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GRAPHICAL ABSTRACT

« The effects of applied stress and FRP

bar characteristics on the short-term
creep behavior of FRP bars were
studied.

« All FRP bars experienced creep strains
less than 3% of their initial elastic
strains.

FRP Bar Creep

« The creep strains increased as the
applied stresses increased.

« GFRP bars were the most creep
resistant bars while CFRP bars with
epoxy resin were the least creep
resistant bars.

« The bars with larger diameters
showed better creep behavior.
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This paper presents the creep behavior of various FRP (GFRP, CFRP, and hybrid) bars in order to investi-
gate the effects of different parameters, including the applied stress levels, bar diameter, and the type of
fiber and resin in the creep behavior of FRP bars. The creep strains versus time curves were experimen-
tally obtained for 83 days. Moreover, a statistical study, including analysis of variance (ANOVA) and linear

Bayesian regression was conducted to investigate the contribution of the studied parameters. The results
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showed that in GFRP bars the ratio of ultimate creep strain to the initial elastic strain decreased when the
applied stresses on the bars exceeded 30% of their ultimate tensile strength. In CFRP bars, the creep ratio
decreased by increasing the applied stresses continuously. In addition, it was observed that the GFRP bars
were more creep resistant in comparison to CFRP bars and CFRP bars with vinyl ester resins were more
creep resistant than those with epoxy resins.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Fiber-Reinforced-Polymer (FRP) composites, such as FRP bars
and tendons made of arranged fibers embedded in resin matrices,
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are known as alternative and competitive materials in retrofitting,
strengthening, and new construction of members [1-4]. FRP bars
and tendons offer many advantages over steel bars and tendons
such as corrosion resistance, high strength, excellent fatigue
behavior, low thermal expansion, and light weight [5-8]. When
steel bars and tendons are used in structural members, the short-
term mechanical properties of steel are taken into account, but


http://crossmark.crossref.org/dialog/?doi=10.1016/j.conbuildmat.2018.03.204&domain=pdf
https://doi.org/10.1016/j.conbuildmat.2018.03.204
mailto:vatani@srttu.edu
https://doi.org/10.1016/j.conbuildmat.2018.03.204
http://www.sciencedirect.com/science/journal/09500618
http://www.elsevier.com/locate/conbuildmat

E.P. Najafabadi et al./Construction and Building Materials 171 (2018) 960-968 961

when using FRP bars and tendons as reinforcement bars and pre-
stressed tendons, the long-term tensile behavior of these materials
must be taken into account in addition to their short-term behav-
ior [9-11]. In order to investigate the long-term tensile properties
of FRP bars and tendons, research has been conducted on the stress
loss of FRP bars due to relaxation when they are used as pre-
stressed tendons [9,12].

However, there is a limited amount of research on FRP bars’
creep behavior, which is an important factor in the long-term per-
formance of fiber-reinforced concrete members [13-18]. In FRP-
reinforced concrete (FRP-RC) members, extra stress is applied to
the concrete because the creep in the FRP bars leads to larger
cracks in the concrete. This reduces the moment of inertia in con-
crete members [19]. Therefore, the creep behavior of FRP bars
should be considered in the design of FRP reinforced concrete
structures. The creep behavior of FRP materials comprises three
stages (Fig. 1). The first stage ends in the early days of the applied
sustained load. The first stage occurs primarily because of
increases in the resin strain due to its viscous behavior, redistribu-
tion of applied stresses in the fibers, and straightening of uneven
fibers [15,16]. In the second stage, the FRP materials encounter a
slow creep strain increase. The second stage occurs primarily
because of defects that occur in the fabrication stage of FRP mate-
rials, such as voids between the fibers or between the fibers and
the resin. If the stresses in FRP materials exceed 60% of their ulti-
mate stress (0.6 f,), the defects grow, leading to total failure of
the material in the long run. This failure is defined as the third
stage or the tertiary stage of creep [15].

Several creep tests have been performed on FRP laminates, pul-
truded profiles, and frames [20-22]; however, few attempts have
been made to investigate the creep behavior of FRP bars. It is worth
to mention that testing FRP bars represents the real condition of
FRP-reinforced concrete members. Moreover, differences in cross-
section’s geometry (configuration and area) may lead to a different
confinement force applied by the outer bulk of the FRP materials
on their cores, which could affect their creep behavior. In addition,
due to the economic aspects, generally, the FRP laminates and pro-
files, are constructed using lower fiber amounts and higher fillers
in comparison to FRP bars which defiantly affects the creep perfor-
mance. Finally, in most cases, even in unidirectional FRP laminates
and profiles, some transvers fibers are also available, the second
creep stage is obtained after 42 days which can be another reason
for the importance of testing FRP bars. Maksimov and Plume [20]
investigated the creep behavior of several hybrid aramid-glass
reinforced plastics as well as their resin matrix and fibers individ-
ually. The authors showed that the resin individually experienced a
high number of creep strains under sustained loads, and after 5.7
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Fig. 1. Different creep stages [15].

years, the total strains exceeded the initial elastic strains by 430%-
470%. Moreover, after 5.7 years, the total strain of fibers exceeded
the initial elastic strains by 2.0-2.2 times. However, Maksimov and
Plume reported creep resistant behavior for the mixture of resin
and fibers (i.e., creep strains only about 5% of their initial strains
after 5.7 years). In a study conducted by Ascione et al. [22], the
creep behavior of carbon fiber reinforced polymer (CFRP) pul-
truded laminates were investigated. The results showed that lam-
inates under 0.3, 0.375 and 0.45 f, experienced 1.63, 1.66 and
1.71% creep ratios in the long run, respectively. They reported that
under these stress levels the FRP laminates did not experience the
third creep stage.

In the case of FRP bars, Wang et al. [12] investigated the creep
behavior of basalt fiber reinforced polymer (BFRP) tendons for
pre-stressing applications and showed that creep behavior is
related to the stress applied on the BFRP bars. The results revealed
that BFRP bars experienced creep strains about 3.58% of their initial
elastic strain under 0.5 f,. However, studies on the creep behavior
of different FRP bars—such as CFRP, glass fiber reinforced polymers
(GFRP), or Hybrid (glass and carbon fibers) FRP bars—under differ-
ent applied stresses are very limited, and a thorough investigation
is needed to obtain their creep behavior before they are utilized in
RC members.

Shi et al. [16] studied the creep behavior of the normal and
pretension-treated basalt fiber-reinforced polymer tendons, con-
cluding that both types can sustain 0.6 f, and 0.7 f,, without expe-
riencing a fracture within 42 days. The creep behavior of 9.8 mm
GFRP bars were investigated by Nkurunziza et al.,, whereby the
specimens were subjected to alkaline solution and de-ionized
water for 417 days under stress levels up to 0.8 f, [13]. The
reported results showed that the maximum creep strain is less
than 5% of the initial elastic strain and that the bars did not reach
the third creep stage under the chosen stress levels.

Given the aforementioned findings, in this study, the creep
behaviors of different FRP bars characterized by different fiber
and resin types as well as bar diameters were examined under dif-
ferent sustained stresses. The main aim was to compare the second
creep stage of carbon, glass, and hybrid carbon-glass FRP bars. The
tests were carried out for 83 days to record the second creep stage.
Moreover, to investigate the effects of bar characteristics, bar
diameters, and applied stress levels on creep behavior, analysis
of variance (ANOVA) was performed. Finally, empirical equations
for the creep behavior of FRP bars at the end of the second stage
(after 83 days) were developed based on the test results, using a
Bayesian linear regression method. The findings of this study will
increase understanding of the effects of different FRP bars’ param-
eters and applied stress levels on the bars’ creep behavior.

2. Experimental program

Several specimens were tested to investigate the effects of dif-
ferent FRP bars’ parameters, including fiber type, resin type, bar
diameter, and the applied sustained stress levels on the FRP bars’
behavior in the first and second creep stages. Based on the study
by Maksimov and Plume [20] the second creep stage is obtained
after 42 days of creep test. However, in this study, the tests were
continued up to 83 days to guarantee the observation of the second
creep stage in FRP bars.

2.1. Materials

2.1.1. FRP bars

Four types of FRP bars were used in this study, Namely, sand-
coated GFRP bars with epoxy resin (Type A), grooved CFRP bars
with epoxy and Vinyl Ester resins (Type B and C, respectively),
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