
Construction and Building Materials 329 (2022) 127028

0

A
a

b

T
e
t
l
d
p
m
h
o
f

a
b
c
G
i
b

Contents lists available at ScienceDirect

Construction and BuildingMaterials

journal homepage: www.elsevier.com/locate/conbuildmat

Durability assessment of GFRP rebars in marine environments
Alvaro Ruiz Emparanza a,∗, Raphael Kampmann b, Francisco De Caso a, Carlos Morales a,
ntonio Nanni a
University of Miami, 1251 Memorial Drive, Coral Gables, 33146, FL, USA
FAMU-FSU College of Engineering, 2525 Pottsdamer Street, Tallahassee, 32310, FL, USA

A R T I C L E I N F O

Keywords:
Composite FRP rebar
Durability
Service life
Marine structures
Reinforced concrete

A B S T R A C T

Technologies developed over the last two decades have facilitated the use of glass fiber reinforced polymer
(GFRP) bars as internal reinforcement for concrete structures, specially in coastal environments, mainly due
to their corrosion resistance. To-date, most durability studies have focused on a single mechanical parameter
(tensile strength) and a single aging environment (exposure to high alkalinity). However, knowledge gaps
exists in understanding how other mechanical parameters and relevant conditioning environments may affect
the durability of GFRP bars. To this end, this study assesses the durability for different physio-mechanical
properties of GFRP rebars, post exposure to accelerated conditioning in seawater.

Six different GFRP rebar types were submerged in seawater tanks, at various temperatures (23 °C, 40 °C and
60 °C) for different time periods (60, 120, 210 and 365 days). In total six different physio-mechanical properties
were assessed, including: tensile strength, E-modulus, transverse and horizontal shear strength, micro-structural
composition and lastly, bond strength. It was inferred that rebars with high moisture absorption resulted in
poor durability, in that it affected mainly the tensile strength. Based on the Arrhenius model, at 23 °C all the
rebars that met the acceptance criteria by ASTM D7957 are expected to retain 85% of the tensile strength
capacity.
1. Introduction

In the last three decades, the use of glass fiber reinforced polymer
(GFRP) rebars has increased worldwide, and is now recognized to
be a viable alternative to steel for reinforced concrete structures [1].
hese composite materials are made from longitudinally aligned fibers,
mbedded in a resin matrix. The fibers are responsible for carrying
he load while the resin binds the fibers together, which guarantees
oad transfer among the individual fibers and protects them from
egradation [2]. These rebars are globally produced, using ‘pultrusion’
rocesses, and offer various advantages compared to steel rebars: the
ain benefit is the extended durability but other advantages include
igh tensile strength (2–3 times higher than steel), lightweight (1/4
f the weight of the steel), transparency to magnetic fields and radar
requencies, as well as the lack of electric and thermal conduction [2].
Among the listed properties, an extended durability (and therefore,

nd extended service life of the built infrastructure), is assumed to
e the key benefit of this alternative reinforcing technology used in
oncrete structures. To evaluate the durability of materials such as
FRP rebars, accelerated test protocols have been developed to assess
n a relative short period of time the long term behavior of GFRP
ars by exposing the material to a harsher environment than the one
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that would be exposed to service conditions. To this end, elevated
temperatures are used as a mechanism to accelerate the aging [3]. In
addition, different aging solutions are frequently used to simulate the
different conditions to which the rebars are exposed in real life. Results
from the accelerated aging experiments can then be used to predict the
service life of the rebar for the duration of its service life.

Many research projects exist, that have evaluated the durability of
GFRP rebars exposed to different solution (and different temperatures),
such as high pH (simulating the high alkalinity of the pore solution
of concrete), tap water (i.e.; to evaluate the effect of moisture in
submerged applications), simulated seawater (conditions experienced
in coastal regions), etc. [4–20]. Various of these studies and the char-
acteristics of the accelerated conditioning protocol adopted by each of
them are summarized in Table 1.

It can be inferred that the deterioration of the tensile strength
was the main focus of past studies, though a few projects studied the
degradation of the horizontal/transverse shear strength and the bond-
to-concrete strength. Recently, Khatib et al. [15] studied the durability
of GFRP rebars embedded in seawater-mixed concrete at 60 °C for up to
two years, evaluating the retention of tensile properties (strength and
modulus of elasticity), transverse/horizontal shear strength and bond
950-0618/© 2022 Elsevier Ltd. All rights reserved.
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Table 1
Exposure condition and evaluated mechanical properties for various studies.
Research study FRP typea Analyzed mechanical properties Accelerated aging

Conditioning Duration Temperature
d °C

Khatib et al. [15] GFRP Tensile, transverse/horizontal shear & bond Seawater-mixed concrete ≤730 60
Manalo et al. [20] GFRP Horizontal shear Simulated seawater, tap water & alkaline sol. ≤112 23, 60, 80
Wang et al. [17] B, C, & GFRP Horizontal shear Simulated seawater & sea sand concrete ≤84 25, 40, 55
Wang et al. [8] B, & GFRP Tensile Simulated seawater & sea sand concrete ≤63 23, 40, 48, 55
Yan and Lin [18] GFRP Bond Saline solutions ≤60 50, 70
Benmokrane et al. [10] GFRP Tensile, flexure & horizontal shear Alkaline solution ≤90 60
Benmokrane et al. [19] GFRP Transverse/horizontal shear & flexure Alkaline solution ≤210 60
Dong et al. [5] B, & GFRP Bond Simulated seawater ≤240 25, 40, 55
Benmokrane et al. [9] B, & GFRP Transverse/horizontal shear & flexure Alkaline solution ≤210 60
Robert and Benmokrane [7] GFRP Tensile Concrete & saline solution ≤365 23, 40, 50, 70
Davalos et al. [16] GFRP Tensile Concrete ≤270 20, 40, 50, 60
Robert et al. [6] GFRP Tensile Concrete & tap water ≤240 23, 40, 50
Chen et al. [13] C, & GFRP Tensile, bond & horizontal shear Tap water, alkaline sol. & simulated seawater ≤120 40, 60
Chen et al. [14] GFRP Tensile Alkaline solution ≤240 20, 40, 60
Micelli and Nanni [11] C, & GFRP Tensile & horizontal shear Alkaline sol., freeze-thaw & environmental expo. ≤42 −18, 4, 16, 27, 38, 49, 60
Benmokrane et al. [12] GFRP Tensile Alkaline solution & concrete ≤90 23, 60
Dejke and Tepfers [4] GFRP Tensile Alkaline solution, concrete & tap water ≤365 23, 40, 60

aGFRP (Glass FRP), BFRP (Basalt FRP), and CFRP (Carbon FRP).
strength. It was an experimental study and no service life predictions
were conducted.

The exposure solutions, as well as the exposure durations and
temperatures, vary significantly. Most of the studies exposed FRP rebars
for less than one year, at an accelerating temperature ranging mainly
between 23 °C and 60 °C. Submersion in alkaline solutions or embed-
ment in different types of concrete were the predominant exposure
conditions, followed by aging in simulated seawater. Some of the
studies found in the literature combined the durability of GFRP rebars
with other types of FRP rebar types, such as BFRP (basalt FRP), or
CFRP (carbon FRP), also used as non-corrosive internal reinforcement
in RC structures. The outcomes of these studies are used to compare or
validate the findings of this research.

2. Problem statement and research significance

Many researchers have attempted to evaluate the durability of GFRP
rebars by subjecting them to accelerated conditioning protocols (ACP),
in which the rebars are exposed to different solutions (high pH, tap
water, acid, etc.) at different temperatures, for different time periods, as
summarized in Table 1. As coastal structures are one of the main targets
for GFRP rebar applications [21], experiments and studies are needed
that test and simulate the degradation, for example, on heavily cracked
coastal structures, such that the durability of this rebar alternative can
be more precisely description and quantified. This appears eminent
because DOT agencies (e.g.; Florida DOT), did not allow the use of
GFRP rebars in submerged conditions until this knowledge gap was
filled through this research project.

To extend the durability knowledge and to deeper study degradation
processes in GFRP rebars, additional mechanical properties, other than
tensile strength, should be evaluated. In this study, tensile properties
(maximum strength and elastic modulus) were evaluated since they are
the main values used in design of FRP reinforced concrete structures.
Moreover, the retention of horizontal and shear strength after exposure
was also assessed, which can provide information about the durability
of the fiber and resin, respectively. To visually analyze the potential
degradation of the rebars after exposure with the goal of determining
the degradation mechanism, the microscopic integrity of the rebar
was evaluated via scanning electron microscopy (SEM). Finally, the
interface between the rebar and concrete was appraised to assess
the bond-to-concrete behavior over time; critical to ensure a proper
composite action between the reinforcement and the concrete in RC
structures.
2

Table 2
Characteristics of the evaluated GFRP rebar types.
ID Cross section Surface enhancement Material

Resin Fiber

Type-A Round and Solid Helical wraps + Sand-coating Vinyl-ester E-CR Glass
Type-B Round and Solid Helically grooved Vinyl-ester E-CR Glass
Type-C Oval and Solid Lugs Vinyl-ester E Glass
Type-D Round and Solid Helical mesh + Sand-coating Vinyl-ester E-CR Glass
Type-E Round and Solid Helically grooved Epoxy E-CR Glass
Type-F Round and Solid Helical wraps + Sand-coating Vinyl-ester E-CR Glass

Therefore, the novelty of this research project was three-fold: (i)
the aging solution used for the accelerated aging was actual seawater
taken directly from the ocean, providing more realistic conditions, (ii)
multiple physio-mechanical properties were simultaneously evaluated,
including tensile strength, modulus of elasticity, horizontal and trans-
verse shear strength, and micro-structural composition, and (iii) the
durability of the bond-to-concrete strength of six GFRP rebars with
significant surface characteristics was evaluated.

3. Methodology

This research project was conducted to target an extensive evalu-
ation of virgin and aged material properties of GFRP rebar products.
Accordingly, products from six major GFRP rebar manufacturers were
selected (Type-A through Type-F) to evaluate six of the most established
GFRP rebar products worldwide. These manufacturers represent six
of the most established GFRP rebar products worldwide, enabling a
broader and more realistic analysis of the global GFRP industry. Table 2
summarizes the cross-sectional shape, surface enhancement and type of
raw materials used for each of the rebar types. Most of the tested prod-
ucts were made from vinyl-ester and E-CR glass (which is an upgraded
corrosion resistant version of traditional E-glass) except Type-C, which
was made with E-glass, and Type-E, which was manufactured from
epoxy resin. All the rebars were round and solid, with the exception of
Type-C with an oval cross section. However, the surface enhancement
varied significantly: three rebar types were sand coated (Type-A, Type-
D, and Type-F), two featured helical grooves (Type-B and Type-E) and
one had surface lugs (made from resin) similar to traditional black steel
rebars (Type-C). Among the sand coated rebars, Type-A and Type-F
rebars also featured helical wraps to bundle the fibers together and
provide additional surface interlocking, while this effect was achieved

through a double-helical mesh for Type-D rebars. Fig. 1 provides an
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Fig. 1. GFRP rebars within the scope of the project. Type A through F (from left to
right).

Table 3
Conducted test methods to evaluate virgin material properties of GFRP rebars.
Rebar Id. Type of property Characteristic Test method

A, B, C, D, E, F

Physical

Cross-sectional area ASTM D 798
Fiber content by weight ASTM D 2584
Moisture absorption ASTM D 570
Microstructure observationa SEMa

Mechanical

Tensile strength ASTM D 7205
Modulus of elasticity ASTM D 7205
Transverse shear properties ASTM D 7617
Horizontal shear properties ASTM D 4475
Bond to concrete strength ASTM D 7913

aOnly rebar types A, B and C were tested.

overview of the geometrical features and surface enhancements for
the six rebar types that were tested for this project. For each re-
bar test sample, four physical properties (fiber content by weight,
cross-sectional dimensions, moisture absorption and micro-structural
observation through Scanning Electron Microscopy or SEM) and five
strength characteristics were measured, as noted in Table 3. For all the
measured virgin characteristics, a minimum of five specimens per test
group were tested.

3.1. Accelerated aging protocols

To assess the durability of GFRP rebars in seawater environments,
additional virgin material samples were submerged in seawater at
different temperatures and exposure times. In total, five mechanical
properties (tensile strength, E-Modulus, transverse shear strength, hor-
izontal shear strength, and bond strength) were evaluated for the
aged samples to characterize the relative performance in reference to
the (virgin) benchmark values. In addition, the micro-structure of the
exposed rebars was also checked via SEM.

All samples were submerged in seawater tanks located at the ma-
rine laboratory of the Rosential School of Marine and Atmospheric
Science (RSMAS) at University of Miami (Miami, Florida). This facility
is located directly on the coast, allowing a direct supply of seawater
from the bay. The tanks included an open circuit with a constant
seawater stream to ensure the real-life conditions to which coastal
structures are exposed. This was one of the main novelties of this
study compared to others that exposed samples to simulated seawater
by ASTM D1141 [22] instead of natural seawater [5,7,8,13,17,18,20].
3

s seen by other researchers, the effect of simulated solutions, such t
Table 4
Seawater chemical composition.
Ions Concentration (ppm)

Na+ 10,735.7
K+ 380.0
Ca+2 424.0
Mg+2 1416.0
Cl− 19,920.0
SO−2

4 2697.0

Table 5
Test matrix for the accelerated aging protocol.
Phase Rebar type Accelerated conditioning protocol

Temp. Time
°C Days

I A, B, C 23, 40, 60 60, 120, 210, 365II D, E, F 23, 60

as simulated concrete pore solution, can efficiently be used to predict
real-life environments, even though they are proven to be not 100%
representative [4,12].

To avoid this issue and have a more realistic durability evaluation,
natural seawater was used as exposure solution in this study. The
chemical composition of the used seawater was obtained via induc-
tively coupled plasma atomic emission spectroscopy (ICP-AES) and is
presented in Table 4. An average pH value of 7.98 was recorded. More
details of the composition are presented on parallel studies that also
used seawater from Key Biscayne, Florida [15,23].

The water was heated using conventional 4 kW submergible heaters,
nd the temperature was constantly monitored using temperature data
oggers. The seawater was heated to different temperatures to accel-
rate the potential degradation process and to evaluate the impact
f different temperature intensities. Aging was achieved through two
hases (Phase-I and Phase-II), as seen in Table 5. In total, the Acceler-
ted Conditioning Protocol (ACP) included three temperatures (23 °C,
0 °C, and 60 °C and four different time periods (60 d, 120 d, 210 d, and
60 d). These temperatures were chosen because: (i) 23 °C resembles
aboratory conditions, (ii) 60 °C is the most commonly used temperature
or accelerated conditioning of FRP rebars [10,13] and because it has
een proposed by ASTM D7705 [24] for aging of GFRP rebars in
lkaline water, and (iii) 40 °C provides reference values for cases in
hich extreme differences are observed between 23 °C and 60 °C. As
efined in Table 5, Phase I samples were exposed to three temperature
evels, while Phase II samples were aged at 23 °C and 60 °C because
hase I results reveled that the difference between the degradation in
3 °C and 40 °C was not significant, and therefore, the 40 °C condition
as removed from the scope for economic and work-load reasons.
he conditioning of test samples is illustrated in Fig. 2 and it can be
een that the samples were stored in different water baths to expose
ndividual specimen groups to different conditions.

.2. Specimen preparation and testing procedure

The specimen preparation and testing for each type of test was done
ccording to the corresponding ASTM standards, listed in Table 3. The
pecimens used to determine the benchmark properties of the GFRP
ebars within this project, were cut, prepared, conditioned and tested
n laboratory conditions, while the test samples used to assess the
urability were first exposed to seawater though the accelerated aging
rotocol. For the exposure, the 1.5m long rebar sticks received directly
rom the manufacturer, were first sealed with epoxy at both ends (to
void moisture diffusion from the cut ends), and were then submerged
n seawater, ‘naked’, as seen in Fig. 2. Once they reached the aging
eriod, they were removed from the tanks and cut to length to test

he different mechanical properties after being aged. The only samples
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Fig. 2. Specimen conditioning according to accelerated conditioning protocol.
hat were prepared prior to being exposed to seawater were the bond
amples, which were first cast according to ASTM D7913. The concrete
sed for the preparation of the bond specimens was the standard FDOT
Type II 4500 Bridge Deck’, with a 28-day compressive strength of
7.20MPa (Standard deviation of 0.67MPa and coefficient of variation
f 1.8%).

. Results

The six different rebar type samples were tested in a virgin state and
fter exposure to seawater at different temperature levels to quantify
nd evaluate the durability under different conditions. The results
btained from virgin state testing provided benchmark values (100%)
uch that property retention could be characterized throughout the
urability evaluation.

.1. Benchmark values

The results obtained from testing pristine rebars (benchmark values)
re summarized in Tables 6 and 7. It was seen that the cross-sectional
imensions and fiber content were very comparable for the different
ebars, while the long-term moisture absorption varied significantly:
ebar Type-A absorbed about five times more moisture relative to the
nitial weight of the specimen than rebar types B, C, E and F, which had
4

similar behavior. Type-D rebars, however, measured values between
Table 6
GFRP rebar materials — Physical characteristics.
Rebar type Cross-sectional area Fiber content by weight Moisture absorption

Avg CoV Avg CoV Avg CoV
mm2 % % % % %

A 81.0 2.6 76.3 0.5 1.16 4.2
B 86.1 1.4 84.1 0.1 0.19 3.7
C 80.0 3.9 76.1 0.1 0.22 3.5
D 89.9 1.0 70.1 0.4 0.76 3.1
E 91.1 6.1 81.6 0.4 0.25 2.1
F 83.0 1.0 70.9 0.8 0.20 2.7

Type-A and the remaining rebars, with a relative moisture uptake of
approximately three times more than rebar types B, C, E and F. Overall,
all the physical properties were within the accepted ranges as per the
current standard specification for GFRP rebars, ASTM D7957 [25],
except the moisture absorption for Type-A rebar, which exceeded the
1% saturation limit.

Table 7 summarizes the numerical findings for the evaluated me-
chanical characteristics that were considered within the scope of this
research.

It can be seen that the properties of the different rebar types vary
significantly. However, all of them reached the minimum strength
values defined by ASTM D7957 [25]. Compared to the results for
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Table 7
GFRP rebar materials — Mechanical characteristics.
Rebar type Tensile strength E-modulus Transverse shear strength Horizontal shear strength Bond strength

Avg CoV Avg CoV Avg CoV Avg CoV Avg CoV
MPa % GPa % MPa % MPa % MPa %

A 953.8 5.5 51.6 5.1 212.4 4.8 42.9 7.7 18.4 11.9
B 830.1 6.6 61.2 3.2 157.0 6.5 43.7 5.9 18.8 10.1
C 982.5 4.3 54.6 6.0 211.2 2.6 50.3 5.6 22.3 12.0
D 1306.3 4.9 63.4 2.8 288.6 5.2 51.3 5.8 16.1 13.5
E 1058.0 2.5 56.9 3.3 248.6 3.8 41.6 2.6 14.5 14.3
F 1017.1 1.8 55.4 3.6 239.2 1.3 37.0 7.8 20.0 15.0
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the physical properties, the variability, in this study evaluated by
the coefficient of variance (CoV), is higher. This is attributed to the
generally higher complexity of the specimen preparation and testing
protocols for the evaluation of the mechanical properties. The bond
strength was, among all, the most variable property; the fact that for
the bond strength test an additional variable is added, the concrete, is
believed to be the reason behind this higher variability.

From the results obtained by testing the rebars as received from the
manufacturer, it was inferred that out of the six different rebar types
evaluated within the scope of this research, all of them exceeded the
minimum requirements set by the acceptance criteria except Type-A,
which had a higher moisture absorption than the threshold set by ASTM
D7957 [25]. Therefore, Type-A was considered a substandard rebar
according to ASTM D7957. However, to assess the effect of excessive
moisture uptake in the durability of GFRP rebars, Type-A was still
included in the durability evaluation.

4.2. Durability evaluation

GFRP rebar specimens were exposed to saltwater solutions at three
different temperatures (23 °C, 40 °C and 60 °C) for a duration of up
o one year, in which specimens were removed and tested after four
ifferent time periods (60 d, 120 d, 210 d and 365 d). Accordingly, the
raph presented in Fig. 3 plots the exposure duration on 𝑥-axis and
he retention of the individual property (in %) along the 𝑦-axis, for the
ifferent rebar types and mechanical properties. The values indicated
y each marker were calculated by averaging the ultimate capacity of
t least three individually tested specimens. The standard deviation is
ot represented because it is an insignificant measure for three data
oints.
As expected, the higher temperature environment of 60 °C led to

ignificantly more strength reduction than the two lower conditioning
emperature levels (23 °C and 40 °C). It was seen that the durability of
he different rebars varied significantly; overall Type-A rebars (substan-
ard rebars according to ASTM D7957) suffered the most degradation,
ollowed by Type-D rebars and then Type-B, Type-C, Type-E and Type-
rebars which showed comparable performance, and suffered lower
eterioration. In general, the tensile strength was the mechanical prop-
rty that measured the most significant degradation with a reduction of
ensile capacity of up to approximately 45%, followed by the transverse
hear and bond strength (20%), horizontal shear strength (10%) and
-modulus, for which the reduction was negligible. Excluding rebar
ype-A, however, the tensile strength deterioration decreased to a
aximum of 37.5% and 25% on average. The COV values summarized
n Table 7 may indicate that what is considered degradation in Fig. 3
ould be partially related to the scatter inherent to the variability of
he test. Compared to studies that assessed the durability of the GFRP
ebars by aging them under similar conditions [6,7,9,15,17,26], the
etention values in this research appear comparable for rebars Type-B,
ype-C, Type-E and Type-F, but Type-A and Type-D generally measured
igher degradation.
It can be inferred that the degradation of the modulus was in-

ignificant compared to the reduction of the maximum tensile capacity,
5

ven though both properties are related to the tensile behavior and are w
etermined using the same test method (ASTM D7205). This has been
eported by others before [6,7,17]. Even if the test method to assess
oth mechanical properties is the same, the tensile strength is related
o the maximum tensile capacity at a critical strain prior to failure
at a strain of about 1.25% depending on the rebar type), while the
-Modulus is computed at the lower range of the stress–strain curve
between 0.1% and 0.3%). Currently, it is assumed that a degradation
f the fiber and resin interface takes place, which affects the stress
ransfer between fibers. This reduction is more noticeable at critical
trains (related to the maximum tensile strength) where the decrease in
he stress transfer capacity may lead to the inability to activate all the
ibers of the cross section of the rebar which results in higher strains in
he critically engaged fibers. This will then cause failure of individual
ibers at an earlier stage, leading to a premature failure of the rebar
nd reducing the ultimate tensile strength. However, since the elastic
odulus is not related to individual or incremental fiber failures at a
ritical strain but rather to the sum of the elastic strain all along the
oupon or rebar gage length (since it is computed at low strain), is not
hat significantly affected.
In addition, it is widely recognized [6,7,16,17] that the moisture

ptake of GFRP rebars affects their durability. Comparing the tensile
trength retention values to the moisture absorption results Summa-
ized in Table 6, a correlation between both properties can be inferred.
mong the six tested GFRP rebars, Type-A had the highest moisture
bsorption with around 1.5%, followed by Type-D (0.75%) and far
bove 0.2% for Type B, C, E and F. This same trend can be seen for the
etention of tensile strength properties, which based on the outcomes
f this research, leads to the conclusion that the higher the moisture ab-
orption of a GFRP rebar, the lower the tensile strength retention after
eing exposed to seawater. No other significant correlation between the
egradation and the rest of the physical properties presented in Table 6
as detected.
Finally, the degradation at the micro-structural level was assessed.

ebars Type A, B and C were tested using SEM image technology. Fig. 4
hows the SEM images for each of the three rebar types after exposure
o seawater for 365 days at 23 °C, 40 °C, and 60 °C. The SEM pictures
ere taken from the different locations of the cross-section with a
agnification of x50, with the objective to analyze the voids system
nd micro-structural density. In total, over 30 SEM pictures were taken
er rebar type and size. It was seen that the void concentration was
igher at the outer area of the cross-section than in the inner core,
hich was attributed to the production process, named pultrusion. This
as also seen by Khatib et al. [15]. The ingress of moisture or other
otential degrading agents comes from outside towards the center,
eing the outside pores more critical since they are the first ones to get
illed. Therefore, the outer part of the rebar section was evaluated more
n depth because it was assumed that the degradation initiates from the
utside toward the rebar core, as the exposure solution penetrates the
ebar.
Representative SEM images of the outer part of rebar types A, B and
after being aged in seawater for one year are shown in Fig. 4.
Among the three evaluated rebar types, Type-A was clearly the
ost porous rebar. These findings coincide with the moisture ab-
orption values summarized in Table 6, being Type-A also the rebar

ith the highest moisture absorption. The magnification of the SEM
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Fig. 3. Retention of the different mechanical properties over time while being exposed to seawater at 23 °C, 40 °C, and 60 °C.
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mages, however, was not high enough to determine the degradation
echanism from a micro-structural perspective.
Through strength retention analysis and failure mode observations

or the different mechanical properties within the scope of this study,
he deterioration of the fiber–resin interface was proposed as the prin-
ipal mode of degradation, as discussed above. Other authors have also
poken to potential material lose (resin hydrolysis/fiber dissolution) in
ddition to the fiber–resin interface deterioration, as the reason for the
6

o

ecay of strength [15,16,27], but no material lose could be backed up
ith the SEM magnification used in this study.

. Arrhenius model

The Arrhenius equation is a model proposed by Svante Arrhenius
n 1889, developed to model the temperature dependent reaction rates
f chemical processes. This equation supports the historically proven
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Fig. 4. SEM images for rebars Type A, B, and C (from top bottom) after being exposed to seawater for 365 days at 23 °C, 40 °C, and 60 °C (from left to right). Magnification: x50.
eneralization that the rate of reaction at room temperature doubles
very 10 °C for many chemical reactions [28]. The general Arrhenius
elationship is expressed in Eq. (1),

𝑘 = 𝐴0𝑒
−𝐸𝑎
𝑅𝑇 (1)

where: 𝑘 is the rate coefficient (mol L−1 1−𝑛
𝑠 ), 𝑇 the absolute temper-

ture, (K), 𝐴0 is the pre-exponential or Arrhenius factor (constant for
very chemical reaction) ( L

mol 𝑠 ), 𝑅 the universal gas constant ( J
mol K ),

nd 𝐸a is the activation energy for the reaction to happen (Jmol−1).
By applying natural logarithms to both sides of the equation, the

eneral Arrhenius equation can be transformed into the following linear
xpressions (see Eq. (2)), which clarifies the relationship for improved
nterpretation. When this expression is plotted, the Arrhenius Plot is
btained.

n
(

1
𝑘

)

=
𝐸𝑎
𝑅

1
𝑇

− ln𝐴 (2)

It can be seen that the logarithm of the time needed for a material
property to reach a certain value is a linear function of 1

𝑇 with the
lope 𝐸𝑎

𝑅 . Hence, 𝐸𝑎∕𝑅 and 𝐴 can be calculated from the slope of
he regression together with the point of intersection between the
egression and the 𝑦-axis of the Arrhenius Plot.
The data obtained from accelerated aging protocols can be used for

the Arrhenius model to calculate and predict the long-term behavior
of FRP rebars. To evaluate the material deterioration via the Arrhe-
7

nius model, a single predominant deterioration mechanism must be
assumed, and should not change with time or temperature throughout
exposure; the rate of degradation should only be accelerated through
increased temperatures. In addition, no post curing or little effect of
the post curing of the resin is assumed due to the temperature of
the accelerated conditioning protocols. In this study, the degradation
rate (needed for the Arrhenius model) was calculated by using four
mathematical models commonly used in the literature to assess the
degradation of GFRP rebars: (i) single logarithmic model, (ii) double
logarithmic model, (iii) exponential model, and (iv) moisture diffusion
model. Each of these models are described next for the data obtained
throughout the experimental phase.

5.1. Single logarithmic model

The single logarithmic model was developed by Litherland et al.
[29], who successfully predicted the degradation of glass fiber concrete
(GFC). It was then first introduced in the world of composite rebars
by Bank et al. [30]. This model adopts a linear relationship between
the strength retention (Y ) and the logarithm of the time (t), as shown
in Eq. (3), being a and b regression constants.

𝑌 = 𝑎 log 𝑡 + 𝑏 (3)

Since it was first introduced by Bank et al. [30], this model has
been widely used by other researchers [4–7]. However, some research
studies found no parallelism between the degradation plots at different
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temperatures, which is the indicative inherent to his model to prove
that the degradation mechanism remains unaltered with the increase
of the temperature (as assumed by the Arrhenius model) [31,32].

5.2. Double logarithmic model

The double logarithmic model is a modified version of the single
logarithmic model. It was proposed by Dejke and Tepfers [4] and
ntroduces a second logarithmic scale along the 𝑦-axis, in addition to
he already proposed logarithmic x-scale, suggested by Litherland et al.
29] (see Eq. (4)).

og 𝑌 = 𝑎 log 𝑡 + 𝑏 (4)

Dejke and Tepfers [4] showed that the results were comparable, or
lightly improved using a double logarithmic scale. Other researchers
ere also able to apply this technique successfully [33–35] for different
RP rebars and exposure conditions. This model was also used to de-
ermine the environmental strength reduction factor (𝜂env,t) used in Fib
ulletin 40 [36], equivalent to the 1/CE in the ACI 440.1R-15 [37,38].

.3. Exponential model

This model was proposed for the first time by Phani and Bose
39] and Phani and Bose [40] to predict flexural strength retentions
sing acousto-ultrasonic techniques. It was then modified to predict the
ensile strength retention of GFRP and BFRP rebars exposed to high
lkalinity solutions (see Eq. (5)), where 𝑌∞ is the retention at time in-
inity, and 𝜏 is the exponential constant dependent on temperature [14,
6,31].

= (100 − 𝑌∞) 𝑒𝑥𝑝(−𝑡∕𝜏) + 𝑌∞ (5)

hile the two logarithmic models presented above are not associated
o any specific degradation mechanism, the degradation mechanism
or the exponential models is assumed to model debonding at the
iber/resin interface [8], which was the degradation mode defined for
he rebars within the scope of this project based on the durability
esults and SEM images. Compared to the logarithmic models, no
arallelism requirements exists in this model because the model con-
ists of an exponential mathematical expression, so the appropriateness
f this model was assessed uniquely by checking the coefficients of
etermination or 𝑅2 values.

.4. Moisture diffusion model

The moisture diffusion models have been used in different appli-
ations throughout the last decades [41]. These models are based
n different diffusion laws, such as Fickian model, Two-stage model,
angmuir's model, etc., but the Fickian law is the most frequently used
ne [41]. It is applied to correlate the strength retention with the
oisture absorption of FRP rebars and it was first proposed by Saa-
atmanesh and Tannous [42]. Among the four evaluated degradation
odels, this latter one is the least used for FRP rebars because it is
onsidered too conservative: it implies that the moisture-affected area
s completely degraded and thus cannot carry load, although it is more
ikely that it is affected but still provides residual strength capacity.
The most frequently used expression of the Fickian diffusion model

s shown in Eq. (6), were 𝑟0 is the initial radius of the rebar, t is time, D
s the diffusion coefficient, and C is the concentration of the solution.

= 100

(

1 −

√

2𝐷𝐶𝑡
𝑟0

)2

(6)

One of the limitations of this expression is the quantification of the
oncentration value, C. This is not an issue if the aging solution is a
imulated alkaline or saline environment because a determined amount
f chemicals are used to target a specific concentration. For seawa-
8

er exposure, however, many chemicals, bacteria, and other potential
amaging agents exist, which complicate the determination of the con-
entration. This also applies to samples exposed to regular tap water,
here no principal chemical exists. To overcome this limitation in this
tudy, a modified version of the Fickian model, proposed by Davalos
t al. [16], was used (Eq. (7)), which incorporates parameters (j and 𝛼)
hat account for temperature effects, solution concentration, and other
xperimental conditions; if 𝛼 = −0.5, Eq. (7) becomes equivalent to the
eneral prediction model based on moisture absorption (Eq. (6)).

= 100
(

1 − 𝑗𝑡𝛼+1
)2 (7)

6. Service life prediction

The goal of the durability model is to predict the long-term behavior
of GFRP rebars to properly anticipate the service life of such rebars
in saltwater environments. Accordingly, the four different degradation
models to determine the degradation rate (presented above) were
evaluated, and the Arrhenius equation was used to model the effect
of the temperature. In total, five different physio-mechanical proper-
ties (tensile strength, elastic modulus, transverse and horizontal shear
strength, and bond-to-concrete strength) were taken into account and
addressed throughout the service life prediction.

6.1. Degradation rate

First, the four degradation models were fitted to the experimental
data and the appropriateness of each of the models was assessed. By
applying the single logarithmic model, it was seen that most of the
trend lines for the different rebar types and mechanical properties were
not parallel among themselves, which according to the model meant
that the degradation rate changed with the temperature and, therefore,
the use of the Arrhenius model was invalidated [31,32]. In addition,
the 𝑅2 values, which evaluate the fit of the degradation model to the
experimental data, varied significantly but in general were very low
(as low as 0.003) compared to those values found in the literature that
successfully applied this model (all over 0.8) [4–7], which indicated a
lack of correlation among the data points in each set when using this
model. Only the tensile strength retention values showed acceptable 𝑅2

values, since they were all recorded beyond 0.75, but the parallelism
between the trend lines was not maintained.

When applying the double logarithmic model, no main difference
was seen in the adequacy of the model fit compared to the results ob-
tained with the single logarithmic model. In this case too, a general lack
of parallelism within the different trend lines for each condition was
observed and the 𝑅2 values were relatively low. The tensile strength
retention was the only ‘‘exception’’, similar to the results obtained with
the single logarithmic model. Single and double logarithmic models
appear to be the most popular models among researchers to model the
degradation of FRP rebars for the various mechanical properties. How-
ever, some intrinsic limitations exist in these models as also pointed out
by Davalos et al. [16] and Wang et al. [17]: the main issues are that
(i) no degradation mechanism is attributed to these models [38] and
(ii) that the residual strength approaches infinity at exposure time zero,
which does not correlate with the real test data (as it should converge to
100% at time zero). Within the scope of this study, a modified variation
of these two models was tested: an additional data point of 100%
retention at time zero was added. This however, violated parallelism
requirements between the plots because each data set was forced to
pass through that same initial point. In addition, the 𝑅2 values were
reduced significantly (two to three times lower on average), resulting
in an insignificant fit.

The third model that was checked was the exponential model.
As reference, Fig. 5 shows how the experimental data for the ten-
sile strength retention obtained throughout this research project was
applied and fitted to the model, as a visual reference.

Each of the six graphs represent a particular rebar type. The ten-

sile strength percentage retention is plotted along the 𝑦-axis, while
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Fig. 5. Exponential degradation model fitted to the tensile strength retention values.
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the exposure duration/age is represented on the 𝑥-axis in days. For
reference, the 𝑅2 values are listed with in each graph. Compared to
the two logarithmic models, the 𝑅2 values were slightly improved, and
for all rebar types the tensile strength was the mechanical property that
produced the best fit. However, to determine whether the temperature
only increases the degradation rate without changing the degradation
mechanisms, the Arrhenius plots, need to be evaluated.

The fourth and last model that was checked was the moisture diffu-
sion model. Following the same trend as seen with the previous three
models, the 𝑅2 values varied significantly and were low in general, and
for each and all rebar types, the tensile strength was the mechanical
property that produced the best fit.

6.2. Arrhenius plot

After the degradation rates were modeled through the four different
degradation models evaluated, as presented in the previous section, the
Arrhenius model was applied. It was found that the tensile strength only
showed an acceptable fit for the evaluated degradation models. There-
fore, the other properties could not be considered for the application of
the Arrhenius model and it was decided that only the retention of the
tensile strength would be further considered.

From Eq. (2), it can be seen that the logarithm of the required time
for a material property to reach a certain value is a linear function
of 1

𝑇 with a slope of 𝐸𝑎
𝑅 . Hence,

𝐸𝑎
𝑅 and 𝐴 can be calculated from

the slope of the regression and from the point of intersection between
the regression and the 𝑦-axis, respectively. The activation energy (𝐸𝑎)
is a fundamental characteristic for every chemical reaction. It defines
the minimum energy that is required for a chemical reaction to occur.
If the chemical reaction does not change with the temperature (as
9

assumed by this model) and the degradation rate is correctly modeled,
then the energy needed to reach a certain degradation level should
be the same for each of the different temperatures, but the time to
reach that degradation will change (the pre-exponential or Arrhenius
factor 𝐴 will vary). This assumption is, therefore, proven by plotting
he Arrhenius plots and checking the activation energy at each of
he analyzed degradation levels. Following the modified Arrhenius
xpression (Eq. (2)), the activation energy can be calculated from the
lope of the Arrhenius plot, because if the activation energy should
emain constant, then the plots (related to different degradation levels)
hould show identical slopes, and therefore, must be parallel.
Three degradation levels were selected: 95 %, 90% and 85 %.

or every rebar type (Type-A through F) the plots related to these
hree degradation levels for each of the four degradation laws (sin-
le logarithmic, double logarithmic, exponential and diffusion model)
ere analyzed. Though in the previous section it was seen that the
equirements that validate the use of the single and double logarithmic
odels were not met (no parallelism was seen), these two models
ere still included in the evaluation of the Arrhenius model because
t appears that the requirement for parallelism is too limiting for
he degradation model, and that the effect of the temperature should
ctually be checked by evaluating the parallelism of the Arrhenius plots
nd not the parallelism of the degradation plots.
For the rebar types within the scope of Phase-I, three sets of data

oints were plotted (relative to the three exposure temperatures), while
wo data sets were plotted for the rebars of Phase-II (rebars exposed to
wo temperatures). Then, a linear trend line for each of the degradation
evels was fitted through the data sets: for the Phase-I rebars the
oefficient of determination (𝑅2) was checked to evaluate the fit of

the trend line to the three points relative to the different temperatures,
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Fig. 6. Arrhenius plot for Type-A.
Table 8
Activation energy and 𝑅2 values for tensile strength retention based on the exponential
model.
Rebar type Retention

95% 90% 85%

𝐸𝑎 𝑅2 𝐸𝑎 𝑅2 𝐸𝑎 𝑅2

K – K – K –

Type-A 9545.4 0.91 9685.0 0.93 9891.9 0.95
Type-B 6484.0 0.90 6283.8 0.90 6053.7 0.91
Type-C 6183.5 0.78 5843.9 0.78 5704.1 0.78
Type-D 8684.4 1.00 8749.5 1.00 8437.5 1.00
Type-E 6883.8 1.00 7107.1 1.00 6913.1 1.00
Type-Fa 4961.1 1.00 – – – –

aThe prediction for Type-F rebars at 23 °C yields to 92.1% of retention so no prediction
for 90 or 85% could be done. Therefore,the following alternative retentions were
evaluated: 𝐸𝑎∕𝑅 (97.5%) = 5244.1 K, 𝐸𝑎∕𝑅 (95.0%) = 4961.1 K, and 𝐸𝑎∕𝑅 (92.5%) =
5044.3 K.

while the 𝑅2 values were equal to 1.0 for rebars of Phase-II as only two
points were correlated. As visual example, Fig. 6 shows the Arrhenius
plots for the tensile strength degradation of Type-A rebar based on
the exponential degradation model. For each of the different rebar
types and degradation models, the activation energies for all retention
percentages (95 %, 90% and 85 %) were compared to evaluate the
parallelism among the Arrhenius plots. The exponential degradation
law appeared to be the model that showed the highest parallelism
among the plots for each of the rebar type with 𝐸𝑎

𝑅 values that had a
maximum difference of 7% among themselves (see Table 8). This was
followed by the single logarithmic model (about 30% max. difference)
and the double logarithmic model (about 40% max. difference). The
diffusion model had the least parallel plots per rebar type and degra-
dation model, with 𝐸𝑎

𝑅 values with a difference of up to six times among
themselves, specially for rebars Type-F and Type-C. Therefore, this last
approach was not consider appropriate to model the degradation of the
rebars tested in this research project after being exposed to seawater at
different temperatures.

Based on the results obtained from the model fitting, the single
and double logarithmic models were also found not to be appropriate
for the data obtained in this project due to the lack of parallelism
in addition to the limiting factor that the predictions yield to infinity
at time zero and that no degradation mechanism is attributed to the
model. The exponential model, however, met the two criteria to be
accepted: (i) it showed an appropriate fit (all the 𝑅2 values were above
0.8 except for Type-F) to the experimental data when evaluating the
degradation rate, and (ii) the Arrhenius plots computed for this model
were parallel for the different retention levels. This, added to the fact
that the exponential method is based on the resin/interface debonding
degradation mode (same failure mode as predicted for the rebars within
10
Table 9
Long-term retention values.
Rebar type Temperatures

23 °C 40 °C 60 °C

𝑌∞ (%) t (years) 𝑌∞ (%) t (years) 𝑌∞ (%) t (years)

Type-Aa 73.3 24.5 65.1 11.2 57.8 1.1
Type-B 84.7 26.2 78.3 16.4 70.1 3.4
Type-C 82.8 25.3 76.6 15.2 70.2 2.9
Type-D 81.1 27.3 – – 63.1 1.4
Type-E 84.3 27.8 – – 74.2 2.1
Type-F 92.1 23.2 – – 78.3 2.3

Averageb 85.9 ± 4.0 26.0 ± 1.8 77.5 ± 1.2 15.8 ± 0.8 71.0 ± 5.7 2.4 ± 0.8

aSubstandard rebar type according to ASTM D7957 due to excessive moisture uptake.
bAverage values of all rebar types except rebar Type-A.

the scope of this research), made the exponential model be the most
appropriate degradation model among the four evaluated models in this
study. Therefore, the exponential model uniquely qualified to predict
the service life of the different rebar types when exposed to seawater.

Among the five analyzed mechanical properties (tensile strength, E-
Modulus, transverse shear, horizontal shear and bond strength), only
the values for the tensile strength retention were successfully modeled.
No clear degradation trend was detected for the other four mechanical
properties, which lead to the conclusion that none of the presented
approaches truly qualify to predict the service life of GFRP rebars for
such mechanical properties when exposed to seawater.

6.3. Predictive model

The service life prediction for the six different rebar types that
were considered for this project was completed based on the expo-
nential degradation model. Fig. 7 shows the service life prediction for
the six different rebars for each of the evaluated temperature. Only
tensile strength retention values were used to predict the service life
of GFRP rebars, due to the described limitations of the degradation
models and the inconstancy for modeling the degradation rate of
transverse/horizontal shear, E-Modulus and bond strength properties.
According to this model, a rapid degradation exists at the beginning of
the service life of the evaluated GFRP rebars, converging to a long-term
retention value, 𝑌∞, as determined by Eq. (5). The long-term retention
values and the time to reach that convergence for each of the rebar
type and temperature are summarized in Table 9.

Fig. 7 substantiates the initial assumption that the retention of the
tensile strength is reduced with increased temperatures. Based on this
model, in seawater-submerged conditions at a temperature of 23 °C,
most of the rebars would retain a tensile strength of 80% over the ser-
vice life of the structure, except rebar Type-A, for which a retention of
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Fig. 7. Service life prediction (based on the exponential degradation model).
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3.3% was predicted. However, it needs to be noted that Type-A rebar
as defined as a substandard rebar according to ASTM D7957 due to
xcessive moisture uptake. If submerged in seawater at a temperature
f 40 °C, for rebars Type-B and Type-C a retention more than 75% was
redicted, while the retention for Type-A rebars would be 65.1% based
n this model. Finally, at 60 °C, rebars Type-A and Type-B showed the
owest long-term predicted strength retention with 57.8% and 63.1%,
espectively, while for the rest of the rebars a strength retention of 70%
r above was predicted. The convergence times were comparable for
ll rebars within the same temperature level but were reduced as the
ging temperature increased or the degradation rate was accelerated.
t 23 °C the reduction of the tensile strength capacity was foreseen to
ccur within the first 23–28 years for all the rebars, at 40 °C within the
irst 11–15 years and at 60 °C within the first 1.1 to 3.4 years.
Finally, the average service life of GFRP rebars without considering

ebar Type-A (substandard rebar according to ASTM D7957) was eval-
ated. At any of the exposure temperatures, a minimum retention of
11

1

over 70% was predicted, being the average retention at 23 °C and 40 °C
of 85.9% and 77.5%, respectively (see Table 9)

7. Implementation of research findings

To account for this reduction of capacity of GFRP rebars over time
in the design of GFRP reinforced concrete structures, the American
Concrete Institute incorporates an environmental reduction factor (CE)
n the 440.1R-15 specification, ‘‘Guide for the Design and Construc-
ion of Structural Concrete Reinforced with Fiber-Reinforced Polymer
ars’’ [37]. This factor is multiplied by the guaranteed tensile strength
o obtain the design tensile strength that is meant to be used for all
esign equations. This factor was determined based on the consensus
f the ACI 440 Committee and it takes a value of 0.7 (retention of 70%)
r 1.0 (retention of 100%) for GFRP rebars, depending on the exposure
onditions; 0.7 for concrete structures exposed to earth and water and
.0 for no such exposure.
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Based on the predictions of this study, the currently accepted CE
value of 0.7 for structures exposed to earth and water [37], appears to
be too conservative. According to the NASA Earth Observations (NEO),
the highest punctual sea surface temperature registered worldwide
is about 35 °C, and the yearly average seawater temperature ranges
between 20 °C and 27 °C in the Caribbean Sea, Mediterranean Sea or
Persian Gulf (locations with considerable deployment of this technol-
ogy). Therefore, the predictions at 60 °C are too extreme for coastal
applications. Predictions at 23 °C could be considered the most ade-
quate among the three temperatures evaluated in this study, being the
predicted retentions at 40 °C also on the high end. At 23 °C, an average
CE value of 0.86 was obtained. This value is aligned with the results
obtained by Benmokrane et al. [43], who re-evaluated the CE value
based on durability data from multiple projects found in the literature.
However, to prove the validity of these outcomes and calibrate the
model, these predictions should be compared to data obtained from
existing structures that have been in service for an extended period.

8. Conclusions

In this study, the durability of six different rebar types was assessed
based on the experimental data that was collected from mechanical
testing of aged GFRP specimens. The rebars were exposed to natural
seawater obtained directly from the bay at Key Biscayne, Florida. The
durability was evaluated by testing rebars prior and after being exposed
at various temperatures (23 °C, 40 °C and 60 °C) for different time peri-
ods (60, 120, 210 and 365 days). The durability of these GFRP rebars
was assessed by evaluating changes in six different physio-mechanical
properties, including: tensile strength, modulus of elasticity, transverse
shear strength, horizontal shear strength, micro-structural composition
and lastly, bond strength. In total, four different prediction models were
evaluated to study the degradation rate of the GFRP rebars (single
logarithmic, double logarithmic, exponential and diffusion model) and
the Arrhenius equation was used to analyze the temperature effect and
to predict the service life. Based on the analysis, results, and findings
presented above, the following conclusions can be drawn:

• All rebar types exceeded the minimum requirements set by the
acceptance criteria ASTM D7957 except Type-A which showed an
excessive moisture absorption.

• The durability of different rebar types varies significantly. Par-
ticularly, in this study Type-A rebars were the most affected,
followed by Type-D, whereas Type-B, Type-C, Type-E and Type-F
showed comparable behavior with low deterioration.

• GFRP rebar durability appears to be proportional to the moisture
absorption properties of the rebar: the higher the moisture up-
take, the greater the degradation suffered. Moisture absorption
measurements are indicative of long-term performance.

• Seawater exposure depredates GFRP rebars and leads to strength
reduction. It appears that the tensile strength suffers most ca-
pacity reduction with up to 45%, followed by the transverse
shear and bond strength (20%), whereas the horizontal shear
strength (10%) and E-modulus do not suffer noticeable reduction.
Excluding rebar Type-A (substandard rebar according to ASTM
D7957 due to excessive moisture uptake), however, the tensile
strength deterioration decreased to a maximum of 37.5% and
25% on average.

• Based on the strength retention values and failure modes, it was
concluded that the fiber/resin interface is the main degradation
mechanism.

• The service life prediction based on the Arrhenius model was only
successfully applied for tensile strength retention values.

• The exponential degradation model had the best fit to the data,
and the Arrhenius plots based on this model showed a consid-
erable parallelism; this meant that the degradation mechanism
was unaltered with the temperature, and was only accelerated.
Therefore it was the chosen model to predict the service life of
GFRP rebars.
12
• At 23 °C, all the rebars that met the acceptance criteria by ASTM
D7957 are expected to retain 85% of the tensile strength capacity.
Under more critical conditions (40 °C and 60 °C), a retention of
77.5% and 71% was predicted on average, respectively.

• Based on the predictions of this study, the currently accepted CE
value of 0.7 for structures exposed to earth and water, appears to
be too conservative.
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