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HIGHLIGHTS

« Physical and mechanical characterizations of aged GFRP bars were performed.
« Accelerated aging exposure has an effect on tensile strength retention.

« SEM images and EDS analysis were used to evaluate microstructural integrity.
« No chemical degradation was detected after environmental conditioning.

« Exponential degradation model is in good agreement with experimental data.
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This paper presents an experimental study that investigated the durability performance of unstressed
glass fiber-reinforced polymer (GFRP) bars embedded in concrete mixed with seawater (seawater con-
crete). GFRP bars were extracted from concrete elements made with two different seawater concrete
mix designs and exposed to different environmental conditions for 1, 6, 12, and 24 months. The concrete
samples’ exposure environments consisted of typical field conditions of a subtropical region and seawater
at 60 °C as an accelerated aging method. The mechanical test results of GFRP bars are reported in residual

Iéi’:;’o;g;: capacities of tensile strength, longitudinal elastic modulus, transverse shear strength, and apparent hor-
Seawater concrete izontal shear strength. Furthermore, the physical evaluations are in terms of glass transition temperature
Durability (Tg) and microstructural integrity through scanning electron microscopy (SEM) images and energy-

dispersive X-ray spectroscopy (EDS) analysis. Among all tested properties, tensile strength was the most
affected by environmental conditioning. Based on an exponential degradation model, the long-term pre-
diction of the tensile strength capacity was on average 92% under typical field exposure and 72% under
the more aggressive conditioning (seawater at 60 °C).
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Service life © 2020 Elsevier Ltd. All rights reserved.

1. Introduction concrete, since the main reason that prohibits the use of seawater
in reinforced concrete structures is due to its high presence of chlo-

The corrosion of steel reinforcement is one of the main causes of ride that favors the corrosion of steel reinforcement [8,9].

chemical deterioration in reinforced concrete (RC) [1,2]. The
replacement of conventional steel bar reinforcement by
corrosion-resistant materials has been evaluated over the years
[3,4]. Fiber reinforced polymer (FRP) composites bars have been
under constant development to be used as internal reinforcement
for concrete structure due to its high-strength, lightweight, and,
most importantly, non-corrosive properties [5,6]. Among pul-
truded FRP bars, glass fiber reinforced polymer (GFRP) bars are
the most widely used [7]. In addition to the mentioned benefits,
the use of this type of non-corrosive material provides an alterna-
tive to replace fresh water with seawater in the production of
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However, it is widely known that the durability of FRP bars can
be affected by harsh environmental factors such as high tempera-
tures and moisture content, chemical/alkaline attack from the sur-
rounding medium, and ultraviolet radiation [6]. The degradation
mechanisms are mainly related to the type and quality of the con-
stituents (e.g., fiber, sizing, and resin matrix), the manufacturing
process, the phenomenon of matrix plasticization, and the integrity
of the fiber-matrix interface [10,11].

Since the widespread use of FRP reinforcement for internal con-
crete structure began in the 1980 s [3] and nearly all reinforced
concrete structures have been designed to have a service life of
more than 40 years [6], the vast majority of the available data on
real-life long-term performance is limited. Gooranorimi and Nanni
[12] conducted a study examining GFRP bars made of E-glass fiber
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and vinyl ester resin that were retrieved from an overhang portion
of a concrete deck of a bridge located in Texas (U.S.) after more
than a decade of service. Through micrograph analysis, they con-
cluded that the extracted GFRP bars preserved their microstruc-
tural integrity with no visible damage after 15 years of field
exposure. Benzecry et al. [13] validated these results by reporting
a calculated reduction in tensile stress of 2.13% of GFRP coupons
obtained from the same bridge after 17 years in service.

Numerous efforts have been made to assesses and predict the
long-term durability performance of FRP reinforcing bars based,
primarily, on simulated laboratory testing [6]. Table 1 shows a
summary of the physical and residual properties of GFRP bars used
in other relevant research studies. For comparison purposes, these
studies were selected because they share some similarities with
the study presented here, either in terms of the type of con-
stituents (e.g., type of fiber and/or resin), bar diameter, surround-
ing medium, temperature, or time of exposure. The bars in these
other research projects are commercially available GFRP bars typ-
ically compliant with standards such as ASTM D7957 [14].

Most of the studies have been carried out using accelerated
aging techniques in which bare FRP bars are immersed in detri-
mental solutions at elevated temperatures to evaluate their phys-
ical and mechanical integrity over time [10,15-19]. This
approach has been suggested to be more severe than in-service
real-life weathering [10,19-21]. For instance, in a durability study
conducted by Chen et al. [21] bare and concrete-embedded GFRP
bars (E-glass/vinyl ester) exposed to accelerated aging environ-
ments were evaluated. In the study, after 2 months of exposure
to simulated pore solution at 60 °C, the tensile strength retention
of the bare GFRP bars was 52%, while for the GFRP bars that were
embedded in concrete the strength retention was 61% after
3 months of exposure. They concluded that the simulated environ-
ments were more adverse for bare GFRP bars than for bars embed-
ded in concrete and the test results should be considered as
conservative.
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Instead of exposing bare bars to aggressive solutions, research-
ers have also evaluated the behavior of FRP bars embedded in con-
crete, providing a more realistic behavior of the actual degradation
they might experience as internal reinforcement. Fergani et al. [22]
investigated the durability and degradation of GFRP bars (ECR-
glass/vinyl ester) exposed to different conditioning parameters
for up to 9 months. Specifically, 8-mm nominal diameter
unstressed GFRP bars embedded in concrete and conditioned in
tap water at 60 °C showed tensile strength retention in the range
between 80% and 59%. Almusallam et al. [23] investigated the
effect of different environmental conditionings exclusively on ten-
sile properties of 12-mm diameter GFRP bars (E-glass/vinyl ester)
that were embedded in concrete for 6, 12, and 18 months. The
residual tensile strength results revealed that specimens condi-
tioned in tap water at 50 °C showed more degradation than those
exposed to seawater at the same temperature. These retentions
ranged from 83% and 76% for tap water conditioning, while those
exposed to seawater ranged between 86% and 84%.

In another study, Robert et al. [24] conducted accelerated tests
to evaluate the durability performance of mortar-wrapped GFRP
bars (E-glass/vinyl ester). After 8 months of exposure to tap water
at 50 °C, they reported tensile strength retention of the 12-mm
diameter GFPR bars embedded in moist concrete of 84%. Further-
more, in a different durability study, Robert et al. [25] evaluated
the effect of saline solution (3% NaCl) at different temperatures
on the same type of mortar-wrapped GFRP bars. The tensile
strength retention after 12 months of exposure to the saline solu-
tion at 50 °C was 89% of the initial strength. Finally, in a recent
short-term durability study, Jia et al. [26] investigated tensile
strength retention of 9.5-mm diameter GFRP bars (E-glass/vinyl
ester) embedded in concrete that were exposed to different solu-
tions and ambient humidity. The results showed that after
4 months of conditioning at 60 °C, the specimens subjected to
tap water and saline solution experienced strength retention of
61.6% and 60.7%, respectively.

Table 1
Summary of characteristics, strength retention, and conditioning regimes of GFRP bars in previous studies.
Reference Glass type/resin Diameter Tensile strength Tensile modulus Conditioning
matrix (mm) retention (%) retention (%) (surrounding medium/solution-temperature-  pH
duration®) (solution)
[15] E/VE 9.53 38 - ALK-60-4 13.6
59 - ALK-60-4 12.7
[16,17] E/Epoxy 6.3 80.1 - ALK-55-2 134
89.6 132 ALK-55-2 12.7
[18] E/VE 12.0 75.9 99.1 ALK-50-18 12.5-13
75.5 97.4 TW-50-18 -
87.2 974 SW-50-18 -
[19] E/Epoxy 9.2 82.6 103 ASW-60-3 8.1
67.8 96 ALK-60-3 134
[20] E/VE 9.5 96 95.2 TW-72-2 1 7
88 92.7 ALK-64-2 12.8
[21] E/VE 9.53 52 - ALK-60-2 13.6
61 - CON/ALK-60-3 12.7
[22] ECR/VE 8.0 90 99 CON/TW-20-9 -
59 99 CON/TW-60-9 -
[23] E/VE 12.0 76 91 CON/TW-50-18 -
84 94 CON/SW-50-18 -
78 91 CON/ALK-50-18 12.5-13
[24] E/VE 12.7 84.4 ~97.7 CON/TW-50-8 12.15 ¢
[25] E/VE 12.7 89.1 ~111.8 CON/ASW-50-12 -
[26] E/VE 9.5 61.6 - CON/TW-60-4 -
60.7 - CON/ASW-60-4 -
[9] ECR/VE 15.8 79 88 SWCON/SW-60-24 -
[27] -/Epoxy 8.0 85 - SWCON/TW-60-15 -
9.0 50 - SWCON/TW-60-15 -

Note: *=months; E = E-glass; VE = vinyl ester; ALK = alkaline; TW = tap water; SW = seawater; ASW = artificial seawater; CON = concrete; SWCON = seawater-mixed concrete;

f=sustained load 19-29%; *=pH of concrete.
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Only a few studies have been undertaken to evaluate the long-
term durability performance of FRP bars embedded in concrete
made with seawater (seawater concrete) instead of fresh water
[28]. Hence, El-Hassan et al. [27] examined the strength retention
of two types of GFRP bars (8 mm and 9 mm in diameter), made of
continuous glass fiber impregnated in epoxy resin, that were
embedded in seawater-contaminated concrete. Based on test
results, extracted GFRP bars retain between 85% and 50% of their
tensile strength after 15 months of exposure to tap water at
50 °C. More recently, Khatibmasjedi et al. [9] conducted a study
to examine the effect of seawater-mixed concrete on the long-
term properties of GFRP bars. The study consisted of casting sea-
water concrete elements reinforced with 15.8-mm diameter GFRP
bars made of ECR-glass/vinyl ester resin and exposing them to
accelerated aging conditioning. They reported that after 24 months
of exposure to seawater at 60 °C, the extracted GFRP bars retained
79%, 88%, 75%, and 74% of their initial tensile strength, tensile mod-
ulus, transverse shear strength, and horizontal shear strength,
respectively.

The purpose of this study is to evaluate residual physico-
mechanical properties of unstressed GFRP bars embedded in sea-
water concrete up to 24 months of exposure. Therefore, different
concrete mixes made with seawater and environmental condition-
ing were assessed. The selected conditionings were chosen to
reproduce field conditions and highly aggressive environmental
exposure (laboratory accelerated aging). Accordingly, this evalua-
tion provides insight on the long-term durability performance of
GFRP bars embedded in seawater concrete, which in turn may
allow for a more realistic approach to assess degradation mecha-
nisms and implement design guidelines

2. Experimental program
2.1. Materials

2.1.1. GFRP bar specimens

The pultruded GFRP bars used in this study had a nominal
diameter of 9.5 mm (No. 3) and were made of continuous ECR-
glass fibers impregnated in a vinyl ester resin. The surface
enhancement consisted of a double helically-fiber-wrapped sur-
face creating a small 45° braided surface pattern undulation. The
physical and mechanical characterization of pristine (as-received)
GFRP bars were determined according to the established tests
method indicated in the ASTM D7957 [14]. The property, test
method, experimental value, and standard deviation of each test
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are given in Table 2. For these unconditioned reference values, a
minimum of five (5) specimens per test method were tested.

2.1.2. Surrounding concrete

The residual properties of GFRP bars were evaluated using bar
segments retrieved from RC slabs that were made with seawater
concrete and exposed to different environmental conditions. The
GFRP-RC slabs had a span of 1524 mm and were constructed with
a cross-sectional area of 152 mm x 304 mm (Fig. 1) and a length of
1828 mm with a clear cover of 19 mm measured from the tension
face of the concrete to the surface of the GFRP bar. The environ-
ments evaluated in this study were typical field conditions (FC)
of a subtropical region of South Florida (U.S.) and seawater (SW)
at 60 °C as an accelerated aging method. This latter test protocol
was achieved by completely immersing the GFRP-RC slabs into
seawater curing tanks at a thermostatically controlled temperature
of 60 °C. The average recorded ambient temperature and relative
humidity (RH) for the typical field environment were 25 °C and
71.2%, respectively.

Two different seawater concrete mix designs were evaluated.
The selected concrete mix designs were based on the Infravation-
funded research project named SEACON [30], where an extensive
and thorough assessment of the hardened properties of seawater
concrete was performed. Both seawater concrete mix designs had
a target 28-days compressive strength of 38 MPa. The seawater
concrete mix designs proportions go as follows: the mix design
denoted as “Type-F” consisted of Portland cement type I/II
(332 kg/m?), fly ash (83 kg/m?), coarse aggregate (1038 kg/m?),
fine aggregate (612 kg/m?), and seawater (168 kg/m?), while the
mix design identified as “Type-S” comprised of Portland cement
type I/II (208 kg/m?), slag (208 kg/m?), coarse aggregate (997 kg/
m?), fine aggregate (691 kg/m>), and seawater (158 kg/m>). The
seawater used to mix the concrete, as well as for the accelerated
aging conditioning, was obtained directly from Biscayne Bay, FL
(U.S.) with a pH value of 8.23. Further details on the chemical com-
position of the seawater used in this study are provided in parallel
studies [9,31]. The nomenclature of the tested specimens was
based on the mix design (F or S), environmental condition (FC or
SW), and temperature (25 °C or 60 °C). For example, “F-FC25” for
elements with mix design “Type-F” exposed to field conditioning,
“FC”, at a temperature of 25 °C.

Concrete cylinders of both mix designs with a diameter of
100 mm and a height of 200 mm were cast and exposed to the
same environmental conditioning and time of exposure as the
GFRP-RC slabs to evaluate the mechanical and durability perfor-
mance of concrete. At the end of 24 months, four (4) cylinders

Table 2
Physical and mechanical characterization of the GFRP bars.
Property Unit Test Method Value SD
Physical properties Effective diameter mm ASTM D7205 9.56 0.02
Cross-sectional area mm? ASTM D792 71.81 0.35
Density kg/m>3 ASTM D792 2179.6 473
Fiber content % by weight ASTM D2584 85.06 0.21
% by volume SEM* 71.09 4.46
Void content % by volume SEM* 0.67 0.23
Glass transition temperature (DMA) °C ASTM E1640 112.8 1.70
Moisture absorption at 24 h % ASTM D570 0.055 0.01
Moisture absorption at saturation % ASTM D570 0.127 0.01
Mechanical properties Tensile strength MPa ASTM D7205 822.23 38.7
Tensile modulus GPa ASTM D7205 55.04 1.08
Ultimate tensile strain % ASTM D7205 1.49 0.08
Transverse shear strength MPa ASTM D7617 192.81 6.42
Horizontal shear strength MPa ASTM D4475 44.85 241

" Analysis of 11% of the total cross-sectional area of the GFRP bar by digital images processing of SEM micrographs taken equally distributed at the edge, center, and in-

between of the GFRP bar [29].
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Fig. 1. Typical cross-section of GFRP-RC slab.

per mix design and environmental conditioning were tested. These
tests include compressive strength, bulk resistivity, surface resis-
tivity, and ultrasonic pulse velocity (UPV) according to ASTM C39
[32], AASHTO TP 119 [33], AASHTO T 358 [34], and ASTM C597
[35], respectively. Due to different conditioning regimens, concrete
samples have different moisture content; therefore, durability tests
should only be compared between samples that have the same
conditioning regimen. In addition, pH measurements were con-
ducted on powdered concrete samples to obtain a quantitative
estimate of its alkalinity. The test method proposed by Grubb
et al. [36] was used to measure the pH of concrete due to its rela-
tive simplicity and precision [12], in which powdered concrete is
diluted with deionized water (1:2) and measured with a pH meter.
Powdered concrete samples were obtained by drilling at 19 mm
(from the outer surface inwards), which represents the location
of the GFRP bar. Table 3 summarizes the physical and mechanical
properties of seawater concrete measured after 24 months of
exposure.

2.2. Testing plan

To evaluate the long-term performance of GFRP bars embedded
in seawater concrete, physical and mechanical properties of uncon-
ditioned pristine GFRP bars were used as the control threshold ref-
erence. The seawater-mixed GFRP-RC slabs (from where the GFRP
bars were extracted) were conditioned for 1, 6, 12, and 24 months
under the two environmental conditions (FC25 and SW60). Those
simply supported slabs had a span between supports of 1.525 m
and were tested under three-point bending load tests until failure.
Considering that the GFRP-RC slabs had failed because of reinforce-
ment rupture at midspan, the GFRP bar segments (610 mm) used
to evaluate residual properties were carefully extracted from
regions closer to the ends of the slabs, as shown in Fig. 2. After
extraction, no visual damages were observed on the surface of
the GFRP bars [Fig. 2(a) and (b)]. The mechanical properties evalu-
ated in this study were tensile strength, longitudinal elastic modu-
lus, transverse shear strength, and apparent horizontal shear
strength, while the physical properties were glass transition tem-
perature (Tg) and microstructural integrity through scanning elec-
tron microscopy (SEM) images and energy-dispersive X-ray
spectroscopy (EDS).

2.2.1. Tensile tests
The longitudinal tensile strength and elongation properties
were determined according to ASTM D7205 [37] with necessary

Table 3
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Fig. 2. Detail of surface condition and location of assessed GFRP bars: (a) pristine
GFRP bar, (b) extracted GFRP bar, (c) extraction activity (bottom view), (d) side view
of GFRP-RC slab and evaluated portion (610 mm).

modifications. Since GFRP-RC slabs were 1828 mm long and failed
at midspan, due to GFRP bar rupture, the tensile test specimens
were 914 mm long instead of the standard 980 mm as the mini-
mum length for a 9.5-mm diameter FRP bar. The anchoring system
required for testing was done by installing 300 mm long steel pipes
filled with expansive mortar at both ends; therefore, the segments
near the location of the GFRP bar rupture were not evaluated. Addi-
tionally, test specimens were instrumented with a 100-mm long
extensometer in the middle of the free length between the anchors
to capture and record tensile strain. Subsequently, the tensile test
loading procedure of the extracted GFRP bars was conducted in
accordance with ASTM D7205 [37]. For each period (1, 6,12, and
24 months) three (3) specimens per mix design and environmental
conditions were tested. The tests were performed using a Baldwin
screw gear mechanical testing machine (PC-based controller) with
a capacity of 890-kN, and the load was increased at a rate of 2 mm/
min until failure.

2.2.2. Transverse shear tests

The transverse shear strength tests were conducted in accor-
dance with ASTM D7617 [38]. The principle of this test is to deter-
mine the maximum shear strength via a double shear fixture by
applying a monotonic load through an upper blade until failure.
Given that the GFRP bar is cut perpendicular to its longitudinal
direction, the property measured in this test is directly related to
the integrity of the fibers. A minimum of four (4) 225 mm long
samples per mix and environmental condition, were tested for
each period. The tests were performed using a 133-kN capacity

Mechanical and durability properties of surrounding medium after 24 months of exposure.

Specimen designation Compressive strength Bulk resistivity Surface resistivity upPv Measured pH
(MPa) (Q-m) (Q-m) (m/s) -

F-FC25 54.1 5864 11,588 4442 11.9

F-SW60 49.9 387 887 4763 11.8

S-FC25 45.6 1550 2911 4224 113

S-SW60 45.0 534 1053 4568 115
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Instron universal test frame and the load was increased in a
displacement-control mode at a rate of 1.3 mm/min until failure.

2.2.3. Horizontal shear tests

The apparent horizontal shear strength test, even though its
results cannot be used for design purposes, can be utilized for
the comparative purpose of interlaminar-shear strength between
the reference control value and the different environmental condi-
tions. As opposed to the transverse shear strength test, this test is
more related to the resin properties and controlled mostly by the
fiber/resin interface integrity. The tests were performed according
to ASTM D4475 [39]. A span of five times the bar diameter
(47.8 mm) was used to achieve a shear mode of failure. According
to the standard, GFRP bars samples shall be one diameter greater
than the test span, as a result, test samples used were 58 mm long.
Similar to the transverse shear test, for each exposure duration, a
minimum of four (4) samples per mix and conditioning were
tested. In the same way, tests were carried out in a 133-kN capacity
Instron test frame using a displacement-control mode at a rate of
1.3 mm/min.

2.2.4. Glass transition temperature

The glass transition temperature, Tg, of GFRP bars were assessed
by a dynamic mechanical analysis (DMA) in accordance with ASTM
E1640 [40]. This test measures the viscoelastic properties, using
dynamic oscillatory assessments, as a function of temperature
and frequency. For the 12- and 24-month periods, three (3) T, spec-
imens were tested for each mix design and environmental expo-
sure. The specimens of 1 mm x 5 mm x 50 mm were cut from
the core of each GFRP bar using a water-cooled precision saw (Iso-
Met 1000) with a diamond blade (IsoMet 15LC). The DMA tests
were conducted using a TA Instruments Dynamic Mechanical Ana-
lyzer Q800 with a three-point bending test setup. The testing
parameter consisted of temperature ranging 30 to 200 °C at a heat-
ing rate of 1 °C/min and a frequency of 1 Hz.

2.2.5. Microstructural analysis

SEM observations and EDS analysis were used to evaluate the
microstructure integrity of GFRP bars after environmental expo-
sure when compared to unconditioned specimens. Samples 12.7-
mm long were cut from the extracted GFRP bar segments after
being exposed for 24 months. Sample preparation for SEM/EDS
analysis requires a highly polished surface to obtain optimal
images. Prior to imaging, GFRP bar samples were ground and pol-
ished, using a semiautomatic grinding/polishing machine (Labo-
Force 100) along with several levels of abrasiveness, ranging
from 500 grit size to 0.04 um polishing cloth and various water-
based diamond suspension (MD-System by Struers).

SEM images were captured using a Zeiss EVO 60 SEM at the
accelerating voltage of 20 kV. Since GFRP bars are a non-
conductive material and the samples were not sputter-coated with
a conducting metal, the variable pressure (VP) mode was used
along with the backscattered electron (BSE) signal. Images were
taken mainly close to the edge of the bar since fibers are more
likely to be most affected by the surrounding medium. Lastly, spec-
imens used in SEM observations were also utilized in the EDS anal-
ysis, where the main objective was to detect any change in the
fiber’'s chemical composition. However, the EDS analysis also
helped to identify the main elemental compositions, thus corrobo-
rating the type of glass fibers used to manufacture the GFRP bars.

3. Tests results and discussion

The average measured residual mechanical properties (i.e., ten-
sile strength, tensile modulus of elasticity [Young's modulus],
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transverse shear strength, and apparent horizontal shear strength)
of all extracted GFRP bars after environmental conditioning are
summarized in Table 4. Overall, for each group of specimens, test
results show a small discrepancy relative to the number of tested
samples. The computed percent coefficient of variation for all
experimental residual properties ranges between 1.0 and 6.7%. In
addition, statistically significant differences between exposure
time and environmental conditioning for residual strength were
determined by two-way analysis of variance (ANOVA). The
statistical differences were expressed in terms of the ratio
between-group variation to within-group variation (F-ratio) and
the probability that a result had occurred by change (p-value). A
p-value < 0.05 was considered statistically significant, as typically
adopted in statistics [41]. Typical failure modes observed in the
tested concrete-embedded GFRP bars are shown in Fig. 3.

3.1. Tensile strength retention

The tensile test of GFRP bars embedded in seawater concrete
showed a linear elastic behavior up to failure regardless of the
environmental conditions or exposure period. Failures were usu-
ally accompanied by delamination and rupture of individual fibers
just before sudden catastrophic failure. Fig. 4 shows the tensile
strength retention as a function of environmental exposure and
duration of immersion of embedded GFRP bars when compared
to unconditioned reference (REF) values. For both mix designs,
there was a statistically significant interaction between the effects
of environmental conditioning and exposure time on the residual
tensile strength retention, F(4) = 10.628, p < 0.001 for mix Type-F
and F(4) = 8.622, p < 0.001 for mix Type-S.

The residual tensile strengths for F-FC25 specimens were 99.9,
96.7, 100.5, and 98.6% after 1, 6, 12, and, 24 months of exposure,
respectively. These results indicate that after 24 months of expo-
sure no evident losses of tensile strength were identified. It is
worth noting that standard deviation error bars largely overlap,
which can be interpreted that the difference is probably not statis-
tically significant.

For the specimens in seawater at 60 °C, F-SW60, the residual
tensile strength gradually decreased over time with most of the
reduction occurring during the first 12 months and almost no fur-
ther strength reduction in the last period. After 1, 6, 12, and
24 months of exposure, the recorded strength retentions were
93.0, 82.6, 74.9, and 73.8%, respectively. These values are consider-
ably lower than the specimens exposed to typical field conditions
(F-FC25). This suggests, to some extent, that immersing the speci-
mens in seawater and increasing the temperature to 60 °C has a
considerable effect on the tensile strength.

As shown in Fig. 4, for the S-FC25 specimens, just after 1 month
an evident decrease in the residual tensile strength of 85.4% was
recorded. For the 6, 12, and 24 months of exposure, the strength
retentions were 88.9, 88.7, and 81.5%, respectively. Although the
1-month period value seems to be lower than that of the subse-
quent period (about 3.5%), when considering its variability (error
bars), the trend appears to be reasonable. However, these values
are notably lower than the F-FC25 specimens (made with mix
Type-F), which were exposed to the same environmental condi-
tioning during the same time. This difference in strength retention
suggests that the type of concrete surrounding the GFRP bar will
have a particular effect on the degradation mechanisms. Quality
tests on concrete (Table 3) indicate that mix Type-F has better
durability performance than mix Type-S; however, since the con-
crete constituents were dosed at a concrete batching plant and
delivered using a ready-mix truck, caution should be exercised
when interpreting the results due to the greater potential for vari-
ability as opposed to a controlled laboratory environment. Still,
comparable pH measurements were obtained at 19 mm depth.
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Table 4
Experimental residual mechanical properties of extracted GFRP bars.
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Exposure period Specimen designation Tensile strength

Tensile modulus Transverse shear Horizontal shear

(MPa) CV (%) (GPa) CV (%) (MPa) CV (%) (MPa) CV (%)
1 month F-FC25 821.1 6.6 58.3 12 180.1 58 440 33
F-SW60 764.4 12 56.4 1.9 188.7 45 439 6.7
S-FC25 702.6 3.9 54.8 13 187.0 2.1 477 56
S-SW60 653.1 5.7 54.4 55 1845 48 452 54
6 months F-FC25 795.0 13 54.0 2.5 182.9 2.0 452 1.0
F-SW60 679.1 3.0 54.1 59 187.5 3.7 432 56
S-FC25 730.7 34 54.4 40 191.8 45 463 58
S-SW60 619.8 2.1 54,5 34 183.0 3.1 46.7 33
12 months F-FC25 826.6 34 53.2 2.8 189.7 6.1 436 5.1
F-SW60 615.7 6.6 52.8 3.1 186.3 56 434 2.6
S-FC25 729.1 2.5 56.1 1.7 187.2 48 455 2.1
S-SW60 5395 4.0 51.3 6.1 186.9 1.1 445 12
24 months F-FC25 810.7 44 55.0 3.8 189.7 55 443 2.9
F-SW60 606.9 2.3 52.3 12 176.6 46 425 42
S-FC25 670.2 6.6 54.0 6.1 189.7 6.4 452 55
S-SW60 568.0 5.1 55.8 59 177.8 52 439 22

Note: CV = coefficient of variation.
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Fig. 3. Typical failure mode of extracted GFRP bars specimens after (a) tensile, (b) transverse shear, and (c) horizontal shear test.

For the S-SW60 specimens, which were the other group of
concrete-embedded GFRP bars that were exposed to seawater at
60 °C, a significant reduction in the tensile strength of 79.4%
(reduction by 20.6%) was recorded after the first month of expo-
sure. Subsequently, the strength retention decreased to 75.4,
65.6, and 69.1% after 6, 12, and 24 months of exposure, respec-
tively. The modest increase noted in the strength (about 3.5%) after
the 12-month period should be interpreted with caution due to
the closeness of mean values and variability.

The tensile strength reduction to a large extent may be due to a
combination of various degradation mechanisms. Based on the
technical literature related to FRP composites, two of the most
common degradation processes are fiber integrity and degradation
of fiber/resin interface [2,21,22,27]. The former is related to the
resistance (at the fiber level) of the fiber itself against alkaline/

chemical attack (preventing fiber dissolution), while the latter is
more associated with the resin matrix softening and/or debonding
at the interface. Both mechanisms affect the way the load is trans-
ferred between the fibers and the resin matrix causing a loss in the
ultimate strength. These durability issues are related to each other
and are known to be caused by hydrolysis reaction and moisture
absorption (diffusion through the resin matrix) [2,21,22,27].
Another possible reason could be that at high longitudinal ten-
sile load, the difference in stiffness of the constituents (fiber and
resin matrix) and the presence of moisture will generate dissimilar
internal strains inducing local stresses concentration at the fiber/
resin interface. Ultimately, these stresses will affect mechanical
interlocking which will trigger cracking and debonding between
the fiber and the resin matrix causing premature failure. This can
be further explained by evaluating the effect of saturation degree
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Fig. 4. Tensile strength retention of extracted GFRP bars aged in seawater concrete.
Error bars represent standard deviation.

on tensile strength. Huang and Aboutaha [42], in a systematic
review, discussed the effect of moisture (in the form of RH) on
the degradation of embedded GFRP bars. They indicated that at
70% of ambient RH the content of capillary and absorbed water
in concrete is about 21%. Therefore, regardless of whether the spec-
imens are immersed in water or not, GFRP bars embedded in con-
crete can absorb moisture and water contained in capillary pores,
which seep into the resin matrix thus affecting the fiber/resin
interface [25,43].

3.2. Tensile modulus retention

Fig. 5 shows the retention of Young’s modulus of extracted
GFRP bars after 1, 6, 12, and 24 months of exposure. Evidently,
from the calculated results, no obvious trend with respect to losses
in elastic modulus and exposure time was identified. Similar
results have been reported in the literature by different researchers
[16,18-20,22-24]. Furthermore, there were no statistically signifi-
cant differences detected between the effects of environmental
conditioning and exposure time on the residual tensile modulus
of elasticity, F = 1.720, p = 0.183 for specimens made with mix
Type-F and F = 1.831, p = 1.62 for specimens made with mix
Type-S.

When an analysis of the main effect of exposure time was per-
formed, it was found that, in the case of specimens made with mix
Type-F, there was a statistically significant effect F=5.32, p < 0.004.
Meaning that the duration of exposure was the parameter that
most affected the residual Young’s modulus rather than the condi-
tioning environment. However, for specimens made with mix
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Fig. 5. Tensile modulus retention of extracted GFRP bars aged in seawater concrete.
Error bars represent standard deviation.
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Type-S, neither exposure conditioning nor duration seems to have
a major effect on the tensile modulus.

The outcomes of this research clearly reinforce the existing
body of literature with respect to the degradation of strength as
compared to the degradation of modulus [16,18-20,22-24]. In fact,
in contrast to the strength reduction exhibited in the tensile tests,
since the modulus of elasticity is obtained at a relatively low strain
range (0.001-0.003) as per ASTM D7205 [37], an evident deteriora-
tion affecting load transfer between the fiber and the resin matrix
may not be detected at this level of strain. Also, it has been sug-
gested by some researchers that this phenomenon can be
explained by the analytical interpretation of the composite longi-
tudinal modulus of elasticity equation [16],

Ec :Efvf+Emvm (1)

which is based on the “rule of mixtures”, where E represent the
modulus of elasticity, V the volume fraction, and the subscripts f
and m represent fiber and matrix, respectively [6,44,45]. This equa-
tion expresses that the longitudinal Young’s modulus depends on
the elastic modulus and volume fraction of its constituent. The typ-
ical tensile modulus of the fiber used in this study is in the range of
80-81 GPa [46], where the resin matrix is around 4 GPa [4,6]. Con-
sidering the vast difference in magnitudes of these properties
(twentyfold difference), as well as the high fiber content (71.09%
by volume), the tensile modulus will mainly depend on the modu-
lus of the fibers. Therefore, the strength reduction of elastic modu-
lus would not be appreciated under the circumstances presented.

3.3. Transverse shear strength retention

The residual transverse shear strength of extracted GFRP bars is
shown in Fig. 6. The failure mode for all tested specimens was
identical, which is characterized by generating a cut perpendicular
to the longitudinal axis of the GFRP bar of the same width as the
upper shear plate, regardless of the environmental conditioning
or the time exposed to it. The experimental results indicate no sub-
stantial strength reduction of transverse shear strength among all
tested specimens. This was validated by ANOVA, which revealed
no statistically significant differences between the effects of envi-
ronmental conditioning and exposure time on the transverse shear
residual strength, F = 1.194, p = 0.339 for specimens made with mix
Type-F and F = 0.960, p = 0.443 for specimens made with mix Type-
S.

The residual transverse shear strength of specimens made with
mix Type-F were 93.4, 94.8, 98.4, and 98.4% for specimens exposed
to typical field conditioning (F-FC25) and 97.9, 97.3, 96.6, and
91.6% for specimens immerse in seawater at 60 °C (FSW60) after

120
£ 100 - 5395 T%  Bor97 9 ‘jﬁ 96 95 97 4,
g 2 B
L g0 -
g
=
B 60 -
=)
g
@ 40 -
3
< 20
g -
5 0
% REF F-FC25 F-SW60 S-FC25 S-SW60
& Environmental exposure
I month @6 months © 12 months ©24 months

Fig. 6. Transverse shear strength retention of extracted GFRP bars aged in seawater
concrete. Error bars represent standard deviation.
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1, 6, 12, and 24 months of exposure, respectively. For specimens
made with mix Type-S, at the end of 1, 6, 12, and 24 months of
exposure, the residual transverse shear strengths were 97.0, 99.4,
97.1, and 98.4% for S-FC25 specimens and 95.7, 94.9, 96.9, and
92.2% for S-SW60 specimens. Therefore, between both mix designs,
the maximum relative loss in transverse shear strength capacity
after 24 months of exposure was 8%. A possible explanation for this
behavior, which is the insensitivity of transverse shear to environ-
mental conditioning, could be in the fact that fibers were not
degraded by the accelerated conditioning.

3.4. Horizontal shear strength retention

The calculated apparent horizontal shear strength retention of
all the tested specimens is shown in Fig. 7. All GFRP bars revealed
the same failure mode characterized by a mid-depth interlaminar
shear crack that developed along the length of the bar. Similar to
the transverse shear strength test, no obvious degradation trend
was identified. In addition, ANOVA analysis revealed no significant
statistical difference between the effects of environmental condi-
tioning and exposure time on the apparent horizontal shear resid-
ual strength, F = 0.293, p = 0.880 for specimens made with mix
Type-F and F = 0.462, p = 0.763 for specimens made with mix
Type-S. By running statistical analyses (ANOVA), there appears to
be no significant difference; however, it seems that conditioning
has some effect, because the value tends to increase when there
is no conditioning and tends to decrease when there is condition-
ing, even though the percentage differences are very small.

The major decrease in horizontal shear strength can be attribu-
ted to the specimens conditioned in seawater at 60 °C with a max-
imum strength reduction of 5% and 2% after 24 months of exposure
for mix Type-F and mix Type-S, respectively. These results can be
compared with those reported by Gooranorimi and Nanni [12]
who measured not a decrease but an increase of 4% in the horizon-
tal shear strength on 15.9-mm diameter GFRP bars (E-glass/vinyl
ester) extracted after 15 years of service. However, it should be
noted that this was the product of a single test. In contrast, Manalo
et al. [43] reported a horizontal shear strength reduction of 13% for
9.5-mm diameter GFRP bars (ECR-glass/vinyl ester) extracted from
concrete immersed in saline solution after 112 days. Chen et al.
examined the horizontal shear strength retention of 9.53-mm
diameter GFRP bars (E-glass/vinyl ester) embedded in normal
and high-performance concrete (HPC) and exposed to simulated
HPC pore solution at 60 °C. They reported a 5 and 12% reduction
in horizontal shear strength after 60 days of exposure. In fact, an
even greater reduction was reported by Khatibmasjedi et al. [9]
in which extracted GFRP bars decreased 26% from their original
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Fig. 7. Horizontal shear strength retention of extracted GFRP bars aged in seawater
concrete. Error bars represent standard deviation.
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horizontal shear strength after 24 months of exposure to seawater
at 60 °C.

It is not well established in the literature whether the horizon-
tal shear strength retention changes as a function of the environ-
mental conditioning; in fact, in some cases, it decreases and in
others it may even be increasing. There is no evidence that points
to a specific reason and it is believed it could be several causes,
including different constituent properties, surrounding medium
(e.g., concrete characteristics and temperature), and manufactur-
ing process techniques and the presence of voids/defects that are
believed to ultimately increase moisture uptake, thus degrading
the fiber/resin matrix interface [21,43].

3.5. Glass transition temperature

The average T, of extracted GFRP bars after 12 and 24 months of
exposure for both mix designs are summarized in Table 5. Addi-
tionally, the ratio between the conditioned specimens, Tg12m) and
Tg24m) and reference values, Ty, is also provided. These values
of T, were determined by the onset of the storage modulus (E’)
drop. It is clear that no considerable changes in the Ty value
occurred between the different conditioning environments or time
of exposure. The ratio between conditioned and reference values
ranged from 0.97 to 0.99. These results suggest that no significant
detrimental effect on thermal properties, due to the different
degree of saturation and concrete temperatures, was identified
by DMA.

Even though, the moisture/humidity absorbed through the resin
matrix during the aging process can decrease the T, value [4,6], at
least two possible reasons for the similarity between reference and
conditioned specimens exist. First, the specimens were obtained
from the center of the bar which is less prone to be affected by
moisture. Second, the very small dimensions of the specimens pro-
mote the desorption of moisture during the conditioning period
(40 h at 23 °C/50% RH) suggesting a reverse plasticizing effect. Fur-
thermore, the post-curing effect of the resin matrix was also not
observed, due to the fact that the temperature to which the GFRP
bars were exposed was much lower than the Ty temperature
(112.8 °C).

3.6. Microstructural evaluation

3.6.1. SEM images

Typical SEM cross-sectional micrographs of reference and
exposed specimens that were taken near the edges of the GFRP
bars are shown in Fig. 8. The main physical damages sought
include fiber and/or matrix resin cracking, fiber/matrix debonding,
and fiber deterioration. SEM images reveal that there were no sig-
nificant differences between unconditioned (reference) and condi-
tioned specimens after the 24-month period (beyond cracks
induced during specimen preparation). Furthermore, the SEM
images, irrespective of the mix designs, did not show much differ-
ence. Hence, no obvious constituent degradation of any type can be
identified.

3.6.2. EDS results

The typical EDS quantitative analysis (i.e., element identifica-
tion) performed on the glass fibers and the resin matrix of pristine
GFRP bars are shown in Fig. 9. Results from the fiber’s elemental
composition revealed the main presence of silicon (Si), calcium
(Ca), aluminum (Al), and oxygen (O) which is standard in commer-
cial glass fibers. Also, traces of potassium (K), magnesium (Mg),
titanium (Ti), and iron (Fe) were detected, which in turn is an indi-
cation of the type of glass, in particular, the presence of Ti as
expected in ECR-glass fibers [46]. Similarly, EDS was conducted
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Table 5
Results of dynamic mechanical analysis (DMA).
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Specimen designation Exposure period

12 months 24 months
Temperature (°C + SD) CV (%) TTguzma Temperature (°C + SD) CV (%) TTgmm
g(ref) g(ref)
F-FC25 110.7 £ 2.2 2.0 0.98 109.6 + 1.6 1.5 0.97
F-SW60 109.2 £+ 1.2 1.1 0.97 1122 £ 2.1 1.9 0.99
S-FC25 112.1 £36 3.2 0.99 111.8 £ 0.1 0.1 0.99
S-SW60 112.0+6.3 5.6 0.99 112.0+ 84 7.5 0.99

Note: Tg s for unconditioned (as-received) value; Tg(12m) and Tg4m) for values after 12 and 24 months of exposure, respectively.

T
. :?
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>
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Fig. 9. Typical EDS spectrum of pristine GFRP bars: (a) fiberglass, (b) SEM/EDS image, (c) resin matrix.

on the resin matrix whose results indicated the characteristic peak
of carbon (C) (as it should for a vinyl ester resin), in addition to
minor concentrations of Si, O, Ca, and Al and traces of Mg. These
small concentrations can be attributed to the use of additives
and/or fillers such as aluminum silicate, calcium carbonate, and
alumina trihydrate (which also acts as a flame-retardant) [4,47].
EDS quantitative analyses were performed on unconditioned
and conditioned samples (24-month period) to detect potential
chemical composition changes in the glass fibers, as shown in
Table 6. The quantitative results revealed irrelevant differences
among the main elements between the pristine and the extracted
GFRP bars. Among the traced elements, perhaps the most notice-
able discrepancy was found in Fe concentrations, but these values

are within the margin of error for spectral resolution of EDS anal-
ysis. As a result, no apparent chemical degradation was detected in
the fibers through this type of elemental microanalysis.

3.7. Prediction of long-term behavior

3.7.1. Degradation rate

Hamilton et al. [2] stated that even though internal FRP rein-
forcement has proven to be a suitable alternative to corrosion-
prone materials, the fundamental challenge lies in the limited
long-term durability data to support wider acceptance, especially
in severe environmental conditions. Moreover, the American Con-
crete Institute in its 440.1R-15 guide acknowledged the suscepti-
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Table 6

Chemical composition of glass fibers by EDS (weight percentage).
Specimen designation Si Ca Al 0] Mg K Ti Fe
Reference 32.52 20.80 7.16 36.86 1.68 0.46 0.32 0.22
F-FC25 32.57 21.85 7.23 35.82 1.56 0.57 0.20 0.20
F-SW60 32.50 2141 7.26 36.02 1.62 0.62 0.32 0.25
S-FC25 32.61 21.78 7.02 36.13 1.54 0.44 0.29 0.19
S-SW60 32.38 21.55 6.94 36.58 1.59 0.52 0.28 0.16

bility of FRP bars to different environmental exposures [5]. For that
reason, in this study, efforts were made to predict the long-term
durability performance of the GFRP bars embedded in seawater
concrete. Among the four evaluated mechanical properties (tensile
strength, elastic modulus, and transverse and horizontal shear
strength), the tensile strength results were the only ones that
showed statistically significant differences. Hence, only the tensile
strength retention values were considered to predict the long-term
behavior of the GFRP bars.

Numerous researchers have evaluated different degradation
models to predict the long-term mechanical properties of FRP bars.
Among the most commonly used degradation rate expressions are
the single and double logarithmic model, the exponential model,
and the moisture diffusion model [16,48,49]. While the two loga-
rithmic models mentioned are not associated with any specific
degradation mechanism, the exponential model is assumed to
model debonding at the fiber/resin interface [16] and the most fre-
quently used moisture diffusion model is based on the one-
dimensional Fickian model [50]. In this study, the exponential
model was chosen to predict long-term strength retention due to
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Fig. 10. Exponential degradation model fitted to the tensile strength retention
values.

Table 7
Long-term retention values.

the fact that, based on previous durability studies, it is the model
that best fits the experimental data [16,19,49].

The following exponential degradation model was fitted to the
experimental data to assess its suitability based on the coefficient
of determination (R?),

Y = (100 — Y..) exp (t/7) + Yo )

where Y is the retention at time infinity, t represents the expo-
sure time, and 7 is the exponential constant. The tensile strength
retention values (Fig. 4) were used in Eq. (2) to obtain the exponen-
tial constant,t, by regression analysis. A R* value of 0.80 is consid-
ered the minimum value for acceptability [24]; lower values
indicate a lack of correlation between the experimental data points
and the mathematical expression. As shown in Fig. 10, the expo-

nential model showed an appropriate fit with R*> values above
0.80 except for F-FC25, as expected since no degradation was
observed in this particular environmental conditioning.

Based on the exponential model, a rapid degradation occurs at
the beginning of the service life of the GFRP bar, which will even-
tually converge to the long-term retention, Y., as shown in Eq. (2).
The long-term retention values and the time to reach that conver-
gence for both types of concrete mix designs and environmental
exposure are summarized in Table 7. As previously mentioned, it
is evident that the surrounding medium (e.g. concrete) has an
effect on strength retention (easily noticeable in FC25
conditioning).

3.7.2. Service life prediction

The service life predictions, specific for the environmental con-
ditioning used in this study and applying the exponential degrada-
tion model, are shown in Fig. 11. Based on this model, specimens
embedded in seawater concrete and subjected to typical field
exposure of a subtropical region (FC25) would retain a tensile
strength of more than 86% over the service life of the structure.
Comparatively, if concrete specimens are immersed in seawater
at 60 °C, strength retention of 70% or above was predicted. Overall,
convergence times were reached within the first 5 years of pro-
jected trends. This is somewhat expected since, in all tested GFRP
bars, the reduction in tensile strength between the last exposure
periods did not decrease any further, thus this is reflected in the
early convergence to the long-term strength retention (Y..).

Given the reason that long-term exposure of GFRP bars to dif-
ferent types of environmental conditions can affect tensile
strength, the ACI 440 Committee established a design philosophy

Mix design Environmental Exposure

FC25 SW60

Yo t(years) Yo t(years)
Type-F 98.7 1.01 73.5 4.71
Type-S 86.0 0.56 70.0 0.52
Range 86.0-98.7 0.56-1.01 70.0-73.5 0.52-4.71
Average 92.4 0.80 71.8 2.6
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Fig. 11. Service life predictions (based on the exponential degradation model).

where the guaranteed tensile strength is altered by a safety factor
known as the environmental reduction factor (Cg). This factor was
determined based on the consensus of the ACI 440 Committee
and varies between 0.70 and 1.0 (reduction of 30% to none),
depending on the fiber type and exposure conditioning; 0.70 for
concrete structures exposed to earth and weather and 1.0 for no
such exposure. Based on the results obtained from the long-term
predictions, the minimum strength retention for specimens not
exposed to weathering conditioning (FC25) was 86%, thus the cur-
rently accepted Cr seems to be conservative. While for specimens
exposed to seawater at 60 °C (SW60) the minimum strength reten-
tion was 70%. However, it should be noted that consistent and con-
tinuous temperatures of 60 °C are highly unlikely since the highest
recorded punctual sea surface registered temperatures worldwide
are around 35 °C [51]. At the same time, further validation of these
outcomes and calibration of the degradation model should be com-
pared to data obtained from existing structures that have been in
service for a prolonged period of time.

4. Summary and conclusions

In this research study, the durability of unstressed GFRP bars
that were embedded in seawater concrete and exposed to a typical
subtropical field environment (25 °C/71.2% RH) and seawater at
60 °C were evaluated. The comparison between unconditioned
and conditioned of physico-mechanical properties was an indicator
of degradation. The mechanical test results include tensile
strength, longitudinal elastic modulus, transverse shear strength,
and apparent horizontal shear strength, while the physical evalua-
tion comprises of Ty test results and microstructural analysis
through SEM images and EDS. In addition, the exponential predic-
tion model was used to evaluate the degradation rate of GFRP bars
under different environmental conditions. In accordance with the
results obtained, the following observations are made.

e The type of surrounding concrete as well as immersing the
specimens in seawater and increasing the temperature to
60 °C has an effect on tensile strength retention.

Tensile strength results showed statistically significant differ-
ences. This may be due to the presence of moisture that at high
loads induces local stresses concentration at the fiber/resin
interface, which in turn prompts cracks and debonding between
the fiber and the resin matrix leading to premature failure.

In contrast to the loss in tensile strength, the elastic modulus
was not affected. This is mainly because the modulus of elastic-
ity is largely governed by the glass fiber and its degradation
may not be sufficiently significant to be quantified.

Even after 24 months of exposure, transverse and shear
strength results show minimal strength reduction. For example,
the transverse shear strength results decreased by 2-8%, while
the horizontal shear strength reduced by 1-5% of the original
strength.
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e No considerable microstructural changes were detected
through SEM images and quantitative EDS analysis within the
cross-sectional area of conditioned GFRP bars after 24 months
of exposure.

e To have a better understanding of the moisture-associated

degradation mechanism, since moisture can wick through the

interface and accumulate in the voids, the microstructural anal-
ysis should be performed not only near the edges of the bar but
also in the vicinity of voids.

The exponential degradation model showed good agreement

with the experimental data obtained from the tensile tests (R

values above 0.80) with the exception of specimens that exhib-

ited no significant strength reductions.

Based on long-term prediction and under typical field condi-

tioning at 25 °C/71%RH, the tensile strength retention varied

between 86.0 and 98.7% (avg. 92%). Under more aggressive con-
ditioning (seawater at 60 °C), retention was predicted to range

from 70.0 to 73.5%. (avg. 72%).

According to the findings of this study, the long-term perfor-
mance of unstressed GFRP bars embedded in seawater concrete
can be used to better evaluate strength retention and design reduc-
tion factors.
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