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Abstract:

This paper presents a theoretical study aimed at predicting the behaviour of carbon fibre reinforced
polymer-to-concrete bonded joints under fatigue-cyclic loading. A model considering the plastic
deformations of the interface, the damage, and the damage accumulation due to fatigue-cyclic loading
is proposed. The damage accumulation model is calibrated through the experimental bond-slip
relation. Then, a numerical algorithm is formulated to simulate the fatigue bond behaviour using the
calibrated damage accumulation model. Numerical simulation was found to provide conservative
predictions for fatigue life, which was attributed to the neglect of beneficial effects from the

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

Carbon fibre reinforced polymer (CFRP) strengthening of reinforced concrete (RC) structures to
increase flexural and shear capacities has become a popular technique amongst the construction
engineers due to its many advantages such as high strength-to-weight ratio, ease of application, and
less disturbance to traffic [1, 2]. Amongst the numerous strengthening techniques using CFRPs, the
externally bonded (EB) CFRP laminate strengthening technique that requires minimal efforts to
implement has been the most popular technique. Performance of RC structures strengthened using
EB CFRP relies on the interfacial shear stress transfer mechanism of the CFRP-to-concrete (FC)
bonded joints [3]. Therefore, understanding the behaviour of FC bonded joints is of key significance.
As a result, many efforts have been devoted to understanding and predicting the bond behaviour of
FC bonded joints [4-8]. Design theories have been well established to predict the behaviour of FC
bonded joints under quasi-static monotonic loading [4, 5]. In these prediction models, a bond-slip
relation which describes the relation between the interfacial shear stress and the relative displacement
between the CFRP and concrete substrate, is commonly used for modelling the behaviour of FC
bonded joints under monotonic loading [5,9]. In such bond-slip models, a damaged elasticity
assumption (i.e., load is assumed to always unload to zero at zero slip) is often made for defining

damage evolution.

Many EB CFRP strengthened RC structures, such as bridge girders are likely to be subjected to
repeated loading. Such repeated loading can be generally categorized into quasi-static cyclic loading
and fatigue-cyclic loading according to the loading frequency. For simplicity, the former will be
termed as cyclic loading and the latter as fatigue loading in this paper. Compared to the research on
the bond behaviour under monotonic loading, only limited research has been carried out so far on
understanding the behaviour of FC bonded joints under cyclic loading [9-14]. Existing experimental
investigations have shown that when subjected to cyclic loading, FC bonded joints also fail within
concrete (i.e. cohesion failure within concrete) similarly to those joints subjected to monotonic

loading [14].
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Experimentally derived bond-slip relations under cyclic loading showed clear damage plasticity (i.e.
reduction in unloading stiffness due to damage and residual slip at zero load during unloading
showing plastic deformations) behaviour [11, 14, 15] therefore shows the commonly used damage
elasticity assumption in representing the cyclic bond behaviour is not accurate [3, 16]. Several
analytical models have been proposed to predict the cyclic bond behaviour of the FC bonded joints
considering damaged plasticity [12-14]. Different from bond-slip relations under monotonic loading,
bond-slip relations under cyclic loading require damage parameters to be defined considering both
damage and plasticity during unloading/reloading within the softening range. Zhou et al. [ 14] pointed
out several shortcomings of the existing models and proposed the first thermodynamically consistent
bond-slip relation for FC bonded joints under cyclic loading. However, existing experimental studies
on FC bonded joints under fatigue loading have shown that failure modes are more complex than that
of FC bonded joints under monotonic or cyclic loading [17-25], thus bond-slip models derived for

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

Different failure modes including cohesion failure within the concrete, cohesion failure within the
adhesive, adhesion failure at the CFRP-adhesive bi-material interface, adhesion failure at the
concrete-adhesive bi-material interface, and interlaminar failure within the CFRP laminate were
observed in FC bonded joint tests under fatigue loading [18, 20-23, 26]. Amongst the failure modes
observed, adhesion failures are subjected to the quality of surface preperation. However, studies
reporting the adhesion failures often did not report surface quality measurements or sufficient details
of the adopted surface preparation methods. Therefore, it is difficult to asses if the adhesion failure
was driven by the poor surface quality. On the otherhand, existing research has shown that with
adequate surface preperation, adhesion failure modes of the FC bonded joints (i.e. adhesion failure at
the CFRP-adhesive and the concrete-adhesive bi-material interfaces) can be avoided [26]. Once
adhesion failures are avoided, failure mode under fatigue loading was found to be dependent on the
concrete strength, the CFRP laminate type and the maximum fatigue load level [27]. To date the exact

reasons for complex failure modes observed under fatigue loading remain largely unknown. More
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studies are required to better understand the change of failure modes in FC bonded joints under fatigue
loading. Nonetheless, while the effect of CFRP laminate type on the overall fatigue performance is
not clear, the selection of a certain type of CFRP laminate (e.g. MasterBrace Laminate) was found to
to avoid the CFRP interlaminar failure and the failures were limited to cohesion failure within
concrete or cohesion failure within adhesive [27]. Experimental studies of FC bonded joints under
fatigue loading showed a decrease in the slope of the load-displacement curve with the increasing
number of loading cycles [19-26]. Softening of the interface and the gradual debonding of the CFRP
laminate from the concrete substrate are believed to be the reasons for the observed degradation of

stiffness of the load-displacement curves.

It is common to assess the performance of a bonded joint in terms of its fatigue life (i.e. number of
loading cycles the bonded joint can sustain), thus has been the key focus of the majority of the
published work on FC bonded joints under fatigue loading [18, 21, 25, 28, 29]. To the best of the
author’s knowledge, only two studies have been published so far on the experimental bond-slip
behaviour of FC bonded joints under fatigue loading [23, 26]. Both studies showed an obvious
damage accumulation in unloading/reloading stiffness of the bond-slip relation because of the fatigue
loading. Existing experimental investigations on FC bonded joints under fatigue loading [27] have
demonstrated that if elastic interfacial shear stresses are less than 80% of the maximum interfacial
shear strength, fatigue loading would not cause any damage. When loaded beyond this stress level,
damage due to fatigue will initiate and starts to accumulate. A similar conclusion can be found in Al-
Saoudi et al. [30] in which the fatigue damage threshold value of the stress was found to be 75% of

the maximum interfacial shear strength under monotonic loading.

Several theoretical models have been proposed to predict the fatigue life of FC bonded joints [22, 25,
26, 31, 32], the rate of debonding [18, 28], and the bond-slip relation under fatigue loading [13, 23,
33]. Among which, Zhu et al. [26] and Li et al. [22] expressed the fatigue life of FC bonded joints as
a function of the loading amplitude and the concrete compressive strength. However, the fatigue life

of the bonded joints is also affected by the interface geometry (e.g., CFRP laminate thickness,
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adhesive thickness) which affects the interfacial stress significantly. Therefore, both models cannot
be applied for bonded joints of different geometries. Carrara and De Lorenzis [13] proposed a
damage-plasticity model to capture the behaviour of the bonded interface under fatigue loading. Their
model assumed unloading of the slip with zero interfacial shear stress. However, this assumption was
later proven to be unreasonable by experimental results of FC bonded joints under cyclic loading [14].
Recent study by Zhang et al. [33] presented a mix-mode cohesive zone model to simulate the bond
behaviour of FC bonded joints under fatigue loading. Stiffness degradation of the traction-separation
curves was not related to the number of loading cycles. Empirical-based equations were developed
for load degradation as a function of the number of loading cycles. Such a model however does not
appropriately consider the fatigue damage of the interface as a function of the loading applied to the

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

It should be noted that none of the existing models considered the possibility of fracture surface
moving from one constituent to another. As the interfacial fracture work is directly related to the
constituent where the fracture would occur, a change in the failure mode affects the total fracture
work thus the damage process. Therefore, if the fracture path is different, models ignoring the failure

mode change cannot be directly applied.

Against this background, this paper presents a theoretical study aimed at developing a bond-slip
relation for FC bonded joints under fatigue loading, when the failure mode is cohesion failure within
concrete. The present study is built upon the previous experimental work carried out by the authors
on FC bonded joints subjected to fatigue loading [27]. Only the “cohesion failure within concrete”
failure mode was considered due to lack of data available on FC bonded joints subjected to fatigue
loading and failing in other failure modes. In the present study, a finite difference (FD) algorithm was
firstly formulated to simulate the bond behaviour of FC bonded joints under fatigue loading. Then, a
path-defined model was proposed to simulate the unloading and reloading of bond-slip relation under
fatigue loading. Based on the experimental results of FC bonded joints failed within concrete, the

damage accumulation rate was calibrated through regression analysis and was implemented in the
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proposed FD algorithm. The load-displacement curve and the local bond-slip relation from the

numerical predictions were compared with test results.

2 The proposed model

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

The bond behaviour of FC bonded joints is often investigated through a single-shear pull-off test (Fig.
1). By assuming that the interfacial shear stresses are uniform through the thickness of the adhesive
layer and ignoring the bending and longitudinal normal stresses in the adhesive layer, the free body
diagram of an indefinite segment can be drawn as Fig. 1c. These assumptions, also commonly adopted
in other research, were shown to have a negligible effect on the simulation of the behaviour of FC
bonded joints under mode II loading [7, 12, 34]. To simulate the bond behaviour of FC bonded joints
under fatigue loading, the FD method proposed by Carrara and Ferretti [34] was modified to account
for the change in bond-slip relation when fatigue loading is applied. Detailed FD method is presented

below.



138

139

140

141

142

143

144

145

146

147

Clamp Far end CFRP laminate Loaded end Force
Ve _ e
1 % 0N FaE SN

y -« Adhesive - BT i
I, ' )
o Loco o Horizontal | ¢
Vertical support - “SUPpOIt
AAAAAAAAAAALAA

(a) The elevation view

’l‘r

Concrete

b(
Concrete _ % E, !
(b) The top view
i i+1
® [ ]
dx

. L
[

(c) The free-body diagram of the bonded joints

Fig.1. Idealized CFRP-to-concrete (FC) bonded joints
According to the force equilibrium of the CFRP element shown in Fig. 1c, the following differential

equation can be established:

L =1b (1)

where 7 and b, are the axial force and width of the CFRP plate respectively, 7 is the interfacial

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

The relative displacement between the CFRP plate and the concrete substrate, i.e., slip (0) can be

written as follows:

o=u, —u (2)

4 c
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Where u, and u, are the displacements of CFRP plate and concrete at a given position of the

bonded joints respectively.

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

as:

d
0, =E, " ©
o =E OZC @)

where E, and E, are the elastic moduli of the CFRP plate and concrete respectively, and o, and o,

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

plate and the concrete can be also written as:

_B 5
op =7 5)
_E
0 = 7 (6)

where F; is the axial force applied on the concrete block, 4, and A, are the sectional areas of CFRP

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

following equation can be derived:
F,+F =0 (7)

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

do 1 1
@9l R ®)
dx \EA, EA )"
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Dividing the whole bonding interface into n number of segments, Eqs (1) and (8) at each segment i

(Fig.1c) can be approximated as:

Fi+1_Fi 1 ‘ .
A E ATl 9
i Al 15, ©)
sM-5 1 1 1 o
=— + (F'+F)) (10)
h 2\ E A EA

where £ is the length of the segment, 0 o F ; are the slip, interfacial shear stress and axial force of

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

can be calculated as:
=7} + K] (5 -5)) (11)

where r} and K| are the peak shear stress and the tangential stiffness of the bond-slip relation in a
given loading cycle. &/ is the slip value at the peak shear stress at node i in a particular loading cycle.

Experimental observations showed that when fatigue loading was stopped and followed by monotonic
loading, the bond behaviour has followed the envelope bond-slip relation under monotonic loading

[27]. Therefore, it is assumed that for slip values greater than &/, the slope of the softening curve will
be the same as the softening branch of the bond-slip curve under monotonic loading, i.e. K, .
Therefore, K/ can be calculated as:
(1-D')k, if 5.<5<5]
K =1K, if 8;<5<6; (12)
0 if §,<6
where K, and K are the initial tangential stiffness in the ascending branch and the slope of the

softening branch of the bond-slip relation respectively (Fig. 2), D' is the damage parameter at node
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i, and 5{,5;, and 5} are the slip values at the peak shear stress, zero shear stress and the full damage

point at node i respectively. Experimental studies showed that once damage initiates, the value of the
D' increases gradually until the full damage is reached [26]. Therefore, a model to define the

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

During unloading, it is possible that interfacial shear stress becomes negative. In such a case, the
tangential stiffness can be found by using the centre-symmetrical point of the slip values with respect

to 5:.
At the k” step, substituting Eq. (11) into Eq. (9) gives:

FHI _ Fi ) ) ) . . . . .
et Lo K (0 -0 e KL (08 ) B, (42

1

As shown in Fig. 2, if the damage parameter is known, the maximum interfacial shear stress (7, )
and the corresponding slip value (5, ) at different nodes in a particular loading cycle can be

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

as:

(5:,1 _511';1)_(5;_51’0 1{ 1 1 J(FH"‘F;J{)_M (14)

= — + *
h 20E4, EA )" h

1
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Fig.2. The proposed bond-slip model under fatigue loading.
Taking 5;,,{ = 5; — 51’;,( and 5::,1 = 5;” - 5{;1 , Egs (13) and (14) can be expressed respectively as:

Fi 1 i . i+1 1 s 1 o ;
hp’k _5 l’kéd,kbﬂ * Z,k _EKf,klé‘d,zibp ZE(Tf',}f +Tf,k)bp (15)

i i

i i+1 i+l i
W i Oax W i Oax (51,k_51,k)

—-——F ——=——F"+ =— 16
275 n 2% h h, (16)
1 : . . :
where W =——+——_ Expressing Eqs (15) and (16) in matrix form gives:
E A, E.A,
1 | | | F Lo
—- Kb, - Kb, 55?* —(7i5 +7}4 )b,
i i d.k
ol | = il i (17)
I N P B A N Gl
2 h, 2 h, 5y p h,

Eq. (17) can be extended to model the full bond joint using the system of equations as:
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J, Q U, |=|R, (18)

Bl

n+l | n+l |

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

of J. and Q, which are given by:

1 | 1 i+l
T 2 o2
J = ' ,Q.=| 19
S, Q, 1, 1 (19)
2 h 2 h

U, and R, in the matrixes U and R are given by:

ok

Fi
Ui = 1.)’k s Ri = it i (20)
|:5;’k} (51,k] _51,1()

— -

1

%(r’;}{ +7 )bp

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

load type (i.e., force or displacement) and Z in Eq. (18) is the corresponding force or displacement
vector at the loaded end. For fatigue loading of single shear pull-off tests on FC bonded joints
presented in Zhou et al. [27], the force control method was used for the initial monotonic loading and
the subsequent fatigue loading. However, the displacement control method was used for the final
monotonic loading to failure. Therefore, both force and displacement boundary conditions should be
considered in simulating the single-shear pull-off tests under fatigue loading presented in Zhou et al.

[27]. For the test using force control, the boundary conditions are:
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Substituting the boundary conditions in Eq. (21) in to Eq. (18) and expanding the expression yields:
1><Fp‘,k+0><5;’k+0><F;;‘+0><5;j{‘:0 (22)
0><Fp17k+O><§d1)k+1><F;;1+0><5"};{1 =Fp"; (23)

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

non-zero force is applied at the loaded end.

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

s [ro] o, foo] [0
1 0 0 ’ n+l T 0 1’ 5:;{1 (24)

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

follows:

IXF,, +0x6,, +0xF ' +0x8); =0 (25)

0><Fp‘,k+0><5C‘,,,€+0><F1;’j€1 +1x 85 =6} (26)

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

plate.

Once &, is solved iteratively, the interfacial shear slip at each node along the bonding length can

be calculated from the following expression:
5I£ = 5;,1( + 61i,k (27)

and the interfacial shear stress can be determined from Eq. (11).
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It can be seen from the above FD algorithm that the k7, therefore D' is critical in simulating the

bond behaviour under fatigue cyclic loading. To account for the variation of x7 under fatigue loading,

D' should be updated when fatigue cyclic loading is applied. A fatigue damage accumulation model,

which describes the variation of D’ with fatigue loading is presented next.

2.2 The fatigue damage accumulation rate model

Zhou et al. [14] presented a model to determine the damage parameter evolution of FC bonded joints
during cyclic loading. In this model, the unloading and reloading were assumed to be the same, such
an assumption is also adopted in Roe and Siegmund [35] and Zhang et al. [33]. However, actual
loading and unloading behaviour of FC bonded joints demonstrate hysteretic loops [14]. Nonetheless,
existing studies on FC bonded joints subjected to cyclic loading have demonstrated that ignoring the
hysteretic behaviour in bond-slip models have negligible effects on the overall behaviour of the FC
bonded joint [14, 32, 34]. However, assuming the same stiffness in loading and unloading cannot
capture the damage accumulation unless the unloading reached the inverse softening region or the

loading reached the envelope curve [14].

In the present study, in addition to the unloading/reloading curve, a transition path (dashed line in Fig.
2) is defined to capture the damage accumulation between two unloading/reloading curves. Different

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

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

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

While finding the proper function to represent the damage parameter increment, the following
characteristics of the bond-slip relation of FC bonded joints subjected to fatigue loading were

considered:

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

shear stress is higher than 80% of the peak shear strength under monotonic loading [27]. When
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a bi-linear bond-slip relation is employed in the simulation, the same ratio can be used for the
slip value at interfacial shear stress when the fatigue damage starts to accumulate.

(2) the damage accumulation rate was assumed to decrease with the damage level. Once the
fatigue loading was stopped and monotonic loading was applied, the bond-slip relationship

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

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

transition stiffness is expressed as:

l.)ur/tr = aur/tr X (1 - Dur/tr ) X eXp (ﬂur/tr X Dur/tr ) X A (28)

where D.» is the damage accumulation rate for the unloading/reloading stiffness (D

ur

) or transition

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

slope of the curve representing the path between different loading cycles, thus it only carries a
numerical meaning in this study. A is a parameter to account for loading amplitude effect on the

damage accumulation rate, and is given as:

o) o —0..
A= <ﬂ> 5 —max min (29)

where 0, and O, are the maximum and minimum slips the node can reach within the loading

X n

cycle, s, , is the slip value corresponding to the maximum shear stress of the initial bond-slip relation

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

nif nzr,
(), ={ (30)

0 UF 77<rcri
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where 7, ; is the critical ratio when the fatigue damage starts to accumulate (in this study, #,, =0.8 is

considered based on the test results presented in Zhou et al. [27]). 7., &,,,,and [, are empirical

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

loading.

As the damage accumulation rate under fatigue loading depends on both the current damage
parameter and the loading amplitude, the damage parameter in the unloading/reloading or transition

path under fatigue loading should be updated as follows:

0
_+AIXD,,, 31)

t—At

i
Dur/tr

Di

ur/tr tot

t t—

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

loading cycles when the damage parameter is updated. D’

ur/tr AL

is the damage parameter of

h

unloading/reloading or transition stiffness at the i node at time ¢ —At.

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

A complete bond-slip relation of a FC bonded joint under fatigue loading is illustrated in Fig.3. As
mentioned previously, the damage parameter during the initial monotonic/cyclic loading of the
bonded joint can be calculated with the damage-plasticity model proposed in Zhou et al. [14]. In
which the damage parameter as a function of the ratio between the dissipated energy and the total
fracture energy. Once fatigue loading is applied, no damage will accumulate until the slip at that point

reach the critical value 5, =7,.5,, (Siin Fig.3) in which r,

- - =0.8 is assumed according to previous
research by the authors group [27]. Beyond this slip, fatigue damage will start to accumulate. For a
point already in the softening stage (S2 in Fig. 3), the damage parameter can be calculated from the

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

one from the damage-plasticity model under cyclic loading (i.e. Zhou et al. [14] model). It is assumed
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that the change in damage parameter can only occur at the minimum slip point (S3 in Fig. 3) for the

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

So far to the best of the authors’ knowledge, no experimental data exists on FC bonded joints under
reversed cyclic loading, thus the behaviour of the FC bonded joints under reverse cyclic loading
remains largely unknown. In bond-slip relation of FC bonded joints, the total layers between the
underside of the CFRP laminate and the final fracture surface in concrete are considered as a single
layer. To date the most detailed explanation of fracture propagation process in FC bonded joints was
provided by Lu et al. [36]. Lu et al. [36] explained that under interfacial stresses, multiple diagonal
cracks may occur within concrete near the adhesive-concrete interface resulting in mesoscale columns.
At some stage, due to tensile stresses created by bending of those meso-scale columns, fracture
parallel to the axis of the bonded joint will occur. Reversal of the shear forces may create new fracture
lines orthogonal to the original diagonal cracks. In addition, reversal of the shear cracks will also
reverse the direction of bending of the meso-scale columns. Therefore, it is not possible to provide a
simple solution for reversal of bond-slip relation assuming reversal of plasticity. More investigations
are necessary to understand the mechanisms occurring at the bonded joints under reverse cyclic

loading.

Initial bond-slip curve

>0

Fig.3. Possible states of the nodes under fatigue loading.
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For completeness of the model proposed in this paper, a damaged elasticity type of model was
assumed when shear stress is reversed. This is highlighted in Fig. 3 by the reversal of the load to point
Ss. The residual fracture energy during the reverse loading was assumed to remain unchanged. This

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

3 Damage parameter calculation

The fracture work of the FC bonded joints is related to the fracture surface/path. Therefore, when
obtaining the bond-slip relationship of the bonded joints, it is important to ensure attention is given
to the particular failure mode. Bond-slip behaviour of an interface failing through fracture of a certain
surface cannot be used to simulate the behaviour of a bonded joints failing through another fracture
surface. As mentioned, the damage-plasticity model used to calculate the initial damage parameter is
for the bonded joints failed within concrete. Therefore, in the present study, only the fatigue bond
behaviour of FC bonded joints failed within concrete is considered. The other failure modes such as
the inter-laminar failure of CFRP plate is dependent on the matrix used in the manufacturing. Data
available so far on FC bonded joints under fatigue loading failing in failure modes other than cohesive
failure within concrete are inadequate to derive any meaningful conclusions. Therefore, the fatigue
bond behaviour of such FC bonded joints failing in failures other than cohesive failure within concrete
is considered outside the scope of this study. To calibrate the empirical parameters presented in Eq.
(28), only the bond-slip relation of FC bonded joints failed in concrete under fatigue loading should

be used.

In the present work, only the bond-slip relation from the tests in Zhou et al. [26] where samples failed
in cohesion failure within concrete (i.e., MC50-1, MC50-3, MC50-4, MC60-2 and MC60-3) were
used. Specifically, for sample MC50-3, only the data recorded before the failure mode shifted from
cohesion failure within concrete to adhesion failure (i.e., before 3000 loading cycles) was used. With

the above bond-slip relation under fatigue loading, the unloading/reloading and the transition damage
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parameter in recorded cycles were calculated by following the same steps as presented in Zhou et al.

[14].

The evolution of the transition stiffness damage parameter at different positions of the bonded joint
is presented in Fig.4. The corresponding figures for the unloading/reloading stiffness damage
parameter can be found in Zhou et al. [27] and Zhou [37]. Except for the sample MC60-3, the damage
accumulation rate in all other samples increased with distance from the loaded end and stabilized
after a certain distance (about 60mm away from the loaded end). A slower damage accumulation rate
was observed in regions closer to the loaded end due to the existence of compressive stress (the grey
hatched zone in Figs. 4(a)-(c)), while damage accumulation rate in regions far away from the loaded
end was much larger (in the light red hatched zone in Figs. 4(a)-(c)). As debonding propagates,
compressive stress will gradually reduce resulting in gradual increase of damage rate. As debonding
propagates away from the loaded end, mode II stresses become dominant resulting in a more stable
damage rate. Existing studies show that mode I and mode II stress ratio varies along the bonded joints
[34, 38]. While complex stresses including compression and shear stress exists in regions close to the
loaded end [34], interfacial stress state becomes mode II dominant as debonding propagates away
from the loaded end [39]. The existence of compressive stress could lower down the damage
propagation rate compared to that under pure mode II loading. Similar observations were also made

in existing experimental studies [10, 40].
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363  Fig.4. The transition stiffness damage parameter evolution at different locations with the number of

364 loading cycles.

365 For CFRP-to-concrete bonded joints made of 64MPa concrete, it was found that the damage
66  accumulation rate was significantly affected by the maximum fatigue load. A gradually increasing

67  damage rate was observed in the MC60-2 specimen as well as in the MC50-1, -3, and -4 specimens.
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However, when debonding propagated approx. 54mm into the bond line away from the loaded end,
sudden crack propagations resulted in a steep gradient of the damage parameter accumulation curves
as shown in Figs. 4(a)-(d). For the specimen MC60-3 (Fig. 4(e)), the minimum load applied varied
during the testing as 11%, 12.5%, 13.9% and 11% of the load-carrying capacity under monotonic

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

As only the modelling of the interfacial behaviour of FC bonded joints under mode II loading is aimed
at in this paper, only the damage propagation curves from the region where damage propagation is
dominated by mode II loading (i.e. the middle region of the bond length) were considered in
calibrating the empirical parameters in Eq. (28). Considering the sudden cracking observed during
the testing of the sample MC60-2 [26], data from that sample was excluded from the calibration. It is
obvious from Fig. 4, that data from the middle region of the specimens provide a higher damage
accumulation rate than the data from the end regions. Therefore, when using the data from the middle
region of the bonded joints, the calibrated parameters will lead to a higher damage accumulation rate
prediction than the actual in regions close to the loaded end. As the proposed model will be applied

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

4 Calibration of the damage accumulation rate model under fatigue loading

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

determine the damage accumulation rate for both the unloading/reloading and transition stiffness as
a function of the loading parameter (A ) and the damage parameter (D, or D, ). The slip value (9, )

corresponding to the peak shear stress under monotonic loading was also obtained through the tests.
With the above parameters, a nonlinear regression analysis was carried out using all the test data (Fig.
5). As can be seen in Fig. 5, a higher damage accumulation rate results in lower values of the damage
parameter, and the damage accumulation rate tends to decrease as the damage level increases. In
addition, for a given damage state, a greater loading parameter will result in a higher damage

accumulation rate. In other words, an increase in fatigue damage accumulation rate can be expected
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when a greater maximum load and a greater load amplitude are applied. Through a nonlinear
regression analysis, expressions for the damage accumulation rate of unloading/reloading and

transition stiffness are obtained as:

Dur =0.00303x(1-D,, )e' ™72 (32)

Dy =0.00308x (1= D, )¢ 2% (33)

The degradation rate of the transition stiffness for a given damage parameter or loading parameter is
slightly higher than that of the unloading/reloading stiffness. Significant scatter in data resulted in the
relative low fitting score (0.66 and 0.64 represented by the adjusted R-square value). Such variance
can be attributed to the dynamic cracking in the FC bonded joints. Typically, during damage
propagation, a crack of a certain bonding length can occur at any given time. Inhomogeneity in the
concrete microstructure as well as the number of micro cracks at any given stage influence the crack
propagation, therefore may lead to different crack propagation rates. However, in developing the
theoretical models, concrete is considered as a homogeneous material, thus abrupt variations in crack
propagation rate are neglected. Irrespective of the variations observed in test data, a model based on
the above-mentioned test data may still provide an averaged damage accumulation rate for the FC
bonded joints under mode II dominated loading conditions, which can be considered as a conservative

fatigue damage prediction model.

In addition, it is also clear that for FC bonded joints failing in cohesive failure within concrete, the
mechanical properties of the concrete play a key role in damage initiation and propagation. The
empirical constants in Egs. (32) and (33) are obtained only from test data covering concrete strengths
50MPa and 64.1MPa. Only two concrete strengths are far from sufficient to derive generally accurate
empirical equations. Therefore, much more data covering different concrete strengths are required to
develop more accurate functions for Eqns. (32) and (33). Nonetheless, the modelling approach

presented in this paper is still generally applicable for all FC bonded joints.
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Fig. 5. The calibrated model for the damage accumulation rate of CFRP-to-concrete (FC) bonded

joints.

5 Numerical implementation of the proposed model

To demonstrate the numerical implementation of the proposed mode, the behaviour of a FC single-
shear pull-off test specimen under fatigue loading was modelled using the FD method presented in
Section 2. Damage evolution due to fatigue loading was calculated using the damage accumulation
rate for unloading/reloading and transition stiffness given in Eqs (32) and (33). During the simulation,

the state of each node was checked at every loading cycle to determine if the node has reached the
range that fatigue damage starts to accumulate (i.e., node slip is greater than the critical ratio 7,.).

Damage accumulation was initiated when reloading occurred. A flow diagram illustrating the
calculation algorithm implemented in Matlab [41] to simulate the behaviour of FC bonded joints

under mode II fatigue loading is given in Fig. 6.
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Fig. 6. Flow chart of the numerical implementation of the proposed model.

In the algorithm shown in Fig. 6, the material properties ( £, , E},), geometry of the bonded joints (B,,-
width of the FRP plate, L- length of the bonded joint, t.-thickness of the concrete block, t,,-thickness
of the FRP plate), the initial parameters for the bond-slip relation (- interfacial shear strength, &;-
slip at interfacial shear strength, §¢-slip at full damage) under monotonic loading and the fatigue load

conditions ( Fp,q, -maximum applied load, Fp,;, -minimum applied load, Nfqtigyepre -number of
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predefined fatigue loading cycles) are given as input to start the analysis. When the bonded joint is
subjected to a monotonic loading condition, the § and 7 are calculated through an iterative process
for each force increment. The detailed solving process can be found in Ref. [34]. When the fatigue

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

threshold value for fatigue damage accumulation (i.e., ai > Tert), the D, and D, will be calculated
1

ur

and updated for the subsequent calculation. These damage parameters will be further used as input
for the iterative solution process. Once a converged solution is obtained (that is when
[|CyxUklj — Riljll2 < tol, where tol is the tolerance value to accept the convergence), the
interfacial slip, stress, damage parameters, and the parameters for the bond-slip relation in the current
loading cycle will be used for the subsequent calculation. In each loading cycle, such process will be
repeated until the prescribed force is attained. The above process will be looped until the number of

loading cycles has reached the predetermined value.

To demonstrate the workability of the proposed model and FD algorithm, behaviour of the specimen
MC50-4 from Zhou et al. [27] was simulated using the parameters given in Table. 1. In the numerical
simulation, the loading protocol followed in the test was used as the input to control the simulation.
The bonded joint was first monotonically loaded to 24kN and then unloaded to 4kN. This was then
followed by 2500 cycles of fatigue loading ranging from 4kN to 24kN. Next another 3000 cycles of
fatigue loading ranging from 4kN to 25kN were applied. Finally, monotonic loading was applied until

full debonding of the bonded joint occurred.

Table 1. Parameters used in the simulation of sample MC504

) 0, L

p p p c c c /50

MPa mm mm MPa mm mm MPa mm mm mm

160000 50 1.4 33446 150 200 7.24 0.045 0.27 300




‘458

459
460
‘461
462
163
464

165

466

467

468

469

470

471

472

473

474

Fig. 7 presents the comparison between the experimental and numerical simulation results in terms
of the load-displacement curve at the loaded end. It should be noted that the curves are plotted every
20 cycles as the data was recorded at such frequency in the test. It is obvious that the displacement at
the loaded end increased with the loading cycles while the slope of the curve decreased. However,
compared to the experimental results, the damage accumulated much faster in the numerical
simulation. Unlike the experimental test which failure occurred during the final monotonic loading,
the numerical simulation shows that the bonded joint failed when the number of loading cycles was
3500. Such a difference was expected as the proposed model used a faster damage accumulation rate
than what was observed in the experiments within the bond length closer to the loaded end. Therefore,
predictions tend to provide conservative results. To account for the effects of the compressive/tensile
stresses within the bonded joints on the fatigue bond behaviour, the damage accumulation rate must
consider the mode mix ratio. Such a model can only be developed once experimental data under

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

S
<
T

Force (kN)
vy

Numerical simulation
Test MC50-4

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Displacement at the loaded end (mm)

Fig. 7. Comparison between numerical simulation and test.

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

bond bond-slip curves and damage parameter evolution at 75mm, 85mm, 95mm and 105mm away
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from the loaded end from both experimental test and numerical simulation are compared in Figs. 8
and 9. In the simulation, it is obvious that negative shear stresses occurred in the fatigue loading
cycles. Such behaviour is consistent with the experimental findings presented in Zhou et al. [14] for
FC bonded joints subjected to cyclic loading. However, interfacial shear stress is always positive in
the experimental test results of the fatigue test specimens, as a direct result of the regression analysis
method used in obtaining the strain distribution [26]. In obtaining the data from experimental results,
noise of data was filtered using a monotonic mathematical expression-based regression analysis
method. In doing so, some of the local peaks and valleys (especially if the values are relatively small)
in the strain distribution along the bond length were smoothened. Such smoothening is believed to be
the reason for not obtaining negative shear stress values, which were clearly present in experimental
results of cyclic loading of similar bonded joints [14]. Nonetheless, error caused by the regression
analysis is significant only at the later stages of the bond-slip curve when the shear stress reaches zero
and the damage parameter is close to 1. Therefore, the overall effect of this error on the global

behaviour was considered to be negligible.
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Fig.8. Comparison of the bond-slip relation between numerical simulation and test MC30-4 at

different locations.

Experimental results of the damage parameter evolution showed a good agreement with the
simulation results while the damage parameter is less than 0.8 (Fig. 9). It is assumed that full damage
at a node is reached when either the maximum interfacial shear stress value become negative or when
a node enters the reversed softening region (Fig. 9). This assumption is employed to ensure the
ultimate stress is not negative when the damage parameter reaches 1 during the simulation. As a result
of this assumption, a jump in the damage parameter was observed from approximately 0.9 to 1 in the

simulation results. For all the experimental data used to calibrate the models proposed in this paper,
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the maximum loading amplitude was over 65% of the bond strength. Therefore, strict application of
the model is also limited to the loading range of the tests, i.e., over 65% of the bond strength. When
the maximum load amplitude is over 65% of the bond strength, the damage parameter can expected
to be closer to 1 when the maximum shear stress becomes zero. As such, assuming full damage is

deemed to be reasonable.
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Fig. 9. Comparison of the unloading/reloading damage parameter evolution between numerical

simulation and test MC30-4 at different locations.
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6 Conclusions

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

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

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

can be drawn:

1.

The fatigue damage accumulation rate was found to vary along the bond length. Fatigue
damage accumulation rate closer to the loaded end was much slower than that in regions far
away from the loaded end. This low fatigue damage accumulation rate closer to the loaded
end is attributed to the existence of compressive stresses in the regions close to the loaded end.
It was found that even though the damage level and the applied stress amplitude are the same,
the damage accumulation rate at different locations could be different. This is due to brittle,
unstable cracking within concrete which are typically not distributed uniformly along the bond
length.

The damage accumulation rate for the unloading/reloading and transition stiffness were
calibrated as a relation between the damage level and the stress amplitude by using the bond-
slip relation in regions with mode II dominant loading. Such a model can be used to predict
the bond-behaviour of FC bonded joints under mode II fatigue loading.

The proposed numerical simulation slightly overestimates the debonding rate and thus
provides a conservative prediction for the fatigue life of the bonded joints. This is due to
ignoring the beneficial effects from the compressive stresses near the loaded end on reducing
the rate of crack propagation, which was done as only mode II loading was considered in the
present study. For pure mode II load conditions, the proposed numerical simulation is
expected to provide more accurate predictions.

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

required to further calibrate and improve the accuracy of the proposed model. In addition,
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while the present study is focused on cohesion failure within concrete, numerical models for

other interfacial failure modes are worth investigation in future studies.
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