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Flexural and Durability Performance of Seawater-Mixed

Glass Fiber-Reinforced Polymer-Reinforced Concrete Slabs
by Carlos N. Morales, Guillermo Claure, and Antonio Nanni

Forty-eight simply supported glass fiber-reinforced polymer
(GFRP) reinforced concrete (RC) slabs made with seawater-mixed
concrete were tested to study potential performance degrada-
tion over different environmental conditions for 1, 6, 12, and 24
months. The environments consisted of typical field conditions of
a subtropical region and immersion in seawater at 60°C (140°F)
as an accelerated aging regimen. The GFRP-RC slab strips were
1828 mm (72 in.) long, 304 mm (12 in.) wide, and 152 mm (6 in.)
deep and were reinforced with a 9.5 mm (0.375 in.) diameter GFRP
bar. All the slabs were tested under three-point flexural loading and
all exhibited bar rupture as the failure mode. The test results are
reported in terms of the cracking load, ultimate moment capacity,
and service-load deflections. Experimental results were compared
to the analytical and ACI 440.1R-15 expected values. The type of
concrete mixture design as well as the accelerated aging exposure
seems to affect the ultimate capacity of GFRP-RC slabs. Analyt-
ical and ACI approaches reasonably predicted the experimental
failure-moment capacity of most of the seawater-mixed GFRP-RC
slabs, specifically for those exposed to field conditioning. The ACI
440.1R-15 equations were in good agreement with the experi-
mentally measured deflections, where the largest deviations were
observed for accelerated-aged specimens.

Keywords: cracking load; deflection; durability; fiber-reinforced polymer
(FRP); flexural capacity; reinforced concrete.

INTRODUCTION

Reinforced concrete (RC) structures are usually reinforced
with steel bars, yet it is widely recognized that structures
exposed to harsh environments (for example, marine and
offshore structures), as well as deicing salts, have a high risk
of deterioration due to the corrosion of the steel reinforce-
ment, the main reason of structural degradation.'? It is esti-
mated that in the United States alone, the annual direct cost
of corrosion attributed to highway bridges (that is, reinforced
concrete, prestressed concrete, and steel bridges) is $8.3
billion, plus an economic impact of indirect costs as high as
10 times the direct costs.? This explains the growing interest
in structural systems that outperform current construction
practices by providing superior long-term durability and low
maintenance requirements.* In particular, nonconventional
fiber-reinforced polymer (FRP) bars for concrete reinforce-
ment have proven to be a suitable alternative to traditional
corrosion-prone carbon steel reinforcing bar.’> Among the
most common types of fiber used to manufacture FRP rein-
forcing bars are glass, carbon, aramid, and basalt fibers.°®
Specifically, glass FRP (GFRP) with a vinyl ester resin is
the most commonly used material system for manufacturing
pultruded FRP bars,” as it is a cost-effective choice due to
its high tensile strength, lightweight, and nonconductive and
corrosion-resistant properties.® As expected, the mechanical
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behavior and long-term performance of GFRP bars when
used as internal reinforcement in concrete differ from
conventional steel reinforcement.

Conventional concrete is made with fresh water and river/
quarry sand or desalted sea sand to limit potential detri-
mental chemical constituents such as chlorides that promote
iron oxidation leading to corrosion of the steel reinforce-
ment. By replacing steel with noncorrosive materials such
as FRP bars, the alternative of using seawater and/or sea
sand in the production of concrete, instead of conventional
constituents, could be evaluated. The use of seawater-mixed
concrete (seawater-mixed concrete and ‘“seaconcrete” are
used interchangeably in the text) has been of particular
interest to researchers.”!! Xiao et al.” conducted a compre-
hensive literature review on the effects of using sea sand and/
or seawater in the production of concrete. They reported that
most studies show a higher compressive strength during the
early stages and a similar long-term compressive strength
compared to conventional concrete. However, Younis et al.!
reported compressive strength of seaconcrete approximately
7 to 10% lower than concrete made with fresh water after
28 days, independently of curing conditions (fresh water
or seawater). Furthermore, Khatibmasjedi et al.!' reported
a 14% higher compressive strength of seaconcrete than
conventional concrete after 24 months of exposure to
seawater at 60°C (140°F). In summary, it appears that addi-
tional research work may be needed to clarify the inconsis-
tency in the strength behavior of seaconcrete compared to
conventional concrete; however, it is expected that different
mixture designs and curing regimens are likely to have
different behaviors.

Typically, the physical and mechanical degradation of
FRP bars has been evaluated by accelerated aging proto-
cols, in which FRP bars are subjected to aggressive environ-
mental conditioning for specific periods.'?!7 Discrepancies
in the strength retention of FRP bars between accelerated
aging and field exposure have also been reported.!>!51 It
seems that direct exposure to a highly alkaline solution does
not necessarily allow the prediction of the actual in-service
real-life weathering. Researchers have also evaluated the
degradation of FRP bars embedded in concrete, rather than
exposing them directly to a solution. For this case, the litera-
ture reveals tensile strength retention of concrete-embedded
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GFRP bars between 59 and 93%.22° However, only a few
studies have been conducted specifically on the long-term
durability performance of FRP bars embedded in concrete
made with seawater instead of fresh water.’ Test results
showed that seaconcrete-embedded GFRP bars preserved
between 50 and 85% of their initial tensile strength after
exposure.?®?” These fluctuations in strength retention can be
attributed mainly to the bar diameter, type, and quality of
the constituents (for example, fiber, sizing, and resin matrix),
void content, temperature and time of exposure, and the
surrounding medium (for example, concrete characteristics).

In contrast to the tensile strength reduction, either under
accelerated conditioning or embedded in concrete, GFRP
bars exhibited an equal or slightly higher residual tensile
modulus of elasticity (£y) over time. Nearly no change in £,
has been reported, regardless of the surrounding medium,
environmental conditioning, or time of exposure, !415-17:18.20-22
This is a crucial point because for FRP-RC members,
permissible deflection under service loads might control the
design rather than the flexural strength requirements® (due to
a relatively low Ej). Thus, for both compression-controlled
and tension-controlled sections, the retention of Ej is of
primary importance.

Numerous researchers have investigated the short-term
flexural behavior of RC slabs reinforced with FRP bars.?8-%
Most of the published research on this topic has been
performed using conventional concrete, and virtually none
with seaconcrete. Gao et al.** conducted a study to evaluate
the flexural and blast response of one-way slabs reinforced
with 6 mm (0.24 in.) diameter basalt FRP (BFRP) bars. In
the study, slabs were cast with two different concrete mixture
designs: sea-sand seaconcrete and conventional freshwater
concrete. In particular, the three-point bending flexural test
results showed a 13% difference between BFRP-RC slabs
made with sea-sand seaconcrete and conventional concrete
subjected to the same conditions.

In addition to FRP-seaconcrete slabs, the durability and
flexural performance of beams made with seawater and rein-
forced with FRP bars have been further studied. Dong et al.*!
performed accelerated aging tests (artificial seawater at 50°C
[122°F]) on seawater sea-sand concrete beams reinforced
with 13 mm (0.51 in.) diameter BFRP bars. They reported
changes in the failure mode (from concrete crushing to
shear failure) of BFRP-RC beams after 9 months of accel-
erated conditioning, mostly attributed to the degradation of
the FRP-to-concrete bond. More recently, Younis et al.*?
conducted a research study to investigate the short-term flex-
ural performance of GFRP-RC beams made with seawater
recycled-aggregate concrete. The GFRP-RC beams were
reinforced with 12 mm (0.47 in.) diameter GFRP bars and
tested under four-point loading after 2 months of concrete
casting. They concluded that using seawater and recycled
coarse aggregate in concrete has insignificant effects on the
flexural capacity compared to different concrete mixtures
with comparable compressive strength.

This study aims to evaluate the flexural and durability
performance of one-way GFRP-RC slab strips made with
seaconcrete. Different seaconcrete mixture designs and envi-
ronmental conditions were evaluated over several periods.
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The environmental exposures consisted of typical field
conditions of a subtropical region and seawater at 60°C
(140°F) as accelerated aging. The experimental results of
the simply supported GFRP-RC slabs were assessed and
compared based on the ultimate capacity, cracking load,
and midspan deflection. In addition, a two-way analysis of
variance (ANOVA) was performed to determine the interac-
tion between the time of exposure and environmental condi-
tioning. The statistical differences were reported in terms of
the ratio between-group variation to within-group variation
(F-ratio) and the probability that a result has occurred by
change (p-value). A level of significance p < 0.05 (that is,
5%) was considered statistically significant, as typically
employed in statistics.*’

RESEARCH SIGNIFICANCE

It has been widely recognized that FRP reinforcing bars
have the potential to contribute to solving the issue of
corrosion in RC structures due to their noncorrosive prop-
erties. By not having to deal with corrosion degradation,
seawater-mixed concrete can be considered for use together
with noncorrosive reinforcement. Considerable research
has been conducted on the behavior of one-way simply
supported GFRP-RC slabs; however, nearly all was limited
to the short-term performance and the use of conventional
concrete. This paper examines the flexural and durability
performance of simply supported GFRP-RC slab strips
made with seawater-mixed concrete exposed to the field and
accelerated aging regimens over short and long periods.

EXPERIMENTAL INVESTIGATION

Materials

Seaconcrete—In this study, two different seaconcrete
mixture designs and environmental conditions were evalu-
ated over several periods. The selected designs were based on
the Infravation-funded international collaborative research
project named SEACON, in which an extensive and detailed
evaluation of the properties of the fresh and hardened state
of concrete made with seawater was conducted (further
details can be found in other studies'!?644%%). Both seacon-
crete mixture designs, referred to in this study as Mixture
Type-F and Mixture Type-S, had a target 28-day compres-
sive strength of 38 MPa (5500 psi). Mixture Type-F had a
fly ash cement replacement level of 20%wmt, while Mixture
Type-S had a slag cement (SC) replacement level of 50%t.
The use of fly ash and slag is recognized to improve the
performance of hardened seawater-mixed concrete.!!4647

The seawater used to mix the concrete, as well as for
the accelerated-aging conditioning, was obtained directly
from Biscayne Bay, FL, with a pH value of 8.23. Addi-
tional details on the chemical composition of the seawater
used in this study are provided in parallel studies.?6
Table 1 provides details of the proportions for each mixture.
Concrete cylinders with a diameter of 100 mm (4 in.) and a
height of 200 mm (8 in.) were cast along with each group
of slabs to evaluate compressive strength development over
time according to ASTM C39.% For each particular seacon-
crete mixture design, all concrete elements were cast from a
single batch using a concrete truck.
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GFRP bar—The pultruded 9.5 mm (0.375 in.) nominal
diameter GFRP bars used in this study were fabricated from
continuous electrical corrosion resistance (ECR)-glass with
a fiber content of 85% (by weight) determined according to
ASTM D2584% impregnated in a vinyl ester resin matrix.
The surface enhancement consisted of a double-helical fiber-
wrapped surface creating a small 45-degree braided surface
pattern undulation. The physical and mechanical proper-
ties of pristine GFRP bars were determined according to
the established test methods indicated in ASTM D7957.5!
The property, test method, experimental value, and coeffi-
cient of variation (CV %) for each test are given in Table 2.
The measured cross-sectional area closely approached the
nominal value specified in ASTM D7957°' for an M10
(No. 3) GFRP bar (percentage error approximately 1%).
The mechanical properties (that is, ultimate and guaranteed
tensile strength, modulus of elasticity, and ultimate strain) of
the GFRP bars were tested per ASTM D7205% and calcu-
lated using the measured cross-sectional area.™

Table 1—Seaconcrete mixture proportions
(adapted from SEACON*%)

Mixture Type-F | Mixture Type-S
Material kg/m? (gal./yd?)
Portland cement 332 (560) 208 (350)
Fly ash 83 (140) —
Slag — 208 (350)
Seawater 168 (283) 158 (267)
Coarse aggregate 1038 (1750) 997 (1680)
Fine aggregate 612 (1032) 691 (1165)
_ mL/m? (gal./yd?)
Set-retarding admixture 830 (0.2) 2179 (0.4)
Air-entraining admixture 310 (0.1) 20 (0.004)
Water-reducing admixture — 817 (0.2)
— wlcm
— 0.40 0.38

Note: w/cm is water-cementitious materials ratio.

Specimens

In this study, 48 test specimens representing a strip of
one-way simply supported GFRP-RC slab made with
seaconcrete mixture designs Type-F and Type-S were
investigated. All the slabs had a span of 1524 mm (60 in.)
and were constructed with a cross-sectional area of 152 by
304 mm (6 x 12 in.) and a length of 1828 mm (72 in.), as
shown in Fig. 1. All the slabs were reinforced with a single
9.5 mm diameter (0.375 in.) GFRP bar, selected from the
same batch. The clear concrete cover was 19 mm (0.75 in.).
The use of a single M10 (No. 3) GFRP bar was to provide a
tension-controlled failure. This choice guarantees the limit
state of GFRP rupture as the failure parameter necessary for
evaluating reinforcement degradation.

After the 28-day moist curing, half of the concrete spec-
imens (slabs and cylinders) were exposed to a typical
subtropical field environment, while the other half were
completely submerged in temperature-controlled seawater
inside several polyurethane tanks at a constant temperature
of 60°C (140°F). Figure 2 illustrates the experimental setup
for the accelerated conditioning. The chosen temperature
of 60°C (140°F) for the accelerated-aging protocol is well
below the glass transition temperature (7;) of the GFRP
bars used in this study, which is approximately 112°C
(234°F). Although this is not an exposure that structures
experience in common applications, lower tensile strength
retention has been reported for GFRP bars embedded in
continuously submerged concrete than for those subjected to

2 =
519 mm a = ]/’152 mm
T /%:,/ - 9.5 mm @
152 mm =304 mm—~ GFRP bar

152 mm 1828 mm
I
g
304 mm-1- S

Note: 1 mm = 0.0394 in.

Fig. I—GFRP-RC slab geometry: cross section (top), and
top view (bottom).

Table 2—Physical and mechanical characterization of GFRP bars

— Property Test method Value CV %
Effective diameter mm (in.) ASTM D7205 9.56 (0.376) 0.24
Cross-sectional area mm? (in.%) ASTM D792 71.81 (0.111) 0.49
Physical properties Density kg/m? (Ib/ft%) ASTM D792 2179.6 (136.1) 0.22
% by weight ASTM D2584 85.06 0.24
Fiber content
% by volume SEM" 71.09 6.2
Tensile strength MPa (ksi) ASTM D7205 822.23 (119.25) 4.7
Guaranteed tensile strength® MPa (ksi) ASTM D7205 705.96 (102.4) —
Mechanical properties
Tensile modulus GPa (ksi) ASTM D7205 55.04 (7983) 2.0
Ultimate tensile strain ASTM D7205 1.49 52

"By digital image processing of SEM images.>

Guaranteed tensile strength, (f;,"), equal to mean tensile strength of test specimens minus three times standard deviation.
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GFRP-RC specimens (6)
(304 x 1828 x 152 mm)

Curing tank immersion heater
(1,000W, 8.3 amp, 120V)

Polyurethane curing tank
(914 x 2438 x 610 mm)

Curing tank circulating pump
(30W, 110V, 454 LPH)

Fig. 2—Accelerated-aging setup (seawater at 60°C
[140°F]).

MTS actuator
(240kN) = _~—Load cell

3,DT Strain. Strain LYDT

- gauge Kl_dﬁ /( gauge -

152\mwrr}'7——<— 1524 mm——————» B v 152 mm
Note: 1 mm = 0.0394 in.

Fig. 3—FExperimental setup of simply supported GFRP-RC
slab.

wetting-and-drying cycles (seawater at 50°C).2! At the same
time, the samples exposed to the field environment were
subjected to a climate with an average ambient temperature
of 25.7°C (78.3°F) and average relative humidity (RH) of
71.2%.

The corresponding nomenclature for the GFRP-RC slabs
was based on the type of mixture design, exposure condi-
tioning, and time of exposure. The first letter in the nomen-
clature denotes the type of mixture design—that is, letter
F for the mixture design made using fly ash and the letter
S for the one made with slag. The second segment denotes
the exposure conditioning, “FC25” for field conditioning at
25°C and “SW60” for specimens conditioned in seawater at
60°C (140°F). Lastly, the third portion represents the expo-
sure time in months: 1, 6, 12, and 24 months. For example,
“F-FC25-24” corresponds to concrete elements cast with
mixture design Type-F exposed to field conditioning at a
temperature of 25°C for 24 months.

Test setup

The flexural behavior of the GFRP-RC slabs was deter-
mined by placing the slabs between two supports with a clear
span of 1524 mm (60 in.) and loaded at the midspan using
a 240 kN (55 kip) hydraulic universal test frame, as shown
in Fig. 3. The applied load was measured using the internal
force transducer. Linear variable differential transducers
(LVDTs) were used to measure the midspan deflection and
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any settlement in both supports. In addition, the compres-
sive strain was also measured and recorded using two elec-
trical resistance strain gauges attached to the outer face
of the concrete, located at half-width of the top surface at
equal distances from each side of the point load. All test data
were recorded simultaneously using a multiple portable data
acquisition (DAQ) system.

All the GFRP-RC slabs were tested under two control
conditions throughout the three-point bending flexural test.
Load control, at a rate of 0.222 kN/s (50 Ib/s), was used
during the initial phase of the test in four loading-unloading
sequences equivalent to 50, 67, 83, and 100% of the test
load magnitude, which is defined as 85% of the ultimate
design load capacity for tension-controlled specimens, as
per ACI 437-12.3* After reaching each load step increment,
the load was held for 2 minutes and then the specimen was
unloaded to 10% of the ultimate design load capacity. Each
of the sequences was performed twice in succession to show
the hysteresis of the loading-unloading cycles that may
contribute to the element’s energy absorption and dissipation
capacity. After the first loading protocol was completed, the
load was applied to the slabs until failure under a displace-
ment-controlled monotonic loading rate of 0.0318 mm/s
(0.00125 in./s) to allow for controlled crack propagation.
This study focused on the latter protocol because the RC
elements were mostly uncracked (linear elastic behavior)
during the first phase. Three repetitions of the flexural test per
mixture design and exposure conditioning were performed
after 1, 6, 12, and 24 months of exposure.

Flexural behavior—analysis and procedure

Design and predicted capacity—The flexural strength
capacity of an FRP-RC member can be determined based
on the strength limit states in which the failure is controlled
by either concrete crushing or FRP bar rupture.® In a given
section, when the FRP reinforcement ratio, p; (= A/bd,
where Ay is the total area of the FRP bars; b is the width
of the rectangular cross section; and d is the effective depth
of the slab section), is less than the balanced ratio, ps, the
failure is controlled by FRP bar rupture (tension-controlled
section); otherwise, it is governed by the concrete crushing
limit state. The balanced failure strain condition occurs when
the concrete strain reaches its ultimate capacity, at the same
time the outermost FRP bar layer reaches its strain capacity.
According to ACI Committee 440, the balanced FRP rein-
forcement ratio is computed as follows

! E g,
P, =0.85p, Jo BB (1)
ffu Efgcu +ffu

where £’ is the specified compressive strength of concrete;

Ju (= CE/},,*, where Cr is the environmental reduction factor)

is the ultimate tensile strength of FRP bars (as FRP does not
yield); &, is the ultimate strain of concrete (taken as 3000 pe);
and B, is the strength reduction factor taken as 0.85 for
concrete compressive strength equal to or less than 28 MPa
(4000 psi). For strength exceeding 28 MPa (4000 psi), the
factor B; is reduced continuously at a rate of 0.05 for every
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7 MPa (1000 psi) of strength above 28 MPa (4000 psi) with
a threshold not less than 0.65. The £ can be taken as the
mean elastic modulus value reported by the manufacturer.

Because in this study the GFRP-RC slabs were “under-
reinforced,” this section solely reviews when failure is deter-
mined by rupture of the FRP reinforcement. In a tension-
controlled section, given that the fj is reached first (g, is less
than 3000 pe), the depth of the neutral axis ¢ is unknown. In
this case, the ACI equivalent rectangular stress block param-
eters are not applicable. Therefore, it is required to compute
the neutral axis location based on the equilibrium and strain
compatibility, as well as the nonlinear stress distribution of
the concrete. The corresponding stress distribution in the
concrete can be approximated with an equivalent rectan-
gular stress block using two strain- and stress-dependent
parameters, B and o.>> Several stress-strain models have
been proposed to interpret the behavior of concrete,*® with
the one proposed by Todeschini et al.’” being one of the most
used. The equivalent stress block parameters for Todeschi-
ni’s model can be calculated as follows>>38

(CREBERSTONEY) R

(Ec /¢! )ln[1+(80 /¢! )2}

0.901n[1+(8c /€, )2}
B(s. /¢l )

where ¢, is the compressive strain in concrete; and e/
represents the concrete strain corresponding to f;', calcu-
lated as ¢/ = 1.71(f./E.). The modulus of elasticity of
concrete (E.) can be calculated by the simplified equa-
tion suggested by ACI 318-19% as E, = 4700f,’ MPa for
normalweight concrete.

Based on the stress distribution of a tension-controlled
section and applying the compatibility internal force equi-
librium, where the resultant of the compressive stress in the
concrete equals the tensile force in the reinforcement, the
following expression can be made

p=2-

3)

o=

A, f, =Baf, be 4)

where c is the distance from the extreme compression fiber
to the neutral axis.

In this study, the analytical method used to determine
the nominal moment capacity was based on the iterative
approach. First, a depth of a neutral axis, ¢, (¢ < ¢;) was
assumed so that the parameters €., 3, and a could be calcu-
lated. Then, using the equilibrium expression (Eq. (4)) a
“new” ¢ was computed. This was iterated until convergence
between the assumed neutral axis and the computed one was
achieved. Lastly, the analytical nominal moment capacity
(Myan)) wWas determined using the final values obtained for
f and c as follows

Be
Mn(an) =41 (d_Ej ®)
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The nominal capacities calculated using this method
were defined as the analytical solution (M,). The strain-
compatibility approach is suggested to be applied in cases
where multiple layers of reinforcement and combinations of
different types of FRP are used.?®

At the same time, for a tension-controlled section, ACI
440.1R-15% provides a simplified calculation of the nominal
flexural strength. This approach allows the use of the equiv-
alent rectangular stress block (irrespectively of the strain
reached by the concrete) and the use of the neutral axis depth
for balance failure determined as

%=[—fﬂ—qd (6)
€., tE,

Under these assumptions, the approximate nominal
capacity provided in ACI 440.1R-15% can be calculated as
follows

c
M, uen = A, S [d _B 12 b j (7N
Because in a tensile-controlled section ¢ < ¢;, the bending
moment capacity calculated using Eq. (7) is considered a
conservative lower-bound estimate. The predicted nominal
capacities calculated using Eq. (7) were labeled as the ACI
solution (Mn(ACI))-
Additionally, ACI Committee 440 recommends estimating
the cracking moment (M,,) capacity as follows

. 0.620/f 1, )
Vi

where A is the modification factor for lightweight concrete;

I, (= bh/12 where h is the height of the cross section) is

the gross moment of inertia; and y, is the distance from

the centroidal axis of the gross section to the top face. The

1" used in Eq. (8) were those obtained in the compressive

strength test of concrete cylinders, which were tested at the
same time as the flexural tests. Subsequently, the predicted
cracking loads (P, ,.) were back-calculated from the
cracking moment capacity equation.

Prediction of midspan deflection—The instantaneous
predicted deflections were calculated according to ACI
440.1R-15% using standard structural analysis techniques
for a simply supported slab under a concentrated load at the
midspan (A = PL*/48E.l, where P is the applied load; L is
the total span length; and / is the moment of inertia). For an
uncracked section, the moment of inertia is equal to the gross
moment of inertial (/). Once the applied moment surpasses
the cracking moment, the overall flexural stiffness decreases,
leading to the following effective moment of inertia as per
ACI 440.1R-158

7 = I, )
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where M, is the applied moment; y is a parameter used to
account for the variation in stiffness along the length of the
slab suggested by Bischoff and Gross,’' as y =3 — 2 (M,,/
M,) for a simply supported span with a concentrated load
at midspan; and 1., = (bd’/3)i’ + nA,d*(1 — k)* is the trans-
formed moment of inertial of a cracked section where k =

,[2pfnf + (pfnf )Z — pyyis the ratio of the neutral axis to the

reinforcement depth and n,= E/E.. The effective moment of
inertia (/,) and the conventional structural analysis equations
were used to calculate the predicted instantaneous post-
crack deflections.

EXPERIMENTAL RESULTS AND DISCUSSION
Concrete compressive strength

A minimum of three concrete cylinders were tested for
each exposure conditioning and period to assess the strength
development over time. After 28 days of moist curing (moist
room at 100% RH and temperature of 23 + 1°C [73.4 + 2°F)),
the average compressive strength of seaconcrete Type-F and
Type-S were 41.6 MPa (6040 psi) and 37.3 MPa (5414 psi),
respectively. Figure 4 shows the compressive strength devel-
opment of the concrete cylinders that were exposed to the
same time and environmental conditioning as the GFRP-RC
slabs, in addition to the cylinders that were continuously
cured in the moist room (MR23).

In the case of concrete Type-S, a decrease of 13% was
observed for the 6-month exposure period (with respect
to the previous one); then, almost no change between the
12-month period and the last period. This concrete compres-
sive strength behavior is not in line with those reported in the
literature for SC-blended concrete made with seawater*”-6263
(which increases strength gradually). However, because the

--FC25 <-SW60 -o-MR23 |

Type-F

70 -
60 -
50 -
4017
30
20 -

Compressive strength (MPa)

70
60
GRS S
40 - I
30 -
20 -

Compressive strength (MPa)

6 12 24
Exposure time (months)
1 MPa = 145.04 psi

el i

Fig. 4—Seaconcrete compressive strength over time of expo-
sure. Error bars represent standard deviation.
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concrete constituents were dosed at a concrete batching plant
and delivered using a concrete truck, caution should be taken
when interpreting the results due to the greater potential
for variability than in a controlled laboratory environment.
Nonetheless, these outcomes could be considered practical,
as they would allow for a more realistic and representative
large-scale concrete production scenario taking into account
that, even with the unexpected behavior, the compressive
strengths were above the target 28-day compressive strength.

After 24 months of exposure, the concrete samples
submerged in seawater at 60°C (140°F) (SW60) exhibited
compressive strength comparable to that of samples exposed
to the field environment (FC25) with an average difference
of 8.2% and 1.3% for concrete Type-F and Type-S, respec-
tively. The two-way ANOVA showed no statistically signifi-
cant interaction between the effects of environmental condi-
tioning and exposure time on the compressive strength: F
= 0.516 and p = 0.725 for specimens made with concrete
Type-F, and F = 0.322 and p = 0.860 for specimens made
with concrete Type-S. These results are in agreement with
the literature.!! Conversely, the environmental conditioning
exposure for concrete cylinders made with Mixture Type-F
seems to have an effect (»p = 0.021), but not for Mixture
Type-S (p = 0.758). When comparing the samples cured
in the moist room (MR23), the difference in compres-
sive strength of the concrete cylinders made with concrete
Type-F that were exposed to FC25 and SW60 was 1.8%
and 6.4%, respectively. Similarly, comparable results were
also measured for the cylinders made with concrete Type-S,
with a difference of 3.8% and 2.4% for exposures FC25 and
SW60, respectively. Further details on the mechanical and
durability properties of concrete can be found in Morales
etal.®

Three-point bending flexural test and general
behavior

Concrete cracking load—In general, the crack pattern
for all the GFRP-RC slab groups was similar regardless of
concrete mixture design, exposure time, and environmental
conditioning. Typical flexural crack patterns after 24 months
of exposure are shown in Fig. 5. The cracking pattern of the
concrete slabs initiated on the tension face at the midspan
and spread upwards to the point of load application. After
the first crack, and as the load increased, a few other cracks
appeared scattered near the center. As the load progressively
increased, the width of the cracks increased and propagated
from adjacent regions toward the upper loading point.

For both mixture designs, the maximum flexural load was
plotted against the average measured compressive strain (g,,)
obtained from the two concrete strain gauges and is shown
in Fig. 6. These values represent the maximum strain values
obtained in the outermost compression fiber of the concrete
when the maximum load was applied just before failing (bar
rupture). As expected, higher loads lead to higher compres-
sion strain. The measured compressive strain values, consid-
ering both mixture designs, ranged between 200 and 1000 pe,
which are well under the assumed maximum concrete
compressive strain of 3000 pe,, suggested by ACI 318-19.%
The relationships are practically linear because the materials
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Fig. 5—TDypical flexural crack pattern of tested GFRP-RC slabs after 24 months of exposure.

remain linear at the time of failure. This confirms the occur-
rence of tensile rupture of the GFRP bar prior to concrete
crushing.

Ultimate load capacity—All the tested slabs exhibited a
tension-controlled failure (Fig. 7). Failure of the GFRP-RC
slabs was characterized by progressive sounds of fiber
breakage, just before sudden GFRP bar rupture accom-
panied by a loud sound. The average failure loads of the
GFRP-RC slabs made with seaconcrete Type-F are shown
in Fig. 8. Independently of the exposure time, the slabs
subjected to accelerated aging (SW60) showed an average
ultimate capacity lower than those exposed to field condi-
tioning (FC25). After 24 months of exposure, the average
failure load of the F-FC25 group was 13.8% of the F-SW60
group. The two-way analysis revealed that the interaction
effect between the exposure time and environmental condi-
tioning was not statistically significant: /' = 0.40 and p =
0.752. However, an analysis of the main effect of environ-
mental conditioning indicated that there was a statistically
significant effect: 7' = 15.27 and p < 0.002. Therefore, that
for GFRP-RC slabs made with concrete mixture design
Type-F, the accelerated exposure protocol (seawater at 60°C
[140°F]) had a statistically significant effect on the flexural
performance compared to field conditioning.

Figure 9 shows the average failure loads of the GFRP-RC
slabs made with the seaconcrete Mixture Type-S. Similar to
the specimens made with Mixture Type-F, it is evident that
the environmental conditioning affected the ultimate flexural
capacity. The difference in ultimate capacity between the
S-FC25 and S-SW60 specimens after 24 months of expo-
sure was 17.5%. The two-way analysis revealed no statis-
tically significant differences between the interaction of the
exposure time and environmental conditioning: ' = 1.0 and
p = 0.417. Yet, there was a highly statistically significant
main effect of environmental conditioning: F = 28.10 and
p <0.0001.
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Fig. 6—GFRP-RC failure load versus concrete strain
on compression face. Times of exposure are shown
in parentheses.

Comparison of predicted and experimental capacity

The analytical and ACI-predicted nominal moment capac-
ities were calculated according to Eq. (5) and (7), respec-
tively. These flexural capacities were computed using
measured mechanical properties such as the experimental £,
Ep; and Ay Additionally, all reduction factors, including the
environmental (Cr) and strength reduction factor (¢) were
assigned to be equal to 1 for comparison purposes.

The design moment capacity (Mges = M, 4cpy) Was calcu-
lated using Eq. (6) and (7), along with the following param-
eters: the target f." (38 MPa [5500 psi]); the environmental
reduction factor for GFRP bars embedded in the concrete
exposed to earth and weather (Cr = 0.7); the strength reduc-
tion factor for tension-controlled sections (¢ = 0.55); and
the minimum guaranteed tensile strength (f; = 579 MPa
[84 ksi]) and the nominal area (4, = 71 mm? [0.11 in.?]) for a
9.5 mm (0.375 in.) diameter GFRP bar. The calculated M,
resulted in a flexural strength of 2.69 kN-m (1.99 ft-kip). It
should be noted that because the rupture of the GFRP bar
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Fig. 7—TDypical GFRP bar tensile rupture failure at midspan.
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Fig. 8—Average load capacity of GFRP-RC slabs made
with concrete Mixture Type-F. Error bars represent standard
deviation.

Table 3—Effect of f.' on desigh moment capacity

1!, MPa (psi) M o5, KN-m (ft-kip)
37.92 (5500) 2.69 (1.99)
41.37 (6000) 2.70 (1.99)
44.82 (6500) 2.71 (2.0)
48.26 (7000) 2.72 (2.0)

controlled the slabs’ failure, variations in £’ on the design
moment capacity (M) were minimal, as shown in Table 3.

Table 4 presents the average flexural test results (set
of three) and the analytical and ACI-predicted nominal
moment capacities, as well as the ratio of the experimental
to the computed values of all the GFRP-RC slabs. The mean
ratio between the experimental and the analytical predicted
failure values (M,,/M, ) for the GFRP-RC slabs made
with concrete Type-F were 0.97 and 0.87 for F-FC25 and
F-SW60 conditioning, respectively, while for slabs made
with concrete Type-S, these values were 0.91 and 0.78 for
S-FC25 and S-SW60, respectively.

For the GFRP-RC slabs made with concrete Type-F, the
ratio of the experimental to predicted ACI nominal capacity
(Mexp/Myyacy) were 1.0 and 0.90 for F-FC25 and F-SW60,
respectively, whereas, for slabs made with concrete Type-S,
the ratios were 0.94 to 0.80 for S-FC25 and S-SW60, respec-
tively. Based on these results, the GFRP-RC slabs made with
concrete Type-F were in better agreement with the predicted
moment capacity than the slabs made with concrete Type-S.
Comparatively, the ACI-predicted moment capacity was on
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average 3% less than the analytically calculated values, as
expected due to the simplified lower-bound approach.

In the same way, the experimental moment capacity (M.,)
was compared to the ACI 440.1R-158 design capacity (M),
as shown in Table 4. The ratio between the experimental and
the design values, including both mixture designs, ranged
between 2.13 and 2.65. It is noted that the knock-down
factors (that is, Cg, ¢, and ffu*) accounting for different uncer-
tainties make the design conservative even when the seacon-
crete samples are subject to accelerated conditioning.

The crack load values obtained from the flexural tests
(Perexp), as well as those calculated (P, ), and the compar-
ison between the two (P e/ Per pre) are shown in Table 5. On
average, the slabs made with concrete Type-F cracked at 8%
and 3% below the predicted ACI Committee 440 cracking
loads for F-FC25 and F-SW60 conditioning, respectively.
For the slabs made with concrete Type-S, the first crack
occurred at 37% and 22% below the predicted capacities for
S-FC25 and S-SW60 exposures, respectively. Although the
cracking loads were overestimated, it was evident that P, .
values were much closer to the experimental values for the
slabs made with concrete Type-F than to those made with
concrete Type-S.

Load-deflection behavior

Figure 10 shows the experimental load-deflection response
at the midspan obtained from the three-point bending flex-
ural tests for the seaconcrete GFRP-RC slabs made with
concrete Type-F and Type-S. Because the slabs within each
group exhibited similar behavior, a representative load-
deflection curve per time of exposure is shown. Addition-
ally, for the legibility of the graphs, the unload-reload steps
were omitted.

Prior to ultimate failure, the load-deflection response can
be divided into two parts: pre- and post-cracking perfor-
mance. Throughout the first part, the slabs exhibited a linear
load-deflection behavior up to the first crack load, where the
applied load exceeded the cracking moment capacity. The
second part was characterized by a prominent reduction in
bending stiffness and, as the load continuously increased,
further cracks developed, leading to sudden reductions in
the applied load and a less steep load-deflection behavior.
Finally, the slabs failed abruptly without warning, as
expected, because FRP bars lack plastic behavior. Overall,
this load-deflection response is expected because FRP-RC
elements have a relatively small post-cracking stiffness due
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to a relatively low modulus of elasticity compared to steel-
reinforced concrete elements with the same reinforced ratio.®

For comparison purposes, the ACI-predicted post-crack
load-deflection curve (based on the design parameters) was
also plotted in Fig. 10. Because for most slabs, the exper-
imental crack onset load differs greatly from the predicted
values, the starting point of the predicted post-crack response
was made to coincide with the average experimental load
where the load-deflection curve started to reascend after the
first abrupt load drop (due to the first crack).

25
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Fig. 9—Average load capacity of GFRP-RC slabs made
with concrete Mixture Type-S. Error bars represent standard
deviation.

Additionally, the nominal (including/excluding Cg and
¢), design, and service load thresholds were displayed in
Fig. 10 as horizontal dashed lines. The service moment
capacity was calculated by considering the ultimate load
to 1.2 times the dead load (D;) plus 1.6 times the live load
(L) and assuming L; = 2D;. This resulted in a service level
moment of approximately 70% of M, and 38.5% of M,,.cy).
Then, the service load (Py,,) and the ultimate design flex-
ural capacity (P,), due to a point load at the midspan, were
back-calculated and found to be 4.18 kN (0.94 kip) and
6.30 kN (1.42 kip), respectively.

Comparison of predicted and experimental deflection

Table 6 shows the experimental (A.,) and the ACI-
predicted post-crack deflection (A,.), along with the
comparison between them, at the different service-load
thresholds. Because all of the slabs cracked above the calcu-
lated P,,,, and the deflection of the uncracked sections was
not of interest, the serviceability-limit values were set at
53% (P¢) and 67% ( Pnb) of the nominal strength, with ¢
and C, = 1 (P/). These service-load values, as well as the
ACl-predicted load-deflection curve, are shown in Fig. 10.
On average, the experimental to predicted deflections (A,,,/
A,re) for FC25 elements at Pn‘ were between 0.94 and 1.12,
and at Pnb were between 0.87 and 0.96. For SW60 samples,

Table 4—Details of experimental and predicted nhominal moment capacity

Flexural test results Analytical predictions ACI 440-15 predictions
Group slab Mesp Moan Muacy
notation kN-m (ft-kip) CV% kN-m (ft-kip) kN-m (ft-kip) Mo/ My an) Mo/ Myyacyy M/ M o
F-FC25-1 7.28 (5.37) 3.0 7.37(5.43) 7.14 (5.27) 0.99 1.02 2.70
F-FC25-6 7.18 (5.29) 0.3 7.37 (5.43) 7.14 (5.26) 0.97 1.01 2.66
F-FC25-12 7.26 (5.36) 4.6 7.37 (5.44) 7.16 (5.28) 0.99 1.01 2.70
F-FC25-24 6.88 (5.07) 6.3 7.37 (5.44) 7.15 (5.28) 0.93 0.96 2.55
Average 0.97 1.0 2.65
F-SW60-1 6.88 (5.08) 12.1 7.36 (5.43) 7.12 (5.25) 0.93 0.97 2.55
F-SW60-6 6.48 (4.78) 1.9 7.36 (5.43) 7.13 (5.26) 0.88 0.91 2.40
F-SW60-12 6.38 (4.70) 6.4 7.37 (5.44) 7.15 (5.28) 0.87 0.89 2.37
F-SW60-24 6.03 (4.45) 1.3 7.36 (5.43) 7.13 (5.26) 0.82 0.84 224
Average 0.87 0.90 2.39
S-FC25-1 6.85 (5.05) 25 7.37 (5.44) 7.16 (5.28) 0.93 0.96 2.54
S-FC25-6 6.83 (5.04) 2.4 7.36 (5.43) 7.13 (5.26) 0.93 0.96 2.53
S-FC25-12 6.80 (5.01) 1.5 7.36 (5.43) 7.11 (5.24) 0.92 0.96 2.52
S-FC25-24 6.45 (4.76) 5.8 7.36 (5.43) 7.12 (5.25) 0.88 0.91 2.40
Average 0.91 0.94 2.50
S-SW60-1 6.20 (4.57) 113 7.37 (5.44) 7.16 (5.28) 0.84 0.87 2.30
S-SW60-6 6.00 (4.43) 13.1 7.36 (5.43) 7.14 (5.26) 0.81 0.84 2.23
S-SW60-12 5.27 (3.89) 5.6 7.36 (5.43) 7.12 (5.25) 0.72 0.74 1.96
S-SW60-24 5.46 (4.03) 6.1 7.36 (5.43) 7.11 (5.25) 0.74 0.77 2.03
Average 0.78 0.80 2.13
Note: My, = 2.69 kN-m (1.9 ft-kip).
ACI Structural Journal/January 2022 113



Table 5—First cracking load for all tested slabs

Flexural test results ACI 440-15 predictions
P, crexp P cre pre
Group slab notation kN (kip) COV % kN (kip) Py exp/Per pre
F-FC25-1 10.01 (2.25) 3.60 13.02 (2.93) 0.77
F-FC25-6 15.75 (3.54) 7.20 12.91 (2.90) 1.22
F-FC25-12 11.53 (2.59) 10.80 13.75 (3.09) 0.84
F-FC25-24 11.47 (2.58) 11.40 13.41 (3.01) 0.85
Average 0.92
F-SW60-1 9.88 (2.22) 11.60 12.50 (2.81) 0.79
F-SW60-6 11.54 (2.59) 11.20 12.62 (2.84) 0.91
F-SW60-12 13.19 (2.97) 9.60 13.35 (3.00) 0.99
F-SW60-24 15.31 (3.44) 14.00 12.84 (2.89) 1.19
Average 0.97
S-FC25-1 8.94 (2.01) 0.70 13.65 (3.07) 0.66
S-FC25-6 9.30 (2.09) 13.50 12.64 (2.84) 0.74
S-FC25-12 6.32 (1.42) 0.20 12.11 (2.72) 0.52
S-FC25-24 7.68 (1.73) 13.40 12.25 (2.75) 0.63
Average 0.63
S-SW60-1 11.88 (2.67) 15.90 13.49 (3.03) 0.88
S-SW60-6 10.22 (2.30) 245 12.84 (2.89) 0.80
S-SW60-12 9.12 (2.05) 10.80 12.40 (2.79) 0.74
S-SW60-24 8.37 (1.88) 6.50 12.16 (2.73) 0.69
Average — 0.78
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------------- 12 months - -~ - 24 months
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Fig. 10—Experimental load-deflection curve of representative GFRP-RC slabs. Note: P! is nominal strength with ¢ and C. =
1; P: is nominal strength with ¢ = 1 and C. = 0.7, and P is nominal strength with C. = I and ¢ = 0.55.

114 ACI Structural Journal/January 2022



Table 6—Comparison of measured and predicted deflections

Deflection at P’ Deflection at P’
Ae.\‘p Apre Aexp Apre
Group slab notation mm (in.) mm (in.) Avp/ Apre mm (in.) mm (in.) Ao/ Dpre

F-FC25-1 2.00 (0.08) 0.79 6.79 (0.27) 1.07

F-FC25-6 3.81(0.15) 1.50 5.46 (0.22) 0.86
2.54(0.10) 6.35(0.25) s —

F-FC25-12 2.48 (0.10) 0.98 4.57(0.18) 0.72

F-FC25-24 3.13(0.12) 1.23 5.21(0.21) 0.82

Average 1.12 0.87

F-SW60-1 2.29 (0.09) 1.10 6.18 (0.24) 1.08

F-SW60-6 2.97(0.12) 1.43 5.43(0.21) 0.95
2.08 (0.08) 5.72(0.23) E—

F-SW60-12 2.73 (0.11) 1.31 4.95(0.20) 0.87

F-SW60-24 2.85(0.11) 1.37 5.93 (0.23) 1.04

Average 1.30 0.98

S-FC25-1 5.99 (0.24) 1.06 9.80 (0.39) 0.94

S-FC25-6 3.86 0.15) 0.68 8.23 (0.32) 0.79
5.66 (0.22) 10.41 (0.41) e —

S-FC25-12 7.39 (0.29) 1.30 10.77 (0.42) 1.03

S-FC25-24 4.08 (0.16) 0.72 11.31 (0.45) 1.09

Average 0.94 0.96

S-SW60-1 3.71 (0.15) 1.04 8.02 (0.32) 1.03

S-SW60-6 3.43 (0.14) 0.96 7.59 (0.30) 0.98
3.56 (0.14) 7.75 (0.31) E——

S-SW60-12 5.25(0.21) 1.48 11.15 (0.44) 1.44

S-SW60-24 7.99 (0.31) 2.25 13.22 (0.52) 1.71

Average 1.43 1.29

Note: P* =9.52 kN (2.14 kip); P’ = 12.10 kN (2.71 kip).

the average A, /A, ratio at Pn” ranged between 1.30 and
1.43, whereas at Pnb it ranged between 0.98 to 1.29.

Overall, the measured midspan deflections at P¢ and
Pnb are in acceptable agreement with the results obtained
by the ACI 440.1R-15% guide, considering that the exper-
imental-to-predicted ratio values are significantly sensitive
to slight variations because of the relatively small measure-
ments. Nonetheless, the largest deviations were noticed for
accelerated-aged specimens.

Degradation mechanisms of GFRP bars

Based on the flexural test results, it can be interpreted
that, because the slabs were designed to fail due to FRP bar
rupture, some degradation occurred, affecting the ultimate
tensile load capacity of the GFRP bars. Tensile strength
reduction in FRP composites is largely due to a combination
of different factors concerning fiber integrity and damage at
the fiber/resin interface.'®** The former is associated with
the resistance (at the fiber level) of the fiber itself against
alkaline/chemical attack, while the latter is more related to
the resin matrix softening and/or debonding at the interface.
These degradation mechanisms affect the way the load is
transferred between the fibers and the resin matrix, causing
premature tensile failure. Durability mechanisms are interre-
lated and are known to be initiated by hydrolysis reaction and
moisture absorption (diffusion through the resin matrix).'%?’
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Regardless of whether the concrete slabs were fully satu-
rated or not, GFRP bars embedded in concrete can absorb
moisture and water contained in the capillary pores, which
seep into the resin matrix, thus affecting the fiber/resin inter-
face.?>%* It has been estimated that at 70% RH, the capillary
and absorbed water in the concrete is approximately 21%.%
The presence of absorbed moisture at high loads can induce
local stress concentrations at the fiber/resin interface, which
triggers cracks and debonding between the fiber and the resin
matrix, leading to a reduction in the ultimate tensile strength.

It is evident that concrete elements subjected to seawater
at 60°C (140°F) (SW60 specimens) were more affected by
environmental conditioning compared to typical field expo-
sure (13.8 to 17.5% difference). This emphasizes that the
temperature and ambient RH have a considerable impact on
the degradation of GFRP bars embedded in concrete. For
this reason, GFRP-RC elements used in dry field applica-
tions would have better durability performance as opposed
to fully saturated concrete.®

It should be noted that the accelerated-aging parameters
used in this study (continuous, direct exposure of seawater
at 60°C [140°F]) were very aggressive and highly unlikely,
as the highest recorded punctual sea surface temperatures
worldwide are approximately 35°C (95°F).°® The correla-
tion between accelerated conditioning and natural aging
has not been established and is outside the scope of this
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project. Additionally, current design provisions based on
ACI 440.1R-15% remain conservative even for elements
subjected to accelerated conditioning. The physico-mechan-
ical test results on the durability of GFRP reinforcing bars
embedded in seaconcrete related to this study can be found
in Morales et al.¥

SUMMARY AND CONCLUSIONS
A total of 48 glass fiber-reinforced polymer (GFRP)-
reinforced concrete (RC) slabs strips with dimensions of

1828 mm (72 in.) long, 304 mm (12 in.) wide, and 152 mm

(6 in.) depth reinforced with a 9.5 mm (0.375 in.) diameter

GFRP bar were fabricated using two different seaconcrete

mixture designs. All GFRP-RC slabs were exposed to accel-

erated aging and field conditioning over 24 months. Three-
point flexural tests were performed on all the GFRP-RC
slabs, over a clear span of 1524 mm (60 in.), after the speci-
fied exposure periods (1, 6, 12, or 24 months). The strength
capacities were calculated using an analytical and simplified

(ACI 440.1R-15%) approach. Test results were compared to

the predicted values in terms of the flexural performance

(first crack, ultimate and design capacity, and deflection).

Based on the results, the main findings can be summarized

as follows:

e The seaconcrete cylinders conditioned in seawater
at 60°C (140°F) exhibited comparable compressive
strength to samples exposed to field conditioning after
24 months of exposure, with a maximum average
difference of 8.2% and 1.3% for Mixture Type-F and
Type-S, respectively.

e After 24 months of exposure, the ultimate load capacity
of the GFRP-RC slabs exposed to seawater at 60°C
(140°F) was 13.8% and 17.5% lower than those condi-
tioned in the field environment for Mixture Type-F and
Type-S, respectively. However, the accelerated-aging
parameters used are not yet correlated to real-life appli-
cations; thus, results must be calibrated with existing
aged GFRP-RC structures.

e The analytical approach without any strength reduction
factor (that is, using pristine bar properties) reasonably
predicted the experimental failure moment capacity
in most of the tested GFRP-RC slabs, specifically, for
those exposed to field conditioning with an average
Meyy/M,y ) of 0.97 (Type-F) and 0.91 (Type-S). In
contrast, for those subjected to accelerated aging, it was
0.87 (Type-F) and 0.78 (Type-S), as expected, because
ultimate capacity decreased.

* On average, the simplified conservative equations
provided in ACI 440.1R-15% predicted a 3% lower
failure moment capacity than analytically computed.
The average M.,/M, ) for field conditioning resulted
in 1.0 (Type-F) and 0.94 (Type-S), while for those
exposed to accelerated aging was 0.90 (Type-F) and
0.80 (Type-S).

e The recorded ultimate moment capacity for all the
GFRP-RC slabs was on average 2.13 to 2.65 times
higher than the ACI 440.1R-15% predicted design load
capacity. This is obviously attributed to the application
of various knock-down factors (that is, Cg, ¢, and f3,")
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that make the design conservative even for elements
subjected to accelerated conditioning.

e In general, all the simply supported one-way GFRP-RC
slabs tested under the three-point bending behaved
similarly and exhibited a bilinear trend, with a pre- and
post-cracking response, regardless of the environmental
conditioning or time of exposure.

»  Overall, the ACI 440.1R-15% equations reasonably
predicted the experimentally measured deflections
based on a similar approximate onset cracking response.
However, some deviations were observed, mainly for
specimens conditioned in seawater at 60°C (140°F).

The findings of this study can be used to evaluate the
long-term flexural performance of seaconcrete GFRP-RC
slabs and the contribution of reduction factors to the design
capacity. The authors recognize that the results presented
in this study provided insight into mechanical performance
solely on the specified type of concrete and GFRP rein-
forcing bar.
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