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1. Introduction

In recent years Fiber Reinforced Polymers (FRPs)
increasingly used as an efficient way to repair and
retrofit concrete structures. Performance of FRP systems
depends on environmental, chemical and mechanical
conditions. This study investigated the effects of substrate
and epoxy temperature at the time of installation (5 to
80°C) on bond strength between GFRP and cement-based
mortar substrate, using pull-off test (POT) and twist-off
test (TOT). A total of 288 tests were conducted and the
results showed that the specimen with 50°C substrate and
epoxy temperature had the highest bond strength.
Comparing to the control specimen, the bond strength of
this specimens increased up to 36 and 24% for POT and
TOT, respectively. Additionally, the reduction of the
substrate surface temperature caused a decrease in bond
strength. Furthermore, by increasing the substrate
temperature beyond Ty, a significant loss in POT and TOT
strength was observed. It was noted that the negative
effect of low substrate temperature can be reduced by
increasing epoxy temperature. A logarithmic correlation
between POT and TOT bond test was observed. The
results of the analysis of variance revealed that substrate
surface temperature and epoxy temperature significantly
affect the adhesion of the two materials and bond strength.

1. Introduction

Using FRP sheets has several beneficial effects on
strengthening, retrofitting, and rehabilitation of structural
elements. In the past few decades, FRP sheets have been
widely used for strengthening of RC beams because of
their superior mechanical, physical and chemical
properties. In retrofitted reinforced concrete members,
adhesive joints transfer stress through two distinct
mechanisms: 1) chemical bonding, and 2) mechanical
interlock. The former is a result of chemical interactions
between the adhesive and concrete substrate, while the
latter is due to the porosity of concrete and roughness of
substrate surface.

Various factors affect the bond adhesion between FRP
systems and concrete substrate, which can be referred to
as environmental, physical, and chemical factors. The
surface substrate and epoxy temperature at the time of
installation are two factors affecting the performance of
FRP systems.

According to American Concrete Institute Committee
440 Guidelines, the maximum service temperature of an
FRP strengthening system should be limited to glass
transition temperature, Tg, of the resin used. The Tg is the
temperature at which epoxy transition from a rigid state to
a viscoelastic state. Above the Tg value, properties of

epoxy can be dramatically reduced and changes in
molecular mobility, rigidity, volume, percent elongation
to break may occur. A more conservative limit on
maximum design temperature is recommended by
American  Association of State Highway and
Transportation Officials, where the maximum design
temperature is about 20°C below the Tg of most epoxies.
International federation for structural concrete (fib)
recommends that Tg of the adhesive used should be
sufficiently large with respect to the service temperature
and not less than 45°C.

Myers et al., used POT, TOT, and flexural tests to
evaluate the effects of environmental conditions during
installation of CFRP reinforcement. Test results revealed
that maximum allowable surface moisture content and
relative humidity were 4.3% and 82%, respectively.
Moreover, they noted that FRP laminates could be
installed within a temperature range of 4 to 50°C. The
effects of temperature and moisture on the bond strength
between FRP laminates and cement-based mortar
substrates were investigated by Imani et al. as well. They
demonstrated a significant reduction in bond strength
when the temperature exceeds the Tg of adhesives.

In this study, the effects of surface substrate and epoxy
temperature during installation on the bond quality GFRP
systems were investigated. Experiments were carried out
using the POT and TOT. The data obtained were
statistically analyzed using analysis of variance
(ANOVA). New accurate relations were proposed using
nonlinear regression techniques on data obtained from
POT and TOT for estimating bond strength of GFRP
systems with different conditions.

2. Method

In this study, 32 specimens with the dimensions of
300x300x60 mm?® strengthened by GFRP sheets were
prepared and evaluated under POT and TOT as shown in
Figure 1.

Pull-off Test Twist-off Test

Figure 1. Test set up for POT and TOT

The bond strengths of GFRP systems were investigated
for two conditions before FRP installation, namely:

I. Different temperatures of the cement-based mortar
surface;

I1. Different temperatures of the epoxy.

GFRP laminates were installed on specimens under
laboratory conditions of 25°C as control specimens.
Mortar specimens for condition | (after complete curing)
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were kept in a temperature control chamber (cooler or
heater) for at least 5 days before the installation of GFRP
laminates. The prescribed temperature conditions for
these specimens were chosen as 5°C, 50°C, and 80°C. The
two higher temperatures of 50°C and 80°C were chosen to
investigate the effect of temperatures near and above Tg.
Moreover, the epoxy resin for condition Il was reached to
same temperatures before installation. Nine POTs and
TOTs were conducted for each condition and the results
were averaged and reported with the observed failure
modes.

2.1. Bond Strength

Bond strength measured using two different test setups
and the gathered data were analyzed to determine
effectiveness of GFRP laminate and cement-based
mortar system.

2.1.1. POT strength

Table 1 shows the results of POT for different conditions.
As results show, the POT strength for control specimen
was 0.84 MPa. Installation at 5°C temperature resulted in

13% reduction in average bond strength. On the contrary, ®
an increase in the epoxy temperature leads to an increase

in the average bond strength between GFRP and mortar
substrate. However, upon increasing the surface
temperature beyond 50°C, a significant loss in POT
strength was observed due to thermal degradation and
oxidative cross-linking. For specimens with low surface
temperature, increasing epoxy temperature led to the
increase in bond strengths.

Table 1. The summery of the POT strength

f o Cv

Test Group (MI;a) (MPa) (%)
5-5 0.70 8.02 0.13
5-25 0.73 26.84 0.21
5-50 0.78 23.56 0.18
5-80 0.71 13.58 0.10
25-5 0.75 11.78 0.09
25-25 (Control) 0.84 21.89 0.18
25-50 0.91 9.07 0.08
25-80 0.72 18.26 0.13
50-5 1.07 10.26 0.11
50-25 1.12 10.93 0.12
50-50 1.14 12.46 0.14
50-80 0.81 1741 0.13
80-5 0.82 11.40 0.09
80-25 0.78 34.15 0.27
80-50 0.81 14.73 0.12
80-80 0.68 19.34 0.13

2.1.2. TOT strength

Table 2 shows the results of TOT. As can be seen, the
reduction of TOT adhesion for GFRP samples installed on
surfaces with a temperature of 5°C, after using epoxy with
temperatures of 5, 25, 50 and 80°C was 12, 13, 3, and 15%,
respectively. Generally, for specimens with low surface
temperature, increasing epoxy temperature before
installation led to improvement in performance of GFRP
systems. At surface temperatures of 25°C and 50°C,
increasing the epoxy temperature to 50°C increased the
TOT adhesion strength. On the other hand, installing
GFRP at 80°C, due to the decrease of adhesive properties,
reduced bond strength. In this case, depending on the
temperature of the epoxy at the time of installation, the
TOT strength decreased between 3 to 20%, compared to
the laboratory environment.

Table 2. The summery of the TOT strength

f o Cv

Test Group ™ F:a) (MPa) (%)
5-5 3.48 27.63 0.96
5-25 3.44 13.43 0.46
5-50 3.85 13.14 0.5
5-80 3.39 12.64 0.43
25-5 3.77 7.54 0.28
25-25 (Control) 3.96 12.94 0.51
25-50 4.36 15.58 0.68
25-80 3.70 10.58 0.39
50-5 4.86 10.74 0.52
50-25 4.76 9.57 0.46
50-50 4.92 9.38 0.43
50-80 3.74 10.75 0.40
80-5 3.83 9.92 0.38
80-25 3.64 8.14 0.30
80-50 3.68 12.17 0.45
80-80 3.16 10.75 0.34

2.2. Failure modes

Three predominant failure modes were observed during
bond tests:

cohesive failure in mortar substrate (G);

adhesive failure at the interface between GFRP laminates
and mortar substrate (E);

mixed-mode failure including mortar failure and interface
failure (F).

For the specimens prepared at temperature 25 and 50°C,
the failure mode G was observed. With increasing
substrate surface temperature beyond Tg, the percentage
of failure modes F and E increased.

2.3. Statistical analysis

In order to better understand the impact of various
factors (independent variables) and their interactions on
the responses (dependent variables), observed data for
bond strength were analyzed using SPSS (using the
ANOVA). This analysis was done for differences at 0.05
significance level. Table 3 shows the results of the
ANOVA for POT and TOT strength. As it can be seen, in
Table 4, substrate surface, epoxy temperate and their
interactions affect TOT and TOT strength.

Table 3. ANOVA results for POT and TOT strength

Factors Sums of Squares df Mean Square P-Values
POT | TOT POT | TOT | POT | TO

T

Surface | 1650 | 2204 | 3 | 085 | 7.35 | 0.00 | 0.00

Temp.

Epoxy 0784 | 1043 | 3 | 026 | 348 | 0.00 | 0.00

Temp.

Interaction 101.83 | 2266.78 | 16 | 6.37 | 141.7 | 0.00 | 0.00

3. Conclusion

Mechanical bond strength tests were conducted on
cement-based mortar substrate and GFRP laminate
installed using wet layup techniques to assess the effects
of substrate surface and epoxy temperature during the
installation process on the quality and performance of the
bond. Test results revealed that the high surface and epoxy
temperature cause a substantial decrease in the adhesive
bond strength between GFRP and cementitious mortar
substrate. The POT and TOT strength reduced by 13%
when substrate surface temperature was 5°C. In this case,
with increase of epoxy temperature up to 50°C, the POT
and TOT can be increased. The analysis of variance
showed that surface and epoxy temperature had great
influence on POT and TOT strength.
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