27 300 

 457 



Fig. 7 presents the comparison between the experimental and numerical simulation results in terms 458 

of the load-displacement curve at the loaded end. It should be noted that the curves are plotted every 459 

20 cycles as the data was recorded at such frequency in the test. It is obvious that the displacement at 460 

the loaded end increased with the loading cycles while the slope of the curve decreased. However, 461 

compared to the experimental results, the damage accumulated much faster in the numerical 462 

simulation. Unlike the experimental test which failure occurred during the final monotonic loading, 463 

the numerical simulation shows that the bonded joint failed when the number of loading cycles was 464 

3500. Such a difference was expected as the proposed model used a faster damage accumulation rate 465 

than what was observed in the experiments within the bond length closer to the loaded end. Therefore, 466 

predictions tend to provide conservative results. To account for the effects of the compressive/tensile 467 

stresses within the bonded joints on the fatigue bond behaviour, the damage accumulation rate must 468 

consider the mode mix ratio. Such a model can only be developed once experimental data under 469 

mixed mode loading becomes available. However, this is outside the scope of the present study. 470 

 471 

Fig. 7. Comparison between numerical simulation and test. 472 

Since the proposed model is aimed at modelling the bond behaviour under mode II loading, only the 473 

bond bond-slip curves and damage parameter evolution at 75mm, 85mm, 95mm and 105mm away 474 



from the loaded end from both experimental test and numerical simulation are compared in Figs. 8 475 

and 9. In the simulation, it is obvious that negative shear stresses occurred in the fatigue loading 476 

cycles. Such behaviour is consistent with the experimental findings presented in Zhou et al. [14] for 477 

FC bonded joints subjected to cyclic loading. However, interfacial shear stress is always positive in 478 

the experimental test results of the fatigue test specimens, as a direct result of the regression analysis 479 

method used in obtaining the strain distribution [26]. In obtaining the data from experimental results, 480 

noise of data was filtered using a monotonic mathematical expression-based regression analysis 481 

method. In doing so, some of the local peaks and valleys (especially if the values are relatively small) 482 

in the strain distribution along the bond length were smoothened. Such smoothening is believed to be 483 

the reason for not obtaining negative shear stress values, which were clearly present in experimental 484 

results of cyclic loading of similar bonded joints [14].  Nonetheless, error caused by the regression 485 

analysis is significant only at the later stages of the bond-slip curve when the shear stress reaches zero 486 

and the damage parameter is close to 1. Therefore, the overall effect of this error on the global 487 

behaviour was considered to be negligible. 488 



 489 

Fig.8. Comparison of the bond-slip relation between numerical simulation and test MC30-4 at 490 

different locations. 491 

Experimental results of the damage parameter evolution showed a good agreement with the 492 

simulation results while the damage parameter is less than 0.8 (Fig. 9). It is assumed that full damage 493 

at a node is reached when either the maximum interfacial shear stress value become negative or when 494 

a node enters the reversed softening region (Fig. 9). This assumption is employed to ensure the 495 

ultimate stress is not negative when the damage parameter reaches 1 during the simulation. As a result 496 

of this assumption, a jump in the damage parameter was observed from approximately 0.9 to 1 in the 497 

simulation results. For all the experimental data used to calibrate the models proposed in this paper, 498 



the maximum loading amplitude was over 65% of the bond strength. Therefore, strict application of 499 

the model is also limited to the loading range of the tests, i.e., over 65% of the bond strength. When 500 

the maximum load amplitude is over 65% of the bond strength, the damage parameter can expected 501 

to be closer to 1 when the maximum shear stress becomes zero. As such, assuming full damage is 502 

deemed to be reasonable. 503 

 504 

Fig. 9. Comparison of the unloading/reloading damage parameter evolution between numerical 505 

simulation and test MC30-4 at different locations. 506 



6 Conclusions 507 

In this paper, a numerical model which can predict the bond behaviour of CFRP-to-concrete (FC) 508 

bonded joints failing in cohesion failure within concrete under mode II fatigue loading was developed. 509 

Based on the comparison between numerical simulations and test results, the following conclusions 510 

can be drawn: 511 

1. The fatigue damage accumulation rate was found to vary along the bond length. Fatigue 512 

damage accumulation rate closer to the loaded end was much slower than that in regions far 513 

away from the loaded end. This low fatigue damage accumulation rate closer to the loaded 514 

end is attributed to the existence of compressive stresses in the regions close to the loaded end. 515 

2. It was found that even though the damage level and the applied stress amplitude are the same, 516 

the damage accumulation rate at different locations could be different. This is due to brittle, 517 

unstable cracking within concrete which are typically not distributed uniformly along the bond 518 

length.  519 

3. The damage accumulation rate for the unloading/reloading and transition stiffness were 520 

calibrated as a relation between the damage level and the stress amplitude by using the bond-521 

slip relation in regions with mode II dominant loading. Such a model can be used to predict 522 

the bond-behaviour of FC bonded joints under mode II fatigue loading. 523 

4. The proposed numerical simulation slightly overestimates the debonding rate and thus 524 

provides a conservative prediction for the fatigue life of the bonded joints. This is due to 525 

ignoring the beneficial effects from the compressive stresses near the loaded end on reducing 526 

the rate of crack propagation, which was done as only mode II loading was considered in the 527 

present study. For pure mode II load conditions, the proposed numerical simulation is 528 

expected to provide more accurate predictions. 529 

5. A larger test database on the bond behaviour of FC bonded joints under fatigue loading is 530 

required to further calibrate and improve the accuracy of the proposed model. In addition, 531 



while the present study is focused on cohesion failure within concrete, numerical models for 532 

other interfacial failure modes are worth investigation in future studies. 533 
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