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This study investigates the effect of hydrothermal aging on the properties of glass fiber reinforced
polymer (GFRP) rebars manufactured with isophthalic polyester or vinylester resin and glass fiber type
E. The GFRP rebars were immersed in an alkaline solution (pH 12.6) for 1000 h at different temperatures
(23 and 60 °C), and their deterioration was evaluated based on microstructural and chemical changes
(using SEM, DSC, XRF, and FTIR techniques), moisture absorption, and variation in mechanical
properties. The results indicated an increase in the presence of voids and water absorption of the rebars
with accelerated aging, with a reduction in the glass transition temperature of the resin and alteration of
the chemical composition of the glass fiber. The comparison between the experimental results indicates
that the rebars with matrix in vinylester resin present greater chemical resistance than the rebars with
a polyester matrix. The degradation of the rebar also resulted in a reduction of approximately 6% in
the tensile strength of the rebar and 2% in the modulus of elasticity. Using the damage model, it was
possible to identify that the reduction in mechanical strength was associated with the simultaneous

degradation of the resin and glass fiber due to the alkaline attack.

Keywords: GFRP rebars, Durability, Polymeric matrix, Glass fiber, Alkaline environment,

Environmental reduction factor.

1. Introduction

Reinforced concrete with steel rebars is the most widely
used structural material for the construction of bridges,
ports, viaducts, drainage systems, and building structures.
However, corrosion of the reinforcement has been observed
in many of these structures, which results in cracking of the
concrete and reduction in the lifetime. Consequently, the
cost of maintenance and recovery of reinforced concrete
structures, associated with corrosion in steel reinforcements,
is estimated to be approximately 3.5% of the Brazilian GDP',
which creates an economic problem. One of the alternatives
to reduce such degradation is the replacement of steel rebars
with glass fiber reinforced polymer (GFRP) rebars, mainly
in major structures such as bridges, viaducts, and ports? 3,
because the GFRP rebars have greater durability than steel
rebars, high specific strength and stiffness combined with
low specific weight*.

GFRP rebars can be produced with different types
of thermosetting resins (epoxy, polyester, or vinylester),
and different types of glass fibers (E, ECR, or AR). The
compatibility of the glass fibers with different resins depends
mostly on the sizing (substances applied at the moment of
fiber fabrication)’. However, if the rebars are not subjected
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to an electrolytic corrosion process, they present chemical
deterioration when in contact with the alkaline environment
inside the concrete®, because the pore solution of the
concrete is characterized by pH in the range of 12.5—13.5.
Environmental humidity also causes changes in the resin®?;
the main effects are plasticization and reduction in glass
transition temperature, strength, and rigidity'’.

The degradation of GFRP rebars occurs owing to a
complex physical-chemical process that damages the
polymeric matrix and causes dissolution of the glass fibers,
resulting in changes in their physical, chemical, thermal,
and mechanical properties. Hydroxyl (OH") ions, which
are present in the pore solution of the concrete as a result of
the dissolution of the hydroxides of the cementitious matrix
(NaOH, Ca(OH),, and KOH), penetrate the polymeric matrix
of the GFRP rebars by diffusion, causing a hydrolysis reaction
of the ester groups (present in polyester and vinylester
matrices). The result of this process is the decomposition of
the matrix of the GFRP rebar'', which allows the glass fibers
to be exposed to the alkaline solution'> 3. These damaging
effects on GFRP rebars have been reported in some recent
studies. Sawpan'* subjected GFRP rebars, manufactured with
vinylester matrix, to an alkaline environment (pH = 12.0) at
temperatures of 23 °C and 60 °C, and found a reduction in
tensile strength of 9% and 26%, when compared to GFRP
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rebars without aging. Fergani et al.® reported a reduction
between 6% and 36% in the tensile strength of GFRP rebars
subjected to a similar aging process. Ali et al.'* subjected
GFRP rebars with polyester matrix to an alkaline environment
(pH = 12.8) at temperatures of 23 °C, 40 °C, and 60 °C, and
observed a reduction in tensile strength of 5%, 12%, and 14%,
respectively. Benmokrane et al.!® evaluated the mechanical
behavior of GFRP rebars manufactured with vinylester,
polyester, and epoxy resin matrices. The authors found
that GFRP rebars with polyester and epoxy resin matrices
had a similar reduction in flexural strength (25% and 23%,
respectively) after 5000 h of immersion, while the GFRP
rebars with vinylester matrix had a lower reduction of 17%.
Thus, it is confirmed that the type of resin used affects the
durability of GFRP rebars to different levels.

Currently, the design standards for concrete structures
reinforced with FRP rebars specify that the tensile strength
of the GFRP rebar, used in the design equations must be
reduced based on the type and level of environmental
exposure. According to ACI 440.3R-15"7, the environmental
reduction factor used in the correction of tensile strength and
ultimate deformation is determined by considering the type
of fiber and the exposure of the structure to the earth and
weather. To determine the environmental correction factor,
the normative recommendation CNR-DT 203'? indicates the
following factors: the type of fiber, exposure condition, and
type of resin used in the FRP rebar (which can be epoxy or
vinylester resin). However, this normative recommendation
also does not consider the type of resin used to determine
the environmental correction factor, despite the fundamental
role of the resin in the durability of FRP'S,

The present research aims to evaluate the effect of
hydrothermal aging in GFRP rebars manufactured with two
different types of polymeric matrices (isophthalic polyester
or vinylester). The GFRP rebars were immersed in an
alkaline solution (pH 12.6) for 1000 h at two temperatures
(23 °C and 60 °C) to accelerate the effects. Subsequently,
the rebar properties (physical, chemical and mechanical)
were assessed and compared with the values obtained for
the unconditioned reference samples. The tensile strength
of the GFRP rebars after aging was theoretically evaluated
by applying the damage mechanic to the mixture rule and
comparing it with the experimental data.

2. Materials and Methods

2.1. Materials

The GFRP rebars were produced by the pultrusion process
which involves a machine pulling the glass fiber through
a liquid resin (polyester resin or vinylester resin) and then
pulling that combination of glass fiber and resin through
a cylindric die. After that, the rebar through a mechanism

Table 1. Physical properties of GFRP rebars.
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rotating to the axis, to create the ribs. Subsequently, the
rebar is heated and cut'.

The pultruded GFRP rebars used in this study had a
nominal diameter of 12.7 mm, and were made of continuous
E—glass fibers impregnated in two types of polymeric resin.
In the first type of GFRP rebar, isophthalic polyester resin
(GFRP P) was used, and vinylester resin (GFRP V) was
used as the second type. Surface enhancement consisted of
a simple, helically-fiber-wrapped (Figure 1). The physical
properties of the GFRP rebars and the corresponding ASTM
standard procedures are summarized in Table 1. Both types
of GFRP rebars had similar mass fractions of glass fibers.

2.2. Accelerated aging procedure

Hydrothermal aging was performed by immersing the
rebars in alkaline solutions (pH = 12.6) at temperatures of
23 °C and 60 °C for 1000 h. The solution was composed of
118.5 g of calcium hydroxide, Ca(OH),, 0.9 g of sodium
hydroxide, NaOH, and 4.2 g of potassium hydroxide, KOH,
dissolved in 1 dm?® of deionized water, according to ACI
440.3R-15"" and ASTM D7705% standards. To maintain a
uniform temperature, one of the containers was kept in an
air-conditioned room at 23 °C, and the other container was
kept in a furnace previously heated to 60 °C. For this test,
three samples of GFRP rebars, with 46.0 cm of length, were
used for each temperature.

GFRP P

Figure 1. Tested GFRP rebars.

. Standardized Testing Type of GFRP rebars
Property Uit Procedure GFRP P GFRP V
Density g/cm’ ASTM D792% 2.1+0.1 2.0+0.1
Fiber content, by mass % ASTM D3171% 82.2+0.1 80.8+0.1
Cross-sectional area mm? ASTM D7205% 13424+0.2 128.2+0.3
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2.3. Scanning electron microscopy (SEM)

The microstructure of the GFRP rebar was evaluated
before and after aging, using a scanning electron microscope
(VEGA 3 LMU TESCAN) containing secondary electron
(SE) and backscattered electron detectors (BSE), voltage
source for 20 kV, and tungsten filament. Samples 10 mm
long were cut transversely with respect to the axis, and then
polished and metalized with a thin layer of gold by a vacuum
deposition process.

The micrographs were used to identify the changes in
the fibers in the matrix and fiber-matrix interface, resulting
from the exposure to the alkaline environment.

2.4. Moisture absorption test

The moisture uptake of the GFRP bars at saturation was
determined according to ASTM D570%. Three specimens
of each type of GFRP rebar were cut, dried, and weighed
prior to immersion in the solutions at 23 °C and 60 °C for
1000 h. The samples were removed from the solution after
4, 16, 64, 144, 256, 400, 576, 784, and 1000 h, and were
surface dried and weighed. The percentage moisture uptake,
M%, was measured through gravimetric means using the
following Equation 1:

o Wi =W
M% = TOx100 )
where w, is the weight of the wet specimen and w is the
weight of the dry specimen. The moisture on the surface of
the bar specimens was carefully removed before weighing.

Normally, the fluid absorption of FRP follows Fick's
Law in the first part of the exposure time; the quantity of
absorbed fluid increases linearly over a certain period until it
reaches saturation. The absorption nearly ceases as the FRP
rebar becomes saturated. In some situations, the equilibrium
moisture concentration is not reached, and the absorption
of fluids continues to occur, but without following Fickian
kinetics. This diffusion behavior of the FRP rebar, shown
in Figure 2, normally occurs when there is degradation or
cracking in the resin %,

From the evaluation of the initial linear stretch of the
fluid absorption curve, shown in Figure 2, it is possible to
obtain the moisture diffusion coefficient (D), in mm?/min,
using Equation 2%7:

Fickian Diffusion

Moisture content {%a)

Square root of time (min)

Figure 2. Typical absorption behavior of FRP composites.
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where M is the percentage of moisture at the end of linear
behavior, M, is the percentage moisture after time ¢, M, is
the percentage moisture after time ¢, and 4 is the sample
thickness (the diameter of the FRP rebar is considered for /).

2.5. X-ray fluorescence spectrometry (XRF)

Chemical analysis of the glass fibers was conducted
before and after the aging process. Initially, the GFRP
rebars were calcinated, according to the ASTM D31712.
The samples were then prepared by griding the glass fiber
using a jaw mill into a fine powder and sieving through a
# 75 um sieve. After milling, glass fibers were chemically
characterized by x-ray fluorescence (XRF) using a Bruker
model S2 Ranger spectrophotometer.

2.6. Fourier-transform infrared spectroscopy
(FTIR)

FTIR was used to identify the changes in the chemistry
of the polymeric matrix before and after aging. FTIR
analyses were performed using a Shimadzu IRPrestige-21
spectrometer, with an attenuated total reflection (ATR)
device. Three specimens (10 mm long) were prepared, and
the IR spectra were obtained within wavenumber range of
4000-600 cm™ at a resolution of 16 cm™.

2.7. Differential scanning calorimetry (DSC)

Polymeric resin samples taken from the GFRP rebars
were examined by DSC using a Shimadzu calorimeter.
Specimens, in the range of 10 mg, were sealed in aluminum
pans and prepared for analysis. DSC curves were obtained
by heating the samples from 25 to 250 °C at a heating rate
of 10 °C/min, in a nitrogen atmosphere. The glass transition
temperature (T,) was determined according to the ASTM
E1356 standard?.

2.8. Tensile test

Tensile tests were performed according to the ASTM
D7205% standard to determine the tensile resistance and
elastic modulus of the GFRP rebars. The two ends of the rebar
were anchored in a steel pipe, (150 mm long), with an outer
diameter of 34 mm, as shown in Figure 3. The pipe was then
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Figure 3. Tensile test setup (length in centimeters).
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installed at each end of the sample with epoxy resin, using a
support frame to ensure perfect alignment of the pipes. The
tensile test was performed on three replicates of each batch
using an INSTRON 23-200 servo-electric universal testing
machine. Displacement-controlled loading was performed
at a rate of 2 mm/min. An extensometer (clip gauge) was
attached to the middle of the bar to determine the strain. Data
acquisition was used to capture load and strain readings.

3. Results and Discussion

3.1. Chemical degradation of resin of GFRP
rebar

The SEM images of the cross-section of the GFRP
rebars, shown in Figures 4-6, were used to characterize the
modification of morphology after aging. In Figure 4, it is
possible to identify, before aging, that there was no uniformity
in the thickness of the resin layer around the glass fiber. For
the vinylester GFRP rebar, a variation in the thickness of
the resin covering in the range of 0—87 um was observed,
whereas, for the polyester GFRP rebar, this variation was in
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polymaric matrix
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the range of 979 um. The reduction in thickness represents
aloss of protection of the fiber glass, and it can be associated
with the production of the GFRP rebar or resin shrinkage
during the curing cycle due polymerization reaction®”. In
addition to the variation in the resin layer around the glass
fibers, it was possible to observe the presence of small defects
(Figures 4a, b) in the GFRP rebars with a polyester matrix. In
fact, the determination of the porosity of the bar, according
to the ASTM D3171 standard?', indicated a void content
of 4.3% for GFRP with a polyester matrix. Disconnected
voids were also observed by Gooranorimi et al.*” over the
entire cross-section of GFRP rebars. The SEM image of
the unaged GFRP rebar with the vinylester matrix does not
indicate any defects (Figures 4c, d).

The effect of hydrothermal aging on the microstructure of
the GFRP rebars is shown in Figures 5 and 6 for exposition
at 23 °C and 60 °C, respectively. For aging at 23 °C, it
verified the presence of more voids and microcracks in the
polyester resin while the vinylester matrix does not show
degradation. The aging of the bars in solution at 60 °C, on the
other hand, resulted in greater deterioration in both resins,

Fiberglass

Figure 4. SEM micrographs of unaged GFRP rebars: (a, b) Polyester matrix; (c, d) Vinylester matrix.
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Figure 5. SEM micrographs of aged GFRP rebars at 23 °C: (a, b) Polyester matrix; (c, d) Vinylester matrix.

with the formation of pores in the surface layer and the resin
located inside the rebar. Consequently, one detachment is
verified between fiber and matrix.

The deterioration of the resins is caused by the alkaline
attack: the free hydroxyls (OH") react chemically with the
ester group (the weakest bond in the vinylester and polyester
matrices), causing hydrolysis in the polymeric matrix with the
formation of alcohol and salt of carboxylic acid, according
to Equation 33!,

e’ iom .k ioH-R 0
~ O—R < O—H

The intensity at which reaction (3) occurs is a function
of the temperature, time, alkalinity, and type of polymeric
matrix. The FTIR spectra of GFRP rebars, presented in
Figure 7, were used to identify any chemical modifications
after aging. Two regions of the infrared spectrum were
studied: the CH band (2800-3030 cm™), associated with the
carbon—hydrogen group, and OH band (3050-3600 cm™),
which corresponds to the stretching mode of the hydroxyl

groups. Four spectra of each GFRP rebar were obtained for
the core and surface and the OH/CH ratio was calculated
according to Benmokrane et al.'®, as shown in Figure 8.

Hydrolysis leads to a variation in the OH infrared band,
but it does not affect the CH content. Therefore, the OH/CH
ratio can be used to indicate the relative amount of hydroxyl
in the sample. Table 2 presents the results for the OH/CH
ratio. The rebars with polyester resin showed a reduction
of up to 18% in the ratio OH/CH ratio, which indicates the
occurrence of chemical degradation of the polymer when
exposed to the alkaline solution. For vinylester resin, the
maximum variation in the OH/CH ratio was 5%, confirming
the better chemical resistance of this resin already observed
by other authors®?, which can be explained by the existence
of fewer ester groups than the isophthalic polyester resin,
and the existence of terminal methyl groups, which protect
the ester groups®!:33:34,

The effect of hydrothermal aging on the glass transition
temperatures (T ) of the resins is shown in Table 3 and
indicates a reduction in T, with an increment in temperature
of the solution.



6 Moura et al.

Dagradation of
peolyrmaric matrix

Materials Research

Figure 6. SEM micrographs of aged GFRP rebars at 60 °C: (a, b) Polyester matrix; (c, d) Vinylester matrix.

Table 2. (OH/CH) Ratio of the FTIR peaks.

. Surface
Matrix Z 3
Reference (unaged) 23°C 60 °C
Polyester 1.05 0.86 0.91
Vinylester 1.00 1.04 1.05

Table 3. Glass transition temperature (T) of GFRP rebars before and after alkaline attack at different temperatures.

Matrix Status
Control Solution 23 °C Solution 60 °C
Polyester 108.2 100.1 96.3
Vinylester 103.7 97.2 95.4

The polyester resin showed a reduction of 7.5% and
11.0% of T, for a solution temperature of 23 °C and 60 °C,
respectively. The vinylester resin, in turn, showed reductions
of 6.3% and 8.0%, respectively. This reduction in T, due to
alkaline attack and increase in temperature, also observed
by other researchers'® **, has been used as an indicator of
deterioration of polymeric resin exposed to aggressive
environments over time*® since it is associated with irreversible
chemical changes.

3.2. Moisture diffusion kinetics of GRFP rebar

Figure 9 shows the moisture diffusion curves for
polyester and vinylester GFRP rebars in alkaline solutions
at 23 °C and 60 °C. An initial period of linear diffusion was
observed until a time of 4 h'2, independent of the type of
resin or temperature of the solution, and the curves show the
shape of a typical Fickian diffusion curve, with the saturated
moisture concentration M representing the maximum
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moisture content absorbed by the specimen. After this time,
the diffusion curves exhibited distinct behaviors.

The GFRP rebar with vinylester resin, immersed in the
solution at 23 °C, exhibited a gradual reduction in weight
with time. This behavior can be attributed to the hydrolysis
of ester groups and the subsequent leaching of low molecular
mass and water-soluble components of the resin into the
alkaline solution®”. This leaching process, also verified by
Arias et al.’, can be confirmed by the voids observed in the
resin (see Figure 4) after the aging process. This phenomenon
was not observed in the GFRP rebar with vinylester resin.

However, when immersed in solution at 60 °C, the
materials do not fully conform to the classical predictions,
and they continue to gain weight after an apparent pause, as

- » -GFRPP 23°C
—o—GFRP P 60°C
304 - & -GFRPV 23°C y
——GFRP V 60 °C

€ -
£ 204 I 18 & h
£ 1,54 3
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Figure 9. Absorption behavior of GFRP rebars immersed in alkaline
solution at different temperatures.

already reported by Upadhyay and Misra®. The absorption
curves then exhibit a non-Fickian two-stage sorption behavior,
wherein the initial uptake is rapid and a linear function of the
square root of time. Micelli et al.>* observed a similar behavior
for FRP rebars with epoxy or vinylester resins reinforced
with carbon fiber, with an increase in fluid absorption after
immersion at 60 °C. According to the authors, this highlights
the important role of temperature in the absorption kinetics
of polymeric resins.

Won et al.* considered that this increase in water
absorption due to the penetration of moisture in the cracks
developed in the degraded resin. The micrographs obtained
in this work (Figure 6) indicate that the exposure of the
resins to a temperature of 60 °C causes damage and cracks
that allow the migration of fluids into the interior of the
rebar, increasing its capacity for absorbing moisture. Thus,
after a period of initial stabilization of the moisture content,
the moisture absorption of the FRP rebars increases again
for both resins, but at different periods. The polyester and
vinylester rebars exposed to the alkaline solution at 60 °C
showed a different rate of linear increase in moisture
absorption after 144 h and 256 h. The non-Fickian moisture
absorption behavior may also be due to the gradual capillary
transport of water molecules to the fiber-matrix interfaces
during the conditioning period®> *. This indicates that the
fluid penetrates inside the composite, causing potential
damage to the fibers when the fluid contains ions that are
chemically aggressive for that type of fiber; Micelli et al.”
also observed this phenomenon.

The experimentally obtained values of the saturation
concentration of moisture (M, ) and the solution diffusion
coefficients (D), calculated using Equation 2, are presented
in Table 4.

It is confirmed that the values of saturation concentration
of moisture (M ) and the diffusion coefficients (D) for the
rebars with vinylester matrix are lower than those for the
rebars with polyester resin, regardless of the temperature of
the aging solution. Kamal et al.*! evaluated composites with
the same types of resins and observed that composites with
vinylester resin absorb less water than those with isophthalic
polyester matrices.
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The increase in temperature of the alkaline solution
increased the saturation concentration of moisture (M) by
up to 5.9% and an increase in the diffusion coefficients (D)
of up to 13.3%; this is because a higher temperature results
in greater kinetic movement of water molecules and polymer,
facilitating the penetration of moisture in the resin, as already
verified by other authors***. Furthermore, the low moisture
uptake and diffusion coefficient values in vinylester resin
were associated with fewer hydrophilic properties because
they contain fewer polar ester fraction*.

The increase in water absorption by the GFRP rebars
was also facilitated by the progression of the hydrolysis
reaction (see FTIR results).

The infiltration of water into the polymeric matrix
causes separation of molecular chains and induces internal
tension, a phenomenon known as plasticization®*, which
can generate microcracks inside the GFRP rebar®. The
comparison of the Tg values, listed in Table 3, and the water
absorption results, listed in Table 4, corroborate these results.
The polyester resin, which showed the maximum reduction
in 7, showed the highest absorption of water and increased
diffusion coefficient with increasing temperature.

3.3. Chemical degradation of glass fibers of
GFRP rebar

According to the chemical composition of the glass
fiber, shown in Table 5, it can be classified as type E glass
fiber. This fiber has low chemical resistance* and high
sensitivity to the alkaline environment*’. Therefore, its use
is not recommended for reinforcing cementitious materials,
which have high alkalinity. In GFRP rebars, the glass

Materials Research

fibers are protected from the external environment by the
resin layer, but with its degradation there is the possibility
of the alkaline solution meeting the fibers, causing their
deterioration. In fact, Table 5 shows that there was a change
in the chemical composition of glass fiber after hydrothemal
aging. Noteworthy is the change in sodium content that
varied 11% with increasing temperature. Alkaline ions, such
as sodium (Na"), react chemically on the surface of the glass
fiber, causing significant changes in the Na,O content. These
reactions are potentiated by the breaking of the Si—O-Si
structure of the glass fibers™ 13, caused by hydroxyl ions,
according to the reactions presented in Equations 4-6. In
addition, the kinetics of these equations were altered with
the increase in temperature from 23 °C to 60 °C, resulting
in higher Na,O content.

Si—O— Na+H,0 —> Si—OH + Na* +OH~ @)
Si—0-Si+0H™ — Si—OH +Si-0~ (5)
Si—O~ +Hy0 —> Si—OH +OH ™ (6)

3.4. Mechanical degradations of GFRP rebar

Table 6 presents the experimental results obtained from
tensile testing for the ultimate strength and elastic modulus
of'the unaged and aged GFRP rebars tested after accelerated
aging at 23 °C and 60 °C.

The tensile strength of the unaged GFRP rebars is in
the range of 862-881 MPa. These values are higher than
those found by Robert and Bermokrane* for GFRP rebars
with vinylester resin, and well as the typical values of

Table 4. Saturation concentration of moisture (M, ) and diffusion coefficients (D) of GFRP rebars.

GFRP P GFRP V
Parameter " B N o
T=23°C T=60"°C T=23°C T=60"°C
M, (%) 1.5+0.1 1.7+0.3 1.3+0.2 1.4+£03
D (10* mm*/min) 59+04 59+0.2 1.8 +0.1 44+02

Table 5. Glass fiber composition (% by weight) of samples extracted from GFRP rebars with polyester (P) and vinylester (V) matrices.

Temp. Constituents (%)
Sample (- Si0, ALO, CaO  MgO  TiO, NaO FeO, KO  Other  LOI*
Control 5376 1292 2817 417 0.10 - 039 032 017 0.l
GFRPP 230 5261 1273 2847 427 010 095 040 032 015 012
600 5219  13.09 2835 423 0.l 110 044 033 016 0.2
Control 5293 1276 2895 425  0.12 - 045 036 020 0.4
GFRPV 230 5286 1289 2816 433 010 105 039 035 016 0.2
600 5209 1268 2885 423 0.1 113 039 033 018 0.10

*LOI: Loss on ignition

Table 6. Experimental results of tensile tests on GFRP rebars subjected to hydrothermal aging at 23 °C and 60 °C.

Sample Matrix Temperature (°C) Average tensile strength (MPa) Average elastic modulus (GPa)
Control 881.7+19.8 51.3+0.5
GFRP P Polyester 23.0 831.5+19.1 50.8+0.6
60.0 825.0+18.5 50.7+ 1.0
Control 862.8 + 154 51.8+0.5
GFRPV Vinylester 23.0 829.9 £23.7 51.1+0.4
60.0 815.5+34.8 50.6+ 1.4
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tensile strength indicated by the standard ACI 440.1R* for
GFRP rebars.

As expected, there was a reduction in the tensile strength
and elasticity modulus of the aged GFRP rebars. These results
are compared in Figure 10. It appears that the type of resin
used in the production of the rebars also affects the loss of
strength of the rebars. There was a reduction in tensile strength
of 5.7% and 3.8% for the GFRP rebars with polyester matrix
and vinylester, respectively, after they were exposed to the
alkaline solution at a temperature of 23 °C. The exposure
of the GFRP rebars to the solution at a temperature of 60 °C
generated a more intense alkaline attack, and the strength
reductions were 6.4% and 5.5% for the GFRP rebars with
polyester matrix and vinylester, respectively. The trend of
decrease in the mechanical properties of GFRP rebars after
the alkaline attack corroborates the results obtained by several
authors®%!* who found a reduction in the tensile strength of
GFRP rebars subjected to alkaline attack at temperatures of 20
°C and 60 °C. The reduction was in the range of 5.0-16.0%.
Despite the reduction in tensile strength, the variation in the
values of the modulus of elasticity of the GFRP rebars was
not significant, with a maximum reduction of 2.3% for the
rebars with vinylester matrix, after they were exposed to an
alkaline environment at 60 °C.

The reduction in tensile strength observed in the rebars
subjected to hydrothermal aging is compatible with the
damage observed in the resin microstructure, which also
increased the water absorption of the rebar. The rebars with
polyester matrix, which showed greater microstructural
damage, also showed greater loss of tensile strength. The
better performance of bars with vinylester matrix, after
immersion in alkaline solution, is associated with the greater
chemical stability of this resin, which presented less alkaline
hydrolysis and, consequently, less damage (voids) and less
water absorption, as shown previously.

Damage to glass fiber also contributed to the reduction
in the mechanical performance of the GFRP rebars. The
fiber is the main element responsible for the mechanical
strength of the GFRP rebar because it has a greater volume
than the matrix, and for realizing a tensile strength superior
to that of the polymeric resin'®“%. Thus, the analysis of the
reduction in tensile strength observed in the GFRP rebars,
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when subjected to an alkaline environment, indicates that
the glass fibers are damaged by the solution.

The damage identified in the glass fiber, with the
modification of its chemical composition, also contributed
to the reduction in mechanical performance. As fiber is
the main component of the GFRP rebar due to the volume
occupied and the greater tensile strength, even small damages
can result in important changes in mechanical behavior and
need to be quantified.

3.5. Theoretical assessment of mechanical
damage

The tensile strength depends on the integrity of the matrix,
amount and integrity of fibers, and fiber-matrix interaction®.
However, in a simplified way, the tensile strength of the
composite reinforced with aligned fibers can be determined
by the contribution of each phase, matrix, and fiber, and can
be expressed by the mixture rule, according to Equation 7.

oc=0fVy+ouVy 7

where o, o 7, and o,, represent the tensile strengths of the
composite, fiber, and matrix, respectively. ¥’ and ¥, indicate
the fiber and matrix contents, respectively, in the GFRP rebar.

Thus, the total loss of tensile strength due to alkaline
attack is proportional to the extent of mechanical damage
in each phase that had contact with aggressive agents. The
resin degradation mechanism was intensified by increasing
the temperature to 60 °C, which provided the intermolecular
penetration of hydroxyl ions into the resin and later into the
glass fibers, as shown in the simplified model in Figure 11.

The residual tensile strength of the rebar &, can then
be defined by Equation 8, with 5, and &, representing the
residual strengths of the fiber and the matrix after aging,
respectively.

ECZEfo +Eme (8)

Considering isotropic damage, the residual strengths of
the matrix and fiber can be determined by Equations 9 and 10,
respectively, where D and D,, represent the damage to the
fiber and the matrix, respectively, due to the alkaline attack.
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Figure 10. Comparison of tensile strength (a) and elastic modulus (b) reduction in GFRP rebars exposed to alkaline environment.
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Figure 12. Residual strength of composite as a function of damage to the matrix and fiber for GFRP rebars with 60% glass fiber.

5r=0s(1-0;) )

(10)

om=0m(1=Dy)
Thus, Equation 8 can be modified to obtain Equation 11.

Ge=0p(1=Dy Vs + 03 (1= )iy (11)

Figure 12 shows the parametric study of Equation 11, for
the GFRP rebars with a fiber volume of approximately 60%,
with values of D, (damage to the fiber) and D,, (damage to
the matrix) ranging from 0 to 1. In the numerical simulation,
a tensile strength of 1420 MPa was adopted for the glass
fiber, 60 MPa and 98 MPa for vinylester, and polyester
resins, respectively'®.

The tensile strength of the GFRP rebar is much more
sensitive to the damage to the glass fiber than to the matrix.
It is possible to estimate that, for a 100% damage in the
matrix, the reduction in strength of the GFRP rebar with
polyester is only 4.5% and the reduction in the GFRP rebar
with vinylester is 2.8%. These strength reduction values are
lower than the values observed experimentally, as seen in
Figure 10, which indicates that, in addition to the damage

to the matrix, the accelerated aging resulted in mechanical
damage to the glass fibers. This result corroborates the
experimental observation of the modification of the glass
fibers by the alkaline attack, which was already confirmed
by the modification of the chemical composition of the
fiber (Table 5).

The holes shown in Figure 13, obtained with Equation 11,
allow the estimation of the damage in each component of
the GFRP rebars due to the alkaline attack. Comparing
the values of reduction of tensile strength, obtained for
the alkaline attack at 23 °C and 60 °C, it is possible to
evaluate that the glass fibers suffered mechanical damage
that varied from 1 to 4% for GFRP rebars with vinylester
matrix and 1 to 6% for GFRP rebars with polyester
matrix. The intersections between the dashed lines (which
represent the% damage in the fiber) and the horizontal,
black, and red solid lines (which represent the retention
of resistance of the GFRP rebars) indicate the possible
combinations of matrix damage and fiber damage due
to alkaline attack. For example, for a GFRP rebar with
a polyester matrix subjected to 23 °C, the loss of tensile
strength may result from the occurrence of 2% fiber
damage and 85% matrix damage.
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Figure 13. Effect of matrix damage (D, ) and fiber damage (D,) on the residual strength of GFRP rebars (dashed lines represent experimental

results).

4. Conclusion

In this study, GFRP rebars manufactured with two
types of matrices, vinylester and polyester, were subjected
to hydrothermal aging in an alkaline solution for 1000 h at
23 °C and 60 °C. SEM, absorption test, XRF, FTIR, DSC,
and tensile tests were conducted to characterize the aging
effect on the GFRP reinforcing rebar. Based on the results
of this study, the following conclusions were drawn.

e The GFRP rebars with the polyester matrix showed
greater water absorption than the bars with the
vinylester matrix. Consequently, there was a
greater extent of damage in the first type of rebar
owing to hydrothermal aging, with the formation of
microcracks and a reduction in the glass transition
temperature.

e The fiber-matrix interface was damaged by aging,
with the appearance of cracks and fiber debonding.

*  The damage caused to the resin, which protects
the glass fibers, caused alteration of their chemical
structure; this was confirmed by the presence of
Na* in the chemical composition and changes in
the FTIR spectrum.

e The tensile strength of the GFRP rebars decreased
with the alkaline attack and was significantly
affected by the increase in temperature. The rebars
with polyester resin showed a greater loss of tensile
strength after hydrothermal aging.

e The evaluation of tensile strength using damage
mechanics demonstrated that the reduction in
tensile strength observed in the GFRP rebars from
the experimental results, is possible only with the
reduction in the tensile strength of the glass fibers
embedded in the matrix. This confirms that an
alkaline attack inhibits the protective function of
the polymeric layer.
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