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Abstract

This paper presents the results of experimental and analytical investigations on the long-term behavior of epoxy at the interface
between the concrete and the fiber-reinforced-polymer (FRP). Double shear experiments under sustained service load were performed on
nine specimens composed of two concrete blocks connected by FRP sheets bonded to concrete using epoxy. The primary investigation
parameters included the ratio of shear stress to ultimate shear strength, the epoxy thickness and the epoxy time-before-loading. Loading
was sustained for periods up to nine months. We show that the magnitude of shear stress to ultimate shear strength and the epoxy time-
before-loading could be the most critical parameters affecting creep of epoxy at the concrete—FRP interfaces. It was also found that the
creep of epoxy can result in failure at the interfaces due to the combined effect of relatively high shear stress to ultimate shear strength
and thick epoxy adhesive. This can have an adverse effect on the designed performance of reinforced concrete (RC) structures
strengthened with FRP. Based on the experimental observations, rheological models were developed to simulate the long-term behavior
of epoxy at the concrete-FRP interfaces. It is shown that the long-term behavior of epoxy at the interfaces can be properly modeled by

analytically for both loading and unloading stages.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

As an infrastructure ages, rechabilitation of existing
reinforced concrete (RC) structures has emerged as a
primary issue to the civil engineering community. In the
last decade, the use of fiber-reinforced-polymer (FRP)
sheets and plates appeared as a promising alternative
to retrofitting materials (i.e. steel) due to advantages
of FRP such as high corrosion resistance, durability,
and high strength to weight ratio [1,2]. Because of its
ease of application, external FRP sheets are recognized as
an efficient strengthening alternative for existing RC
structures and are being widely used in buildings and
bridges [1,2].
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However, the performance of RC structures externally
strengthened with FRP is highly dependent on the quality
of the bond provided by the epoxy adhesive at the
concrete—FRP interfaces. Recently, Roberts [3], Ziraba
et al. [4], Malek et al. [5] and Ahmed et al. [6] showed that
poor quality bonds at the concrete—FRP interfaces result in
unexpected stress distribution and significant stress con-
centration at FRP cut-off points. Such stress concentration
can initiate FRP debonding/delamination. Coronado and
Lopez [7] found that once the interfacial stresses exceed a
threshold value, numerous microcracks develop in the
concrete substrate beneath the concrete—epoxy interfaces.
Such microcracks can gradually grow to macrocracks and
cause premature failure at the interface. Moreover, Teng
et al. [8] and Hiroyuki and Wu [9] recognized that shear
strength does not increase with increases in the concrete—
FRP bond length beyond a minimum length that has been
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recognized as necessary to achieve the required shear
strength [10].

While the shear—slip relationship at the concrete—FRP
interfaces and the delamination mechanism have been
examined by many researchers [5,6,10-12], all these studies
focused on delamination mechanisms for applied stress
close to the ultimate shear strength of the interface. There
is a paucity of knowledge about the long-term behavior of
the concrete—FRP interfaces subjected to sustained service
loads that cause linear elastic deformation at the interface
for stress levels much lower than the ultimate shear
strength of the interface. Moreover, the fact that such
interfaces incorporate three different materials (concrete,
epoxy adhesive and FRP) makes complex long-term
behavior where creep plays an important role a possibility.

In this article, we present our experimental investiga-
tions, using a double shear test set-up, that were performed
to examine the long-term behavior of epoxy adhesive at the
concrete—FRP interfaces. Three primary parameters were
considered: the ratio of sustained shear stress to ultimate
shear strength, the time-before-loading and the thickness of
the epoxy adhesive layer. Based on experimental observa-
tions, several rheological models were developed and
examined to simulate the long-term behavior of epoxy at
the concrete—FRP interfaces. Researchers showed that
analysis of the time-dependent stress of FRP-strengthened
RC structures is necessary for realistic prediction of
cracking probability [13,14]. Such analysis of time-depen-
dent stress, by means of the finite element method, requires
the availability of time-dependent constitutive relations of
the interface materials: concrete, FRP and the epoxy
adhesive [13]. There is a need for efficient models that can
describe the time-dependent behavior of epoxy adhesive at
the concrete—FRP interfaces accurately for realistic realiza-
tion of time-dependent behavior of the interfaces. The
effect of temperature on creep of the epoxy adhesive is not
considered here because of the limited change in tempera-
ture in concrete structures under service conditions.
Further research is underway to examine that effect.

2. Experimental methods

Experimental investigation on creep of epoxy at con-
crete—FRP interfaces was performed by means of a double
shear test method as described below.

2.1. Materials

A specific concrete was used to avoid premature failure
at the concrete side of the test specimen during the
experiment. The concrete mix consists of 1750 kg/m® sand;
500 kg/m® Type I Portland cement; 282 kg/m?® water; and
superplasticizer. In each concrete batch, three 50 x 50 x
50-mm cubes for the compressive test and three 50 x 50 x
110-mm double shear test specimens were cast. All concrete
specimens were cured in a water bath at a fixed temperature
of 20°C for seven days. Compressive tests after 28 days

Table 1
Material ingredient of the epoxy adhesive

Ingredient of resin (%) Epichlorohydrin: 60-100

Silica: 1-5
Ingredient of hardener (%) Polymercaptan: 60-100
Phenol: 5-10
Silica: 5-10
Ethylene glycol: 1-5
Specific gravity 1.16
Shear strength after 1 h curing (MPa) 10.3
Shear strength after 24 h curing (MPa) 13.7

were performed according to ASTM standards [15] on six
cubes, and a mean compressive strength of 38 MPa
(£3.7MPa) was achieved for the concrete.

Carbon fiber reinforced polymer (CFRP) sheets were
used in this research. CFRP sheets were made of
PANEX@35 carbon fiber, formed from high capacity
PAN processing methods. Based on the manufacturer’s
data sheets, the tensile strength and tensile modulus of
elasticity of the carbon fiber sheets, which do not include
saturant, were 3860 MPa and 242 GPa, respectively.

A fast setting, low odor epoxy adhesive, made of
epichlorohydrin resin and polymercaptan hardener was
used as an adhesive. Mixing two different components
(the resin and the hardener) forms the adhesive. Material
properties of the epoxy are presented in Table 1. The
ultimate shear strength at the concrete-FRP interfaces was
tested on six double shear specimens made of the above
concrete, epoxy, and CFRP materials. The mean ultimate
shear strength was found to be 0.56 MPa (+0.107 MPa).
Failure of double shear specimens occurred by delamina-
tion of the concrete layer directly bonded to FRP.

2.2. Creep test set-up

The double shear test specimen consisted of two
50 x 50 x 110-mm concrete blocks connected by two
0.39 x 35 x 150-mm FRP sheets with epoxy adhesive
(Fig. 1). Each concrete block was cured for 3-7 days in
air after being cured for 28 days in a water bath to allow
concrete shrinkage to develop. Fig. 2(a) shows the test
setup used in the shear creep test. The concrete block was
attached to a horizontal steel cantilever frame supported
on a roller at one end and fixed to the table at the other
end. As shown, the load was applied to the specimen by
means of a sustained dead weight applied at the other end
of the cantilever. The use of a cantilever test setup is a well-
established technique for generating sustained creep loads
[16]. Each specimen had an 8-mm diameter steel bar going
through a polymer sleeve 13mm in diameter to prevent
friction between the concrete and the steel bar (Fig. 1). The
steel bar was connected to a steel plate, 50 x 50 x 6 mm, to
uniformly distribute the applied compressive force to the
concrete block.
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Fig. 2. Shear creep test set-up.
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Table 2
Properties of test specimens

Specimens T/Tule Time-before- Lepoxy (M)
loading (Day)
S1-F 0.22 1 0.21
S1-B 0.18 1 0.21
S2-F 0.30 1 0.18
S2-B 0.33 1 0.18
S3-F 0.15 1 0.24
S3-B 0.15 1 0.24
S4-F 0.61 1 0.28
S4-B 0.64 1 0.28
S5-F 0.21 7 0.21
S5-B 0.11 7 0.21
S6-F 0.35 7 0.21
S6-B 0.27 7 0.21
S7-F 0.47 7 0.17
S7-B 0.77 7 0.17
S8-F 0.28 1 1.50
S8-B 0.34 1 1.50
S9-F 0.47 1 1.65
S9-B 0.78 1 1.65

In the present study, three variables were examined: ratio
of shear stress to ultimate shear strength, epoxy thickness,
and time-before-loading, which is defined as the time
period between the time of application of epoxy and the
loading time and is denoted as #.. Nine specimens were
tested under laboratory conditions controlled to constant
temperature (23+2 °C), while the relative humidity (RH)
ranged between 40% and 55%. Properties of the test
specimens are presented in Table 2. The nine test frames
are shown in Fig. 2(b). These nine specimens included four
different nominal shear stresses to the ultimate shear
strength ratio of 15%, 20%, 31% and 62%, two different
time-before-loading values of one day and seven days, and
eight different thicknesses of epoxy adhesive. It should be
noted that the applied shear stress at front and back faces
of the specimens were not necessarily equal due to small
differences in interface characteristics at both faces. These
differences between the two sides of the specimens are
mainly attributed to difference in surface roughness of
concrete, which existed even when a specific roughness was
targeted before applying epoxy. Based on theory of
elasticity, the shear stress applied at each face was
evaluated by considering the measured instantaneous
deformation (Table 2). Details of the calculation of the
stress based on measured deformation are described in
Appendix A. It is noted that the maximum shear stress did
not exceed 80% of the ultimate shear strength thereby
simulating a realistic service load similar to those observed
in RC structures strengthened with FRP sheets.

According to the manufacturer’s data sheets for epoxy,
90% of the mechanical capacity of epoxy would be
achieved after 24 h of cure and the full material strength
would be achieved after 3 days of cure. The choice of one
and seven days for time-before-loading was to investigate
the effect of the extreme limits of time-before-loading on

creep at the concrete—FRP interfaces. The different epoxy
thicknesses were achieved by adding extra layers of epoxy
prior to applying FRP. It should be noted that each extra
layer of epoxy was applied 20 min after the application of
the previous layer to allow the previous layer to dry. Eq. (1)
was used to determine the average epoxy thickness for each
specimen (see Fig. 1).

Ttotal — fconc — 2lfrp
tepoxy = > P (1)

where ., 1S the total thickness of the concrete—FRP
interface, Zconc the thickness of the concrete block and gy,
the thickness of the FRP sheet which is 0.39mm. The
values of tira and feone were the mean values of 40
measurements, and f, is based on the FRP manufacturer
data sheet. All the thicknesses were measured with a digital
micrometer having 0.001 mm resolution. Accurate mea-
surement showed that the front and back faces had almost
equal epoxy adhesive thicknesses. Therefore, a mean
thickness can be used as in Eq. (1). Table 2 presents the
properties of each specimen with front and back faces
denoted F and B.

The shear deformation was measured by observing the
displacement of six gauge points (DEMEC® gauge points)
fixed at front and back faces on the specimens. Fig. 1 shows
the location of these gauge points denoted as D1-D6. By
considering the change in distance between these gauge
points, the creep displacement was computed as discussed
below. The distance between these fixed gauge points was
measured with 0.001 mm resolution. The distances between
D1 and D3 and between D5 and D6 were also measured to
compensate for concrete shrinkage. The experimental
observations showed that concrete shrinkage strains were
insignificant compared with the creep strains of epoxy. The
insignificant shrinkage was due to the fact that the concrete
specimens were left in the dry laboratory environment at
(40-55%) RH for 3-7 days before load application.

It should be noted that in field applications of FRP
sheets to concrete, a wet lay-up process is usually used [18].
In this process, two types of resins, known as saturant resin
and adhesive resin, are used [18]. However, the saturant
resin was not used in this research so that the complexity
associated with creep of the saturant resin could be
avoided. By excluding the saturant resin, and knowing
the fact that creep of the carbon fiber sheets is insignificant
[19,20], we were able to use the above test setup and
experiments to study creep of the epoxy adhesive at the
concrete-FRP interfaces.

2.3. Load history

In this paper, long-term behavior of epoxy adhesive at
the concrete—-FRP interfaces was examined for both
loading and unloading. Since the loading frame is statically
determinate and the applied weight was sustained, pro-
blems associated with hydraulic pressure used for loading,
such as the need for reloading, were not encountered here
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[16,17]. Fig. 3 shows the load history according to time.
After time ¢, the specimens were subjected to the sustained
load for up to nine months. Specimens S1, S2, S3 and S6
were unloaded at time ¢, to investigate creep recovery due
to unloading.

3. Rheological modeling

Rheological models have been promoted as effective
tools for simulating linear and nonlinear viscoelastic
behavior [21]. Many researchers have encouraged the use
of these models, because they can provide physical under-
standing of instantancous and time-dependent behavior.
Rheological models consist of combinations of springs
(Hookean element), dashpots (Newtonian liquid) and/or
friction elements to simulate the non-linear time-dependent
behavior of materials. These models range from classical
models like Maxwell and Kelvin models to complex models
consisting of numerous springs and dashpots [21]. The
classical models (Maxwell and Kelvin models) are com-
posed of one spring and one dashpot as shown in Fig. 4 (a)
and (b) described by Egs. (2) and (3), respectively,

X=—+x, )
M

where x is the total deformation at time ¢, P the sustained
load, x. the instantaneous deformation, and vy; the
viscosity of the dashpot fluid.

x = Pag(l —e™"/M), (3)

where ox is the spring compliance,
retardation time.

These two classical models provide simple mathematical
descriptions for the load—deformation relationships that
describe the long-term behavior of viscoelastic materials
subjected to sustained stress. Rheological models have been
developed to simulate the time-dependent behavior in
construction materials like concrete [22], masonry [17,23]
and wood plastic composites [24]. The Maxwell model
overestimates the long-term deformation because of its use
of linear relation with time, and the Kelvin model does not
consider the instantaneous deformation. Due to the limited
ability of these simple models in simulating creep behavior
of epoxy adhesives, complex models such as those by
Burgers, Findley, Ross, Flugge, Hanse, Cowan and
Freudenthal were developed for better simulation of
long-term deformation [16,21].

Here, we focus on Burgers (Fig. 4(c)) and Findley models
as example rheological models [16] that can provide good
simulation with a limited number of modeling parameters.
Burgers model consisting of two springs and two dashpots
and its load (P)-deformation (x) relationship can be
described as

h (= oK VK) the

Pt
X = Payi +——+ Pox (1 — e/, 4)
M

where o is the spring compliance of Maxwell branch, vy,
the viscosity of the dashpot fluid in Maxwell branch, oy the
spring compliance of Kelvin branch, #x(= axvk) the
retardation time, and vk the viscosity of the dashpot fluid
of Kelvin branch. On the other hand, Findley model is a
simple power-law model based on a linear viscoelastic
approach, which can be described as [25]

&= g + (mt"), )

where ¢ is the total strain at time ¢, ¢, the instantaneous
strain, and m and n the analytical coefficients which can be
defined based on the experimental results.

Furthermore, we suggest a modification to the Maxwell
model. We name the new proposed model the modified
Maxwell (MM) model. Fig. 5 shows the MM model
consisting of two springs and a dashpot. Since the
total deformation is equal to the deformation in each
branch shown in Fig. 5, the deformation in branch I can be
defined as

dx P1 dPl
a -y TMar
where x the time dependent deformation at time ¢, P; the
load applied to branch I, «; the spring compliance of
branch I, and v the viscosity of the dashpot fluid in branch
I. Similarly, the rate of change of deformation with time in

(6)
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branch II can be

dx dP2
a =2 W 5 (7

where P, is the load applied to branch II and ¢, the spring
compliance of branch II. Since the summation of the load
(P1+ Py) in the two branches is equal to the applied
sustained load (P), the variation of total applied load,
dP/d{[= (dP;/dt + dP,/d1)] is equal to zero. Therefore, by
considering force equilibrium the following equation can
be obtained as

dx  mP-x

dr vy + o) ®)

Integrating Eq. (8), the load displacement equation can
be described as

x = Poy — (Poy — xe)e—t/(v(a1+1z)),

©)

where x is the total deformation of epoxy excluding FRP
deformation at time ¢ that is equal to A46(¢) — 416 Frp(?)
shown in Fig. 6, and x. the instantaneous deformation of
epoxy that is equal to Aj6(t9) — Adi6rrp(%0). 416(f) and
Aq6(to) indicate the total deformation (instantaneous plus
creep) at the time ¢ and the instantaneous deformation at
the time ¢y between the gauge points D1 and D6 after
compensation for concrete shrinkage, and 4,4 Frp(f) and

P
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Fig. 5. Proposed rheological model.
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Aq6.Frp(ty) indicate the FRP deformation (instantaneous
plus creep) at the time ¢ and the instantancous deformation
at the time f, (time of load application), respectively.
Considering the fact that carbon fiber develops very
negligible creep deformation [18] it is assumed that
AjeFrp(f) at time t is equal to the instantaneous FRP
deformation 4,¢ rrp(fp). It should be noted that, since the
applied shear stress level at the FRP—concrete interfaces is
significantly lower than the shear plastic limit (only 4% of
the shear strength of epoxy), only viscoelasticity and not
viscoplasticity [26] was considered in the present study.

4. Results and discussion

Fig. 7 shows example creep results of creep of epoxy
adhesive at the concrete-FRP interfaces. The creep
coefficient is defined as y./y., where 7., and y. are shear
creep strain and instantancous shear strain of epoxy,
respectively. In Fig. 7(a), the specimens, S3-F and S5-B,
have two different times-before-loading 7. =1 day and
t. = 7 days, respectively. All other parameters in S3-F and
S5-B including the magnitude of shear stress and the epoxy
thickness were similar. It can be observed that while the
two specimens have different creep rates, S3-F with a short
time-before-loading (¢, = 1 day) shows more ultimate creep
deformation than S5-B with a long time-before-loading
(t. = 7 days). Therefore, it is evident that as time-before-
loading decreases, ultimate creep deformation increases. In
Fig. 7(b), creep in specimen S2-F, which has relatively high
shear stress to ultimate shear strength (t/7y ~ 0.30), is
compared with creep in specimen S3-F, which has low
shear stress to ultimate shear strength (t/7y ~ 0.15). It can
be observed that as the sustained shear stress increases,
more ultimate creep develops. These findings were ob-
served in all test specimens. The time axis in Fig. 7 is
presented on a logarithmic scale to show the significant
amount of creep strain occurring at relatively early times
when the stress-to-ultimate-strength ratio is increased.

Fig. 8 shows the time dependent behavior of specimens
S9-B, with relatively thick epoxy layer (fcpoxy = 1.65mm),
subjected to high shear stress levels (z/ty = 0.78) and a
short time-before-loading (1 day). It is noted that specimen
S9-B failed 65 days after loading due to debonding of
epoxy at the interfaces. Creep strain increased in a
nonlinear fashion (primary creep), then it continued to

A6(D12~A g prp(to)]2
16 el

e Epoxy

~

-

Concrete

Epoxy

Epoxy

Concrete

Epoxy

FRP

Fig. 6. Shear creep deformation at concrete-FRP interfaces.
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increase linearly at a much lower rate (secondary creep).
Finally, creep strain increased significantly until the speci-
men failed. Such creep behavior at the final stage is well
known as tertiary creep [16,21]. These three stages are
shown in Fig. 8. It is important to note that such behavior
was only observed for the specimen with a high ratio of
shear stress to ultimate shear strength. While it is difficult
to draw general conclusions from our limited number of
experiments, it is evident that further research is needed to
examine the significance of high shear stress to ultimate
shear strength combined with a thick epoxy adhesive layer
on creep behavior of epoxy at the concrete-FRP interface.
We also anticipate that dealing with average values of large
number of specimens (once it becomes available) might
enable reducing the scatter in the experimental observa-
tions reported here.

In the present study, based on the experimental
observations, modeling parameters describing rheological
models were evaluated by applying principles of system
identification for curve fitting. This process identifies the
values of the rheological model parameters necessary to
minimize the root mean square error between the predic-
tion of the rheological models and the experimental data

35
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Fig. 8. Time dependent behavior of specimen (S7-B) and specimen (S9-B)
showing creep failure. Both specimens have high shear stress to ultimate
shear strength.

Table 3
Modeling parameters of Findley model in loading stage
Specimen Time-before- m n
loading (Day)
S1-F 1 0.194 0.210
S1-B 1 0.095 0.359
S2-F 1 0.222 0.183
S2-B 1 0.231 0.191
S3-F 1 0.068 0.250
S3-B 1 0.058 0.200
S4-F 1 0.156 0.024
S4-B 1 0.110 0.012
S5-F 7 0.141 0.191
S5-B 7 0.156 0.121
S6-F 7 0.153 0.165
S6-B 7 0.127 0.165
S7-B 7 0.225 0.116
S8-B 1 0.076 0.130
S9-B 1 0.135 0.204

observed from the creep experiments. Moreover, predictive
equations for those modeling parameters were proposed.
In this study, the experimental data were divided into a
training group for developing the predictive equations of
rheological models and a testing group for validating these
models.

Numerical analysis for system identification showed
both Kelvin and Burgers models to have severe conver-
gence problems. This might be attributed to the limited
ability of both models to describe nonlinear viscoelasticity,
a limitation observed by other researchers [17]. Therefore,
the predictive equations for these models were not further
developed here.

The model parameters of the Findley model in the
loading stage are presented in Table 3. According to the
experimental results, the creep behavior showed significant
differences according to time-before-loading. Therefore,
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Table 4
Modeling parameters of Burgers model in loading stage

Specimen Time-before-loading

(day) oy (mm/N) o (mm/N) vpm (N day/mm) vx (Nday/mm)
SI-F 1 0.015 8.89E-5 6.94E—4 6.94E—4
S1-B 1 0.015 8.93E-5 6.94E—4 6.94E—4
S2-F 1 0.0004 —4.74E6 6.49E5 7.02E5
S2-B 1 0.0004 —1.95E6 6.01E5 6.01E5
S3-F 1 —0.0052 —1.20E10 0.0164 9.92E4
S3-B 1 —0.0051 —4.97E9 0.0164 9.91E4
S4-F 1 —0.0037 —2.31E9 0.00564 1.29E6
S4-B 1 —0.0037 —7.33E7 0.00562 1.28E6
SS‘F 7 _a _a _’d _El
SS_B 7 _a _a _a _a
Sé‘F 7 72] 721 721 7&
56_B 7 _a _a _a _a
S7-B 7 4 -4 -4 -
S8-B 1 —1.65 —2.76E10 0.00412 3.21E8
S9-B 1 —1.01 —1.12E10 0.00412 1.52E8

“Experimental data sets where Burgers model did not converge resulting in negative modeling parameters.

the predictive equations for modeling parameters (m and n)
are defined as functions of the ratio of the shear stress to
the ultimate shear strength (t/7y), based on Table 3.

For ¢, =1 day

m = 0.075 <Tfh) +0.10, (10a)

n=—051 (%) +0.37>0. (10b)
For ¢, = 7 days

m:O.l3<ﬁ) +0.12, (11a)

n= —0.15(111) +0.23>0. (11b)

It should be noted that the parameters, m and n, were
calculated with minutes as a time unit. Likewise, the
modeling parameters of Burgers and the proposed MM
models in the loading stage are presented in Tables 4 and 5.
Experimental data sets S1-F, S1-B, S2-F, S2-B, S3-F, S3-B,
S4-F, S4-B, S5-F, S5-B, S6-F, S6-B, S7-B, S8-B, and S9-B
were used in developing both models while experimental
data sets S7-F, S8-F, and S9-F were used in the verification
of both models. In Table 4, it can be observed that Burgers
model showed convergence problems with some experi-
mental data sets. One serious problem was negative values
for Burgers model parameters, which negated the physical
definition of these parameters. Therefore, Burgers model
was not considered any further in the discussion below.
Fig. 9 shows the variation of modeling parameters (o, o>
and 7) of MM model according to the magnitude of shear
stress to ultimate shear strength (t/7y). In Fig. 9, for one
day time-before-loading (¢, = 1 day), as 7/t increases, the
modeling parameters (x;, o, and t) decrease until they

Table 5
Modeling parameters of MM model in loading stage
Specimen Time-before- oy (mm/N) o, (mm/N) v (Nday/
loading (day) mm)
SI-F 1 68.8 0.0037 0.025
S1-B 1 179 0.0045 0.062
S2-F 1 19.0 0.0012 0.056
S2-B 1 15.1 0.0013 0.115
S3-F 1 364 0.0015 0.115
S3-B 1 221 0.0014 0.012
S4-F 1 2.40 0.0004 0.001
S4-B 1 2.20 0.0005 0.001
S5-F 7 15.4 0.0018 0.023
S5-B 7 6.40 0.0012 0.008
S6-F 7 12.2 0.0008 0.012
S6-B 7 15.8 0.0007 0.010
S7-B 7 10.5 0.0009 0.005
S8-B 1 13.8 0.0015 0.007
S9-B 1 16.8 0.0011 0.009

reach a minimum. For seven days time-before-loading
(t. =7 days), the modeling parameters do not show
significant variations according to t/t,;. Values of model-
ing parameters for seven days time-before-loading are
almost equal to the minimum for one day time-before-
loading (7. = 1 day). Based on this finding, shown in Fig. 9,
prediction equations for o, a,, and t were developed as
functions of the shear stress to the ultimate shear strength
ratio (t/tuy)-

For t. =1 day
2 = 500—2000 <i> >10 mm)N, (12a)
Tult
% = 0.006—0.014(%) >0.0008 mm /N, (12b)
ult
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Fig. 9. Variation of modeling parameters of MM model according to time-before-loading and shear stress.
T Table 6
= — >
v=0.18-049 <Tu1t> >0.0094 N day/mm' (12¢) Prediction error for Findley and proposed MM model for testing data set
For t. = 7 days Model Specimen PE (mm)
a; = 10 mm/N, (13a) Findley S7-F 0.087
S8-F 0.197
S9-F 0.209
oy = 0.0008 mm/N, (13b) Mean 0.164
MM S7-F 0.092
v = 0.0094 N day/mm. (13¢) S8-F 0.112
. L S9-F 0.133
When the time-before-loading is between one and seven Mean 0.112

days, interpolation between Eqs. (12) and (13) can be used
to predict the modeling parameters. For times-before-
loading greater than seven days, Eq. (13) can be used
because the shear strength of epoxy adhesive will be fully
developed after seven days. It is noted that the effect of
epoxy adhesive layer thickness is not considered in the
modeling process due to lack of sufficient numbers of data
points. Further research is needed to consider this
parameter in modeling. However, it is worth noting that
Egs. (10), (11), (12) and (13) were developed for an average
epoxy layer thickness of 0.21 mm which is typical for FRP
strengthening of concrete structures.

To examine the ability of the proposed rheological
models, the prediction error (PE) between experimentally
observed deformations and predicted deformations using
the rheological models was evaluated for the testing data
set. The PE is defined as

PE = Zfil(xexp - xpred)2
N

where Xy, is the experimentally measured deformation,
Xpred the deformation predicted by the rheological models
and N the number of testing data sets. A low PE indicates a
good ability of the model to predict creep of epoxy at the
concrete—FRP interfaces. Table 6 shows PE values for
Findley and MM models. In terms of PE values, both
models showed good predictability. It should be noted that

(14)

the testing group data were not used in the training process
to identify models parameters.

Fig. 10 shows the experimental results and the time—
deformation relation predicted by the rheological models
for specimens, S7-F and S9-F. These specimens were not
used for developing the model. As shown in Fig. 10, the
MM model can properly simulate both the instantancous
and creep shear deformation of epoxy adhesive at the
concrete—FRP interfaces even though epoxy layer thickness
was not considered in the prediction of Egs. (12) and (13).
It is also obvious that the Findley model overestimates the
creep shear deformation of the epoxy adhesive at the
concrete—FRP interfaces.

In the present study, as shown in Fig. 4, the applied load
was removed at time ¢, for several specimens. To
investigate the creep behavior for both loading and
unloading stages, the principles of linear superposition of
strain [27,28] were considered. In this approach, the
unloading status was considered by application of a
sustained load similar in magnitude but in opposite
direction (—P). Therefore, the total applied loading after
unloading is zero. The total deformation in the unloading
stage can be evaluated by the summation of the long-term
deformation (Eq. (9)) and the unloading long-term
deformation. Model parameters o; and o, for loading can
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Fig. 10. Experimental and analytical results predicted by rheological
models.

be used for simulating the epoxy adhesive creep behavior
under unloading while the time factor v for unloading shall
be taken as 0.05¢, with ¢, the time of unloading. Fig. 11
presents the creep behavior of epoxy for both loading and
unloading stages. Fig. 11 shows that the MM model can
simulate both loading and unloading creep observation for
specimen, S1-B and S3-F with acceptable accuracy. It
should be noted that a more complex rheological model
with more springs and dashpots than the MM model may
lead to better predictions of the rehological behavior of the
concrete—FRP interface.

5. Conclusions

Shear creep experiments using double shear test set-up
were performed to investigate the long-term behavior of
epoxy adhesive at the concrete—FRP interfaces. Epoxy at
the concrete—FRP interfaces was subjected to sustained
shear stress for up to nine month time period. The
experiments showed that epoxy at the concrete—-FRP
interfaces creeps, and that most of creep deformation
develops within relatively short time period compared to
the well known long creep time period of concrete. The
experiments also showed that shear creep behavior of
epoxy at concrete—FRP interfaces is dependent on the
magnitude of shear stress to the ultimate shear strength and
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Fig. 11. Experimental and analytical results in loading and unloading
stages.

the time-before-loading. Furthermore, it was observed that
high shear stress to ultimate shear strength can lead to
unexpected failure at the concrete—FRP interfaces due to
tertiary creep. This issue is not considered in current design
guidelines for using FRP to strengthen RC structures.
Further research is warranted to examine this concern.
Based on the experimental observations, creep of epoxy
was modeled by means of two rheological models (Findley
model and a new proposed MM model). Moreover,
prediction equations for modeling parameters used in these
models were developed, as function of applied shear stress
to ultimate shear strength ratio and the time-before-
loading. It is demonstrated that the proposed model can
properly simulate the long-term creep behavior of epoxy
adhesive at the concrete-FRP interfaces for both loading
and unloading stages. The suggested rheological models
are necessary for realistic finite element analysis of the
interface zone under service loads. Such analysis is essential
for realizing the effect of the viscoelastic behavior of the
concrete—FRP interface components on FRP stress at cut
off points, delamination propagation, concrete end crack-
ing and possibility of creep rupture. Further research is
underway to investigate the effect of other parameters such
as the thermal conditions, the number of FRP layers and
the use of mechanical anchors at the end of FRP sheets on
the long-term behavior at the concrete-FRP interfaces.
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Appendix A. Evaluation of sustained shear stress

In double shear test, the sustained shear stress at front
and back faces may be different even in a single specimen,
due to the unexpected difference in shear stiffness in the
epoxy material at both faces. In Fig. 6, the instantaneous
shear deformations at front and back faces, Ar4(fy) and
Ag1e(to), can be evaluated as

T

Ari6(to) — A6 pre(t0) = 2G—FFIF, (A.la)
B

Agi16(to) — A16,prp(f0) = ZG—BIB, (A.1b)

where 7F and 7y indicates the sustained shear stress at front
and back faces, and G and Gy indicates the shear modulus
at front and back faces. tp and tp indicates the epoxy
thickness at front and back faces.

The summation of shear stress at front and back faces
can be defined with the total applied load (Pr) applied to
front and back faces.

TF + 18 = (A.2)

24y
where A, indicates bonded area of epoxy at a single
concrete—FRP interface. Then, using Gg = Gg and g = 1,
from Egs. (A.1) and (A.2), the shear stress at each face can
be defined as

e P1/(240)
1 4 [4Bi16(t0) — A16,rrP(10)]/[AF16(10) — A16,FRP(20)]
(A.3a)
. Pr/(24) |
1 + [4r16(t0) — A167rP(10)]/[4B16(t0) — A16,FRP(20)]
(A.3b)

Therefore, the sustained shear stress at each face can be
determined by using the measured instantaneous shear
deformation at each face.
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