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Fiber reinforced polymer (FRP) composites are widely used in structural strengthening and retrofitting

due to their high strength-to-weight ratio and non-corrosive properties. However, one of the recently
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recognized drawbacks of common FRP strengthening systems is the relatively high shear creep

deformation of epoxy adhesives when FRP sheets are used to strengthen concrete structures against

sustained loads. On the other hand, carbon nanotubes (CNTs) are reported to provide significant

enhancement to various mechanical properties when used in epoxy adhesives. This enhancement is

attributed to the extraordinary mechanical properties of the CNTs and their ability to bond to epoxy. In

this article, we report the results of experimental and analytical investigations conducted to examine

shear creep behavior of multi-walled carbon nanotubes (MWCNTs) reinforced epoxy nanocomposite

used at the FRP–concrete interface. Double shear tests were performed on FRP sheets bonded to

concrete blocks with MWCNTs reinforced epoxy nanocomposite. Various levels of pristine and

functionalized MWCNTs by weight were examined including 0.1%, 0.5%, 1.0% and 1.5%. The viscoelastic

behavior of MWCNTs reinforced epoxy nanocomposite was simulated with rheological models and the

models’ parameters were extracted and discussed. The results show the ability of MWCNTs to

significantly reduce creep compliance of epoxy at the FRP–concrete interface making it a viable

solution if FRP is used to strengthen concrete structures subjected to sustained stress.

& 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Retrofitting and strengthening of existing reinforced or prestressed
concrete structures has been a rapidly growing area in civil engineer-
ing during the last few decades. Research efforts have focused on
developing new techniques for strengthening because of two reasons
(1) infrastructures designed in the 1950s–70s are now experiencing
serious deterioration due to aging in harsh environments and (2) the
development of various design codes to allow higher load-carrying
capacities requires increasing the strength of existing structures even
if they are functional. An excellent technique developed over the
years is strengthening with fiber reinforced polymer (FRP) composites
due to their high strength-to-weight ratio and durability. Researchers
and designers have reported many field applications where FRP was
used successfully in new structures [1] or in strengthening of existing
structures [2]. However, on some occasions, this technique can
experience premature failure and eventually lead to debonding due
to the lack of shear transfer at the FRP–concrete interface. Further-
more, viscoelastic behavior (e.g. creep) of adhesives at the interface
ll rights reserved.
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has been reported to be problematic when FRP strengthening was
used to support sustained loads.

Recent experiments on full scale beams by Reda Taha et al.
showed that creep of the epoxy adhesive was evident under
sustained stress and can result in off-loading the FRP strips and
thus cause later cracking of concrete [3]. The double lap shear
test, proposed by the Japanese Concrete Institute, was used by
Ferrier and Hamelin to examine the creep behavior of the FRP–
concrete interface as a function of time and temperature and to
estimate the parameters of the corresponding rheological mod-
els [4]. Feng et al. studied the creep behavior of structural
adhesives by means of accelerated creep tests [5]. It was found
that long-term creep behavior of epoxy adhesives can be reliably
predicted from a set of short-term accelerated creep tests.
Benyoucef et al. developed a closed form solution to describe
shear creep and shrinkage of adhesives at the FRP–concrete
interface [6]. From their theoretical approach, reduction of inter-
facial stress was predicted as the thickness of the adhesive
increased. It was also observed by Wu and Diab that creep of
adhesives significantly increases the bond length of the FRP [7].
Meshgin et al. used the double shear test to examine the effects of
different parameters on the creep response of epoxy at the FRP–
concrete interface [8]. The epoxy thickness, curing time and shear
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stress level were found to significantly affect the shear creep
compliance. In addition, Majda and Skrodzewich [9] examined the
effects of the stress level on the creep of epoxy adhesive under
tension and developed rheological models. They showed that
stress level has significant impact on the values of the parameters
in the rheological models. Furthermore, Hamed and Bradford [10]
found that creep results in significant shear and normal stresses
of the adhesives at its edges. Recently, Ferrier et al. [11] examined
the time–temperature correspondence of epoxy adhesives having
different glass-transition (Tg) temperatures subjected to shear
loading and concluded that creep is strongly correlated to the Tg

of epoxy.
Since their discovery by Iijima [12], carbon nanotubes (CNTs)

have been the research focus of many scientists worldwide as
they investigate CNTs’ properties and develop techniques to
increase their production capacities. Currently, applications of
CNTs include polymer, metal and ceramic matrix composites,
scanning probe tips, and contact devices for nano electro mechan-
ical systems (NEMS) devices [13]. A great deal of effort has been
spent on CNTs research due to their outstanding mechanical,
electrical and thermal properties. CNTs are known to have
mechanical properties one or more order of magnitude greater
than all conventional structural materials. For example, Young’s
modulus of CNTs is 10–100 times higher than the strongest steel
[14]. A large area of CNTs research focuses on their use with
polymers to produce nanocomposites. Much of the research on
CNTs in polymer matrices has addressed two drawbacks that
interfere with enhancing the mechanical response: difficulty in
dispersing CNTs in the matrix and poor interfacial bond between
CNTs and the matrix. Various techniques have been developed to
overcome these challenges such as surfactant treatment [15–17]
and functionalization [18–20].

The time dependant behavior of CNTs-polymer nanocomposites
is rarely examined. Suhr et al. examined the viscoelastic behavior
of thin epoxy film with multi-walled carbon nanotubes (MWCNTs)
under shear and observed 1400% increase in damping ratio [21].
Moreover, Zhang et al. investigated the creep behavior of CNTs
reinforced epoxy nanocomposite under tension and observed
reduction in creep strain up to 30% with 0.1% single-walled carbon
nanotubes (SWCNTs) [22]. Significant enhancement in creep resis-
tance of magnetically oriented CNTs reinforced epoxy nanocompo-
site was also observed by Tehrani and Al-Haik [23].
L
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Fig. 1. Schematic of the double lap shear spec
It is noted that the creep behavior of adhesives at the
FRP–concrete interface has been recently investigated and char-
acterized during the last decade. A good understanding of the
mechanics and behavior of epoxy at FRP–concrete interface has
been developed [3–10]. However, few or no studies are directed
to improve the shear creep behavior of these adhesives. The
objective of this study is to use CNTs to reduce the long-term
creep deformations of epoxy adhesive at the FRP–concrete inter-
face subjected to sustained loads. Improving the shear creep
behavior of the adhesive used with FRP composites would be
beneficial to existing strengthening systems. To examine the
MWCNTS reinforced epoxy bondlines, double lap shear tests were
performed on FRP–concrete joints. Rheological models are devel-
oped to predict the experimental results and to understand the
role of CNTs in limiting creep of epoxy adhesive at the FRP–
concrete interface. In addition, the rheological model can be used
with the finite element method to simulate shear creep behavior
of adhesive in modeling reinforced concrete (RC) elements
strengthened with FRP strips.
2. Experimental methods

The double lap shear test was used to evaluate creep of epoxy
with CNTs at the FRP-concrete interface. The double lap shear test
specimen consisted of two carbon fiber reinforced polymer (CFRP)
composite strips bonded to two sides of two concrete blocks with
controlled thickness epoxy adhesive as shown in Fig. 1. The
concrete blocks were loaded in tension to induce shear stresses
at the four epoxy joints. The applied load (P) induced shear stress
of 25% of the shear strength of the epoxy. DEMEC (strain gage)
points were bonded to the concrete blocks and used to measure
the deformation of two shear joints in the loading direction. Creep
deformation of FRP itself was minimized by choosing unidirec-
tional CFRP strips and orienting the fiber direction parallel to the
direction of the applied load. In addition, the axial stress in
concrete during experiments did not exceed 0.36 MPa (less than
10% of the tensile strength of concrete). Therefore, creep and
shrinkage of concrete during the experiment was expected to be
negligible compared with epoxy creep. By neglecting creep and
shrinkage of concrete and creep of the CFRP strips and ignoring
the deformation through epoxy thickness, epoxy shear strain gðtÞ
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per joint can be computed as

gðtÞ ¼DLðtÞ=h ð1Þ

where h is the epoxy thickness, t is the time and DLðtÞ is the shear
displacement per joint and is obtained by measuring the change
in the distance between the two DEMEC points due to the applied
sustained load. In addition, the shear stress t acting on every
shear joint can be computed as

t¼ P=2A ð2Þ

where A is the area of one shear joint. The normalized creep
compliance JnðtÞ of epoxy is also computed relative to the elastic
deformation from the following equation:

JnðtÞ ¼ gðtÞ=½tJð0Þ� ð3Þ

where Jð0Þ is the elastic compliance and gðtÞ=t is the creep
compliance.

2.1. Materials

Concrete mix (360 kg Portland cement, 90 kg class (F) fly ash,
150 l of water and 1729 kg of aggregate with 1:1 fine to coarse
aggregate) is used as substrates for all experiments. The chosen
concrete mix has a 28-day compressive strength of 42 MPa, similar
to most concrete used nowadays in construction of reinforced or
prestressed concrete elements. The CNTs were supplied by Cheap
Tubes, Inc. Based on the manufacturer’s specifications, the CNTs are
multi-walled (MWCNTs) with outer diameter (OD) of 20–30 nm,
inner diameter (ID) of 5–10 nm and length of 10–30 mm with an
aspect ratio of 500–1000. The bulk density of the MWCNTs is 0.21 g/
cm3 and the specific surface area is 110 m2/gm. The nanotubes are
manufactured by catalytic chemical vapor deposition (CCVD) tech-
nique with purity being greater than 95% by weight. Two types of
MWCNTs were supplied and used, pristine (with no chemical
treatment) and functionalized, with carboxyl groups (COOH). The
functionalized MWCNTs had functional groups of 1.23% by weight.

The epoxy used in fabrication is EPOTUFs 37–127, a liquid
resin epoxy system supplied by U.S. Composites, Inc. The epoxy
resin is low viscosity, 100% reactive diluted liquid based on
Bisphenol-A, containing glycidyl ether (DGEBPA). The hardener
is aliphatic amine EPOTUFs 37–614. The resin to hardener mixing
ratio is 2:1, the pot life is 30–45 min at 26.7 1C and the setting
time is 5–6 h, with a drying time of 24–28 h. The tensile strength
and elongation at break are 68.9 MPa and 2.5%, respectively. The
resin viscosity at room temperature is 600 cps. The low viscosity
of the resin facilitates incorporating the MWCNTs during the
fabrication process and provides reasonable levels of deforma-
tions in order to obtain accurate creep measurements. The CFRP
composites were supplied by Graphtek LLC Company. The CFRPs
were 1.1 mm thick uni-directional strips fabricated with 33-msi
carbon and Vinlester resin. Density, tensile strength and flexural
strength of the CFRP laminates were 1.49 g/cm3, 2689 MPa and
1875.4 MPa, respectively.

2.2. MWCNTs dispersion in epoxy nanocomposite

One of the major challenges of incorporating MWCNTs in
polymers is to obtain a uniform dispersion of the MWCNTs. The
difficulty of dispersing the MWCNTs in the matrix is due to the
van der Waals forces between the MWCNTs, which promotes
entanglement of the MWCNTs with each other. Over the last
decade, several techniques were developed to obtain homoge-
neously dispersed MWCNTs in the polymer suspension and to
avoid the formation of MWCNTs agglomerations such as surfac-
tant treatment or functionalization. The functionalization helps in
dispersing the nanotubes due to negative or positive charges of
the functional groups that counteract the van der Waals forces. It
also increases the interfacial bond between the nanotubes and the
surrounding polymer chains. In this study, both pristine and
functionalized MWCNTs are examined.

Three different types of treated epoxies were produced to
fabricate the epoxy adhesive bondlines in this study. The first
type was neat epoxy prepared by mixing the resin (component A)
with the hardener (component B) and applying the mixture
directly at the CFRP–concrete interface to form the bondline.
The second type was prepared by reinforcing the epoxy with
pristine MWCNTs and is referred to as (P). The dispersion was
performed by adding the required MWCNTs content to the epoxy
resin (component A) only and the MWCNTs–resin mixture was
sonicated in an ultrasonic bath for 1.0 h at 40 1C. The reason for
heating the resin is to decrease the resin’s viscosity, which helps
in dispersing the nanotubes. The hardener (component B) was
added afterward to the MWCNTs–resin dispersion. The third type
was prepared by reinforcing the epoxy with functionalized COOH-
MWCNTs and is referred to as (F). The functionalized MWCNTs
were added first to the resin (component A) with 1.0 h sonication
at 40 1C. In order to ensure chemical interaction between the
functional groups on the surface of the nanotubes and the resin
chains, the dispersed mixture was stirred for 2.0 h at 80 1C. The
hardener (component B) was added after cooling the resin and the
MWCNTs reinforced epoxy nanocomposite was ready to use.
2.3. Bondlines fabrication and testing methods

In order to examine the creep of the FRP–concrete interface,
nine double lap shear specimens were fabricated and tested
under sustained loads. The first specimen was fabricated with
neat epoxy without MWCNTs (first type). Four other specimens
were fabricated with pristine MWCNTS reinforced epoxy nano-
composite with various pristine MWCNTs loadings (second type).
The various loadings of the pristine MWCNTs by weight of epoxy
were 0.1%, 0.5%, 1.0% and 1.5%. In the last four specimens, the
functionalized MWCNTS reinforced epoxy nanocomposites were
used with the same four loadings of MWCNTs (third type). In
addition to the creep specimens, similar specimens with neat
epoxy were fabricated and tested to failure to obtain the bond
strength of the shear joint.

50.8�50.8�76.2 mm concrete blocks were cast and cured in a
water bath for one week. After wet curing, the concrete was left to
dry for three weeks. 50.8�50.8�12.5 mm steel blocks were
bonded to the ends of the concrete blocks. The adhesives between
the steel and concrete blocks were left to cure for a week. The
prepared MWCNTS reinforced epoxy nanocomposites were cast on
25.4�25.4 mm shear joint. Class VI soda-lime glass beads,
0.7170.035 mm diameter, supplied by Mo-Sci Corporation were
used to control the epoxy thickness following the recommenda-
tions of ASTM D5868-01 [24] for lap shear test. The glass beads
were added to the concrete surface in an amount equivalent to
0.5% by volume of epoxy. After this, the epoxy was injected by
syringe pump onto the surface of the concrete. A pressure of 34 kPa
was applied by steel weights after placing the CFRP strips over the
epoxy shear joint and any excess epoxy was carefully removed.
This procedure minimized the formation of air bubbles in the
bondlines. The shear joint was cured for 14 day at room tempera-
ture before applying the sustained load. The shear strength test
was performed with MTSs Bionix servo hydraulic system (Fig. 2).
Two strength tests were performed on neat epoxy: double lap
shear test with the epoxy at the CFRP–concrete and single lap shear
test with the epoxy at the CFRP–CFRP interface. Both specimens
were loaded to failure by displacement controlled mode at a
loading rate of 0.5 mm/min.



Fig. 2. Shear strength test performed on epoxy bondlines: (a) test setup for double lap shear specimen and (b) test setup for single lap shear specimen.
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Fig. 4. Creep experiment performed on four specimens: (a) load cell attached to determine creep load and (b) four creep specimens loaded.
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DEMEC strain gauges supplied by Mayes Instruments, Ltd. were
installed by means of a reference bar and dial gage and were used
to obtain strain measurements during the creep experiment. The
specimens were then loaded in a creep loading frame (Fig. 3). The
applied load was measured with load cell (Fig. 4(a)) and a load level
of 934722 N was maintained at the specimen. This load level
induced shear stress of 724717 kPa at each shear joint, which
corresponds to 25% of the shear strength. A system of steel hooks
and chains were used in transferring the load to the double shear
specimens to avoid inducing any eccentricities. The creep experi-
ments were performed under a controlled environment of relative
humidity (RH) of 40% and temperature of 23 1C. Temperature
variation effects are not considered to be a critical parameter in
epoxies used at FRP–concrete interfaces in civil infrastructure.
Fig. 4(b) shows the four creep specimens attached to the loading
frames.



E. Soliman et al. / International Journal of Adhesion & Adhesives 33 (2012) 36–4440
3. Rheological modeling

Rheological models have been widely used to simulate the
behavior of viscoelastic materials such as polymer, concrete and
masonry due to their simplicity and practicality. They provide a
tool for understanding the physical phenomena including the
instantaneous and time-dependant deformations. In addition, the
modularity of rheological models allows development of different
models by means of different arrangements and combinations of
springs and dashpots. During the last decade, many researchers
have used rheological models to describe epoxy adhesives’ beha-
vior at the FRP–concrete interface [4,7,8,11]. In this study, the
effect of incorporating MWCNTs into epoxy adhesives is consid-
ered. Several rheological models are considered and all but two are
ruled out. The effect of MWCNTs is included implicitly in the
parameters of the model.

Fig. 5 shows some basic rheological models developed to
describe the behavior of viscoelastic materials. Maxwell (Fig. 5(a))
and Kelvin (Fig. 5(b)) are two-parameter models, which consist of
springs and dashpots connected in series and parallel, respectively.
The two-parameter models are inefficient in predicting the creep
behavior of adhesives because of their lack of simulating some basic
phenomena. For example, the Maxwell model fails in simulating a
decreased creep strain rate under constant stress while the Kelvin
model fails in simulating the instantaneous deformations [25]. On
the other hand, four-parameter models such as Burgers (Fig. 5(g))
are abundant in describing the creep behavior of polymers. Three-
parameter models such as Ross (Fig. 5(c)), Modified Maxwell (MM)
(Fig. 5(d)), and other models (Fig. 5(e) and (f)) have a sufficient
number of parameters to predict the behavior. Models Fig. 5(e) and
(f) can be excluded because of their lack of instantaneous
R2
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Fig. 5. Various combinations of rheological models with (a–b) tw
deformation. Therefore, two models are considered in this study,
Ross (Fig. 5(c)) and Modified Maxwell (MM) (Fig. 5(d)) models. The
long-term strain eðtÞ under sustained stress s0 for the two models
can be described as follows:
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where R1 and R2 are the elastic moduli coefficients, e0 is the
instantaneous strain and m1 and m2 are the viscosity coefficients.
Given the strain formula and by following similar procedures as in
Section 2.1, the normalized creep compliances are computed as
follows ([25], Appendix A):
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In addition, Ross and MM models are evaluated by computing
the root mean square prediction error RMSE between the predicted
and the experimental data

RMSE¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXN

i ¼ 1

ðJexp
ni �Jpred

ni Þ
2

N

vuut ð8Þ

where N is the number of creep data points, Jexp
ni is the normalized

creep compliance for the ith experimental data point and Jpred
ni is

the normalized creep compliance for the ith predicted data point. It
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o parameters (c–f) three parameters and (g) four parameters.
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is important to note that the classical Ross and MM models might
be able to simulate creep behavior of neat epoxy, but they cannot
represent the significance of MWCNTs on creep of epoxy. There-
fore, in order to represent the significance of MWCNTs loadings, we
suggest modifying both models to account for the MWCNTs
loading a¼ ðweight of CNTs=weight of epoxyÞ. The new Ross
and MM models are denoted as MWCNT-Ross and MWCNT-MM,
respectively. In these models, the elastic moduli coefficients R1 and
R2 as well as the viscosity coefficients m1 and m2 are presented as a
function of the MWCNTs loading a.
4. Results and discussion

4.1. Experimental results

Fig. 6 shows the failure of lap shear joints. The double lap
shear test (Fig. 6(a)) exhibited shear failure in the concrete
substrate. Therefore, the strength obtained from the double shear
test represents the concrete shear strength rather than the epoxy
bond strength. On the other hand, the single lap shear test
(Fig. 6(b)), in which the failure occurred at the CFRP–CFRP inter-
face, provided accurate estimation of the shear strength of the
epoxy adhesive at the FRP interface. The estimated shear
strengths from the double and single lap shear joints based on
the same interfacial area (645.16 mm2) are 2521 and 2822 kPa,
respectively. A choice was made afterwards to apply sustained
shear stress equal to 25% of the bond strength.

Elastic shear strains of 0.17%, 0.12%, 0.11%, 0.20% and 0.21%
were exhibited by neat epoxy, 0.1%, 0.5%, 1.0% and 1.5% pristine
MWCNTS reinforced epoxy nanocomposites, respectively. This
observation demonstrates that the highest elastic shear modulus
was obtained in the case of 0.5% pristine MWCNTs while the
lowest was obtained in the 1.5% pristine MWCNTs. In the case of
functionalized MWCNTs, the elastic shear strains were 0.18%,
0.10%, 0.12% and 0.13% for MWCNTs contents of 0.1%, 0.5%, 1.0%
and 1.5%, respectively. The average elastic shear strain in the case
of functionalized MWCNTs (0.1325%) was less than that of the
pristine MWCNTs (0.160%), which indicates higher elastic shear
modulus in the functionalized case. As in the pristine case, the
0.5% functionalized MWCNTs case exhibited the highest shear
modulus. Moreover, the maximum shear strains after 1 month of
creep under the sustained load were 0.87%, 0.72%, 0.57%, 1.04%
and 1.03% for pristine MWCNTS contents of 0%, 0.1%, 0.5%, 1.0%
Fig. 6. Failure of lap shear joints: (a) double lap and (b) single lap.
and 1.5%, respectively. The shear strains corresponding to func-
tionalized MWCNTS contents of 0.1%, 0.5%, 1.0% and 1.5% were
0.42%, 0.39%, 0.38% and 0.35%, respectively. The shear strains
show that the functionalized MWCNTs reduced the creep strain of
the epoxy adhesive at the interface significantly.

The normalized creep compliances Jn were computed and
plotted with time in Fig. 7(a) and (b) for the pristine and functio-
nalized MWCNTS reinforced epoxy nanocomposites. In general, it
can be noted from Fig. 7(a) and (b) that the addition of pristine
MWCNTs had limited effect on the normalized creep compliance of
MWCNTS reinforced epoxy nanocomposite. On the other hand, the
functionalized MWCNTs reduced the creep compliance significantly.
The case of 0.1% functionalized MWCNTs had the largest decrease in
creep compliance among all cases and the creep compliance was
reduced by 54% with respect to the neat epoxy. This is attributed to
the fact that with low loadings of MWCNTs, it is easier to disperse
MWCNTs in the epoxy matrix. Thus, it is easier to obtain a uniform
microstructure. As the MWCNTs content increases, difficulties in
dispersion arise due to the formation of MWCNTs agglomerations.
The interfacial bond between the epoxy and the MWCNTs seems to
be a critical parameter in long-term shear creep deformation of
epoxy adhesives at the FRP–concrete interfaces since the functiona-
lized MWCNTs significantly outperformed the pristine MWCNTs
(Fig. 8). The average increase in normalized creep compliance with
pristine MWCNTs was 8% while the average decrease was 40% with
functionalized MWCNTs. It is evident from the experiments that
shear creep of epoxy at the FRP–concrete interface under sustained
loads can be significantly limited by incorporating functionalized
MWCNTs.

4.2. Rheological modeling

Since there was no significant effect of pristine MWCNTs on
the creep behavior of epoxy, only the specimens with functiona-
lized MWCNTs reinforced epoxy nanocomposite were simulated
with rheological models. Figs. 9 and 10 depict MWCNT-Ross and
MWCNT-MM rheological models fitting curves for various func-
tionalized MWCNTs loadings. As shown in the figures, the two
models are capable of predicting creep compliance of MWCNTs
reinforced epoxy nanocomposite with small RMSE. The relatively
small RMSE values for the two models indicate that three para-
meters are sufficient in describing the shear creep behavior of
functionalized MWCNTS reinforced epoxy nanocomposite at the
FRP–concrete interface. The average RMSEs for the MWCNT-Ross
and MWCNT-MM models were 0.094 and 0.111, respectively. This
indicates that MWCNT-Ross model slightly outperformed
MWCNT-MM model in predicting shear creep behavior of epoxy
at the FRP–concrete interface when functionalized MWCNTSs are
incorporated.

Figs. 11 and 12 show the effect of various functionalized
MWCNTs loadings on MWCNT-Ross and MWCNT-MM models,
respectively. The elastic moduli for the springs in Figs. 11(a) and
12(a) for the two models increased with the addition of the
functionalized MWCNTs. However, the shape of the increase
differs from each elastic modulus and each model. For instance,
the elastic moduli R1 and R2 for MWCNT-Ross model varies with
the functionalized MWCNTs content according to third-order
polynomial functions as shown in Eqs. (9) and (10). On the other
hand, the elastic modulus R1 for MWCNT-MM varies according to
second order polynomial function (Eq. (11)). Moreover, by separ-
ating the neat epoxy ða¼ 0Þ data point, it can be noticed that the
elastic modulus R2 varies linearly with the MWCNTs content
(Eq. (12)).

MWCNT-Ross model

R1 ¼ 639:3ðaÞ3�1737:9ðaÞ2þ1287:6ðaÞþ294:8 in MPa ð9Þ
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R2 ¼ 599:2ðaÞ3�1579:1ðaÞ2þ1075:8ðaÞþ144:4 in MPa ð10Þ

MWCNT-MM model

R1 ¼ 135:5ðaÞ2�209:3ðaÞþ174:3 in MPa ð11Þ
R2 ¼ 80 in MPa E ar0:1

R2 ¼ 23:95ðaÞþ162:3 in MPa for a40:1

(
ð12Þ

More emphasis is placed on studying the effect of adding
functionalized MWCNTs on the viscosity coefficients m1 and m2 for
the dashpot due to their importance on the viscous and long-term
behavior of epoxy. In the case of MWCNT-Ross model, the coefficient
of viscosity increased on average by 900% due to adding functiona-
lized MWCNTs, while 200% average increase was observed in the
case of MWCNT-MM model (Figs. 11(b) and 12(b)). The viscosity
coefficients m1 and m2 also varied with the loading, a, of the
functionalized MWCNTs in the epoxy. Eqs. (13) and (14) describe
the relation as second- and third-order polynomials for the
MWCNT-Ross and MWCNT-MM models, respectively. From these
results, it is obvious that the effect of functionalized MWCNTs on
creep of epoxy at the FRP–concrete interfaces can be modeled by
means of rheological models. These established relationships
between the rheological model parameters and the MWCNTs
loading a are useful for numerical analysis of FRP–concrete
interface.

MWCNT-Ross model

m2 ¼�99:4ðaÞ2þ180:5ðaÞþ35:5 in GPa:sec ð13Þ

MWCNT-MM model

m1 ¼ 168:5ðaÞ3�467:3ðaÞ2þ345:7ðaÞþ63:4 in MPa:sec ð14Þ
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Finally, it is worth noting that an early 2011 quick market
survey showed that with the use of large amount of MWCNTs in
the production of epoxy adhesives, in the order of metric tons, the
price of MWCNTs will have a limited impact on total composite
cost. For instance, the cost of adding 0.1–1.0% MWCNTs functio-
nalized MWCNTs to epoxy represents a cost increase of 20–30% of
the current epoxy cost. This is believed to be a very small cost
given the pronounced effect of functionalized MWCNTs on limit-
ing the creep of epoxy adhesives at the FRP–concrete interface.
5. Conclusions

Creep experiments of FRP–epoxy–concrete interfaces were
performed on double lap shear test specimens. The effect of
incorporating various contents of pristine and functionalized
MWCNTs on creep of epoxy at the concrete–FRP interface is
investigated. In general, little to no effect is observed with the
use of pristine MWCNTs. However, functionalized MWCNTs were
able to limit shear creep of epoxy significantly. The use of
functionalized MWCNTs at the 0.1% level (per weight of epoxy)
out-performed all other MWCNTs loadings and resulted in 54%
reduction in normalized creep compliance. These observations
indicate the importance of chemical functionalization of MWCNTs
in reducing shear creep strains of epoxy nanocomposite. In
addition, the effect of the functionalized MWCNTs on the creep
of adhesives is simulated by rheological modeling. Two modified
rheological models are suggested to simulate creep behavior of
MWCNTS reinforced epoxy nanocomposite. The functionalized
MWCNTs increased the viscosity coefficients significantly. The
effect of MWCNTs as described by the suggested models agrees
well with experimental results. These rheological models would
be beneficial for simulating creep behavior of epoxy in numerical
models for FRP–concrete interface under sustained loads.
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Appendix A

In Fig. A.1, from strain compatibility, the total strain can be
computed as

eðtÞ ¼ eR2
¼ em1

þeR1
ðA:1Þ



Fig. A1. Modified Maxwell model for predicting creep.
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By differentiating Eq. (A.1) with respect to time and consider-
ing spring and dashpot relations results in

@eðtÞ
@t
¼

1

R1

@s1ðtÞ

@t
þ
s1ðtÞ

m1

ðA:2Þ

From stress equilibrium s0 ¼ s1ðtÞþs2ðtÞ results in

@

@t
eðtÞ½ � ¼

1

R1

@s0

@t
�

1

R1

@½s2ðtÞ�

@t
þ
s0�s2ðtÞ

m1

ðA:3Þ

Since constant stress condition and spring Hooke’s law imply
@s0=@t¼ 0 and s2ðtÞ ¼ R2eðtÞ thenZ

deðtÞ
s0�R2eðtÞ

¼

Z
dt

m1ð1þðR2=R1ÞÞ
ðA:4Þ

By integrating Eq. (A.4), the total strain becomes

eðtÞ ¼ s
R2
�exp

�t

m1ð1þðR2=R1ÞÞ
þC

� �
ðA:5Þ

Considering the initial conditions t¼ 0) eðtÞ ¼ e0

C ¼ ln
s
R2
�e0

� �
and eðtÞ ¼ s0

R2
�

s0

R2
�e0

� �
exp

�t

m1ð1þðR2=R1ÞÞ

� �
ðA:6Þ

Since the total compliance is JðtÞ ¼ eðtÞ=s0, the elastic compli-
ance is Jð0Þ ¼ e0=s0, and the normalized creep compliance is
JnðtÞ ¼ JðtÞ=Jð0Þ, the normalized creep compliance becomes

JnðtÞ ¼
1

e0

s0

R2
�

s0

R2
�e0

� �
exp

�t

m1ð1þðR2=R1ÞÞ

� �� �
ðA:7Þ
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