Influence of sustained stress on the durability of glass
FRP reinforcing bars
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Glass fiber reinforced polymer (GFRP) bars can be employed as an alternative to steel bars for internal reinforcement of
concrete elements. Although GFRP bars have been used to reinforce concrete for the last two decades, their long-term behavior
is still an open issue. The tensile strength of bars subjected to aggressive exposure conditions has been investigated by different
authors. However, clear and reliable indications on the bar residual strength are still lacking. Furthermore, the effect of
sustained stress on the bar tensile strength is not completely clear and severe limitations on the stress level attained by the bar

are imposed by available design guidelines.

In this paper, the effect of sustained stress on GFRP bars exposed to different environmental conditions, namely air, alkaline
environments, deionized water, and salt solutions, is studied by analyzing a database comprising 127 GFRP bar tensile tests
collected from the literature. The results are analyzed and discussed to investigate the effect of sustained stress on the
tensile strength of GFRP bars and to calibrate characteristic and design values for tensile strength long-term reduction

factors.

Highlights

e Tensile test results on conditioned GFRP bars were collected from the literature.
e Bars were subjected to contemporary sustained stress and aggressive environment.

o The sustained stress had a limited influence on the bar residual tensile strength.

o Characteristic and design reduction factors for long-term behavior were calibrated.

Keywords: GFRP bars, Long-term behavior, Sustained stress, Design values

1. Introduction

All materials exhibit weaknesses related to specific environ-
mental conditions. In particular, steel can be damaged by corro-
sion, which in reinforced concrete (RC) elements reduces the
resisting cross-section and causes cracking and spalling of concrete
with consequent need of expensive retrofitting. Fiber reinforced
composites represent a possible solution for strengthening
deteriorated existing concrete and masonry structures [1-7].
Furthermore, Glass Fiber Reinforced Polymer (GFRP) bars can be
adopted for internal reinforcement of new concrete elements as
an alternative to traditional steel rebar in aggressive environmen-
tal conditions and especially for elements exposed to salt water
environments [8-11]. As a matter of fact, hulls of boats have been
made of fiberglass for the last half of a century [12].
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However, GFRP reinforcing bars present some weaknesses.
Between them, the most important is the glass fiber sensitiveness
to high-alkalinity environments, such as concrete. Indeed, in con-
crete elements the alkalinity is generally kept high to protect the
steel reinforcement from corrosion and the presence of moisture
contributes to the increase of the pH. Furthermore, GFRP bars
may be damaged by exposure to relatively high temperatures
(because of the degradation of the organic matrix properties) and
to water that affects the mechanical behavior of the glass fibers
[13-16].

Depending on the type of matrix used and on the environment,
moisture (or alkaline solution) diffuses into the polymer matrix for
varying extents and at various rates, eventually reaching the glass
fibers and deteriorating them through a diffusion process that
occurs at the molecular level [17].

In addition to being exposed to moisture and to an alkaline
environment, GFRP reinforcing bars are subjected to sustained
(permanent and quasi-permanent) stresses. If these stresses
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induce cracks in the polymer matrix, moisture can reach the glass
fibers with a rate higher than that associated with the diffusion
process. Therefore, the level of sustained stress shall be taken into
account to assess the residual strength of GFRP reinforcing bars
subjected to aggressive environments.

Some experimental studies have been carried out to find a cor-
relation between the bar residual strength, type of environment,
and level of sustained load (e.g. [18]). However, results are often
contradictory and a clear understanding of this relation is still
missing in the available scientific literature.

In this paper, 127 experimental GFRP bar tensile tests found in
the literature, performed by 8 different research groups, were ana-
lyzed trying to provide a clear insight on the effect of sustained
stress on the residual strength of GFRP bars. Different parameters,
such as the exposure temperature, sustained load duration, and
sustained stress ratio were analyzed. Furthermore, the results of
tensile tests on 47 bars conditioned in alkaline environments and
with the simultaneous application of a sustained stress were com-
pared with 178 results of tensile tests of stress-free GFRP bars
exposed to alkaline environments to study the effect of sustained
stress on the bar residual strength.

2. Experimental database

The results of 127 tensile tests of GFRP bars exposed to air and
to different aggressive environments while a sustained tensile
stress was applied, reported in eight different research studies,
were collected from the literature [18-25]. All tests collected were
carried out using a tensile test set-up where the bar ends were
embedded within metallic tubes to avoid possible stress concen-
trations and attain the complete bar failure [11]. Results of tensile
tests that did not report a complete bar failure were disregarded.
The tensile stress ratio applied to the specimens Gs/Gy, which is
defined as the ratio between the sustained stress o5 and the tensile
strength of the corresponding unconditioned (control) specimen
O, varies between 10% and 80% for the bars included in the data-
base. Furthermore, the bars considered present different fiber vol-
ume fraction z; which is defined as the ratio between the fiber
volume and volume of the bar and ranges between 45% and 76%,
diameter ¢, ranging between 9.0 mm and 16.0 mm, and tensile
strength op, ranging between 532 MPa and 1410 MPa. The surface
of the specimens was treated in different ways, namely ribbed (R),
sand coated (Sa), helically wrapped (W), grooved (G), or a combi-
nation of these. The matrices employed were vinylester (VE),
polyester (PE), urethane modified vinylester (UM-VE), mixed viny-
lester and polyethylene terephthalate (V-PET), or mixed vinylester
and polyester (VE + PE). Six bars were made of alkali-resistant (AR)
glass fibers, whereas the remaining bars were made of E-glass (E)
fibers. Details of each specimen are reported in Table 1, whereas
the frequency distribution of sustained stress ratio os/cp, fiber
volume fraction v diameter ¢, and unconditioned tensile strength
op, of bars included in the database are reported in Fig. 1a, b, ¢, and
d, respectively. The residual strength ratio, 65/cp, defined as the
ratio between the tensile strength of the conditioned specimen
oy and the corresponding o, value, and the time (duration) of
simultaneous environmental and sustained stress exposure are
also reported in Table 1 for each specimen.

3. Analysis of the results
In this section, the results of tensile tests on GFRP bars collected
from the literature are analyzed to shed light on the effect of simul-

taneous sustained stress and exposure to:

I. air (laboratory conditions);
II. alkaline solution;

Ill. deionized water;
IV. salt solutions.

In addition, a comparison between the results of bars exposed
to alkaline solutions with and without the application of a sus-
tained stress is shown and discussed. Results are compared in
terms of residual strength ratio, sy, (see Table 1). The effect
of exposure temperature, sustained load duration, and sustained
stress ratio are investigated. The fiber volume fraction was not con-
sidered between parameters studied because previous work
showed that zrhad a limited influence of the residual strength ratio
obtained [26].

3.1. Bars exposed to air (laboratory conditions)

Two research groups studied the effect of sustained stress levels
on GFRP bars exposed to laboratory environmental conditions. Sus-
tained stress ratios between 10.5% and 80% were applied to 51 bars
for 1440 and 10,000 h. The residual strength ratios obtained, which
are depicted in Fig. 2a and b with respect to the sustained stress
duration and sustained stress ratio, respectively, show that the
bar tensile properties were not affected by the sustained stress
application. The average residual strength ratio of specimens in
Fig. 2 is 98.98% (coefficient of variation CoV =0.032), which
demonstrates that in absence of an aggressive environment the
cracks and microcracks possibly caused by the sustained stress
did not affect oq/ oy

3.2. Bars subjected to alkaline environment

Forty-seven GFRP bars, tested by six research groups, were sub-
jected to different sustained stress ratios and exposed to alkaline
environments for exposure time between 720 and 10,008 h. Six-
teen bars were embedded within concrete prisms and cylinders
that were kept moist in the same water employed for curing. The
bars were extracted from concrete just before performing the ten-
sile tests [21,24]. Seven bars were immersed in a solution that sim-
ulates the alkalinity of concrete pore water (“Pore water” in
Table 1). Forty-one bars were made of E-glass fibers whereas 6 bars
comprised AR-glass fibers (indicated with AR in Fig. 3 legend and in
the remaining of the paper). Specimens tested by Vijay [25] and
exposed to an alkaline solution with freeze and thaw cycles were
not considered in the analysis. Since various exposure tempera-
tures were employed to accelerate the alkali degradation, speci-
mens were divided in three temperature ranges, namely 22-23
°C, 40-55 °C, and 56-65 °C. The pH of the conditioning environ-
ment varied from author to author within the range 10.5 < pH <
13.1. The influence of the solution alkalinity was not investigated
in this section. An investigation of the effect of different alkaline
solutions on the residual strength of GFRP bars can be found in
Ref. [26]. Since bars comprised of AR-glass showed residual
strength ratios similar to those of E-glass bars with the same char-
acteristic, AR-glass bars were also considered in this section.

The residual strength ratio obtained for each bar with respect to
the sustained stress duration and to the sustained stress ratio are
depicted in Fig. 3a and b, respectively. To study what parameters
affect the residual strength ratio, the exposure temperature, sus-
tained stress duration, and sustained stress ratio should be consid-
ered at the same time. The results show that the exposure
temperature did not have a clear influence on the residual strength
ratio. Although specimens conditioned for the same exposure time
and with the same sustained stress ratio showed a reduction of
of/op, for increasing exposure temperature (see also Table 1),
slight differences of the exposure time led to significant variation
of ofop, which suggests that various parameters may have
affected the results. The testing procedure is one of the main



Table 1

Database of GFRP bars exposed to aggressive environment and with applied sustained stress.

R Fiber v [%] Matrix ¢ [mm] Ofy Surface Environmental pH Temp Time [h] Cs/Cp G/ O
type type [MPa] conditions [°C] [%] [%]
[19] E 57 VE 9.5 854 Sa Air 23.0 10,000 12.4 101.0
E 57 VE 9.5 854 Sa Air 23.0 10,000 124 101.3
E 57 VE 9.5 854 Sa Air 23.0 10,000 144 100.4
E 57 VE 9.5 854 Sa Air 23.0 10,000 12.6 101.3
E 57 VE 9.5 854 Sa Air 23.0 10,000 14.8 98.9
E 51 VE 9.5 828 Wsa Air 23.0 10,000 11.0 99.9
E 51 VE 9.5 828 Wsa Air 23.0 10,000 10.5 101.9
E 65 VE 12.7 774 Sa Air 23.0 10,000 16.2 102.3
E 65 VE 12.7 774 Sa Air 23.0 10,000 16.2 100.8
E 65 VE 12.7 774 Sa Air 23.0 10,000 14.8 100.4
E 65 VE 12.7 774 Sa Air 23.0 10,000 16.0 103.5
E 75 VE 12.0 1410 G Air 23.0 10,000 134 97.6
E 75 VE 12.0 1410 G Air 23.0 10,000 129 101.4
E 75 VE 12.0 1410 G Air 23.0 10,000 16.0 97.5
E 75 VE 12.0 1410 G Air 23.0 10,000 13.0 96.9
E 67 VE 159 748 Sa Air 23.0 10,000 141 95.6
E 67 VE 159 748 Sa Air 23.0 10,000 15.7 95.1
E 67 VE 15.9 748 Sa Air 23.0 10,000 15.4 93.9
E 67 VE 159 748 Sa Air 23.0 10,000 141 96.4
E 58 VE 159 783 Wsa Air 23.0 10,000 14.8 102.0
E 58 VE 15.9 783 Wsa Air 23.0 10,000 19.0 102.3
E 58 VE 159 783 Wsa Air 23.0 10,000 171 97.3
E 57 VE 9.5 854 Sa Air 23.0 10,000 31.1 97.1
E 57 VE 9.5 854 Sa Air 23.0 10,000 28.6 101.0
E 57 VE 9.5 854 Sa Air 23.0 10,000 33.0 95.0
E 57 VE 9.5 854 Sa Air 23.0 10,000 28.8 95.5
E 51 VE 9.5 828 Wsa Air 23.0 10,000 37.6 104.4
E 51 VE 9.5 828 Wsa Air 23.0 10,000 29.1 97.4
E 51 VE 9.5 828 Wsa Air 23.0 10,000 48.7 92.4
E 51 VE 9.5 828 Wsa Air 23.0 10,000 303 94.1
E 65 VE 12.7 774 Sa Air 23.0 10,000 24.3 103.6
E 65 VE 12.7 774 Sa Air 23.0 10,000 259 99.1
E 65 VE 12.7 774 Sa Air 23.0 10,000 29.1 102.5
E 65 VE 12.7 774 Sa Air 23.0 10,000 26.5 97.0
E 65 VE 12.7 774 Sa Air 23.0 10,000 24.6 104.7
E 65 VE 12.7 774 Sa Air 23.0 10,000 25.6 98.3
E 75 VE 12.0 1410 G Air 23.0 10,000 20.3 97.0
E 75 VE 12.0 1410 G Air 23.0 10,000 20.0 96.9
E 75 VE 12.0 1410 G Air 23.0 10,000 17.2 96.6
E 75 VE 12.0 1410 G Air 23.0 10,000 18.8 98.9
E 67 VE 159 748 Sa Air 23.0 10,000 373 94.3
E 67 VE 15.9 748 Sa Air 23.0 10,000 30.9 97.9
E 67 VE 159 748 Sa Air 23.0 10,000 29.1 94.0
E 58 VE 159 783 Wsa Air 23.0 10,000 32.8 104.9
E 58 VE 15.9 783 Wsa Air 23.0 10,000 26.2 100.1
E 58 VE 159 783 Wsa Air 23.0 10,000 30.1 99.2
[20] E 66 VE 12.7 854 Sa Air 23.0 1440 80.0 103.0
E 66 VE 12.7 854 Sa Air 23.0 1440 80.0 97.2
E 66 VE 12.7 854 Sa Air 23.0 1440 80.0 99.8
E 66 VE 12.7 854 Sa Air 23.0 1440 80.0 97.8
E 66 VE 12.7 854 Sa Air 23.0 1440 80.0 100.7
[21] E 75 VE + PE 124 702 w Pore water 12.8 22 2160 30.0 84.8
E 75 VE + PE 124 634 W Pore water 12.8 22 2160 30.0 85.6
AR 75 VE + PE 9.3 617 w Pore water 12.8 22 3360 30.0 101.2
AR 75 VE + PE 9.3 617 w Concrete 10.5 22 3360 30.0 100.6
AR 75 PE 9.3 650 W Pore water 12.8 22 3360 30.0 95.1
AR 75 PE 9.3 650 w Concrete 10.5 22 3360 30.0 101.5
E 75 VE 124 612 w Pore water 12.8 22 2160 30.0 96.0
AR 75 VE 9.3 532 w Pore water 12.8 22 3360 30.0 101.0
E 75 VE 9.3 958 w Pore water 12.8 22 3360 30.0 833
AR 75 VE 9.3 532 w Concrete 10.5 22 3360 30.0 98.8
E 75 VE 9.3 958 w Concrete 10.5 22 3360 30.0 83.9
E 68 V-PET 12.0 693 R Alk sol 121 22 720 30.0 94.0
E 68 V-PET 12.0 693 R Alk sol 131 22 720 30.0 94.0
E 68 V-PET 12.0 693 R Alk sol 121 22 720 60.0 100.0
E 68 V-PET 12.0 693 R Alk sol 13.1 22 720 60.0 78.0
[22] E 73 VE 12.7 639 DI water 7.0 63 2496 29.0 73.0
E 73 VE 12.7 639 DI water 7.0 62 2496 21.0 89.0
E 73 VE 12.7 639 DI water 7.0 61 2496 20.0 76.0
E 73 VE 12.7 639 DI water 7.0 60 2496 20.0 82.0
E 73 VE 12.7 639 DI water 7.0 60 2496 20.0 85.0
E 73 VE 12.7 639 DI water 7.0 60 2496 27.0 79.0



Table 1 (continued)

R Fiber vr[%] Matrix ¢ [mm] G Surface Environmental pH Temp Time [h] Og/Cpy /O
type type [MPa] conditions [°C] [%] [%]
E 73 VE 12.7 639 DI water 7.0 57 2496 23.0 93.0
E 73 VE 12.7 639 DI water 7.0 56 2496 20.0 98.0
E 73 VE 12.7 639 Alk sol 129 62 2496 21.0 75.0
E 73 VE 12.7 639 Alk sol 12.9 61 2496 18.0 81.0
E 73 VE 12.7 639 Alk sol 129 61 2496 20.0 85.0
E 73 VE 12.7 639 Alk sol 129 51 2496 240 84.0
E 73 VE 12.7 639 Alk sol 129 49 2496 220 86.0
E 73 VE 12.7 639 Alk sol 129 46 2496 20.0 87.0
E 73 VE 12.7 639 Alk sol 129 45 2496 24.0 82.0

[18] E 75 VE 9.5 658 Sa DI water 7.0 23 10,000 25.0 92.7
E 75 VE 9.5 658 Sa DI water 7.0 23 10,000 38.0 96.2
E 75 VE 9.5 658 Sa Alk sol 12.8 23 10,000 29.0 844
E 75 VE 9.5 658 Sa Alk sol 12.8 23 10,000 38.0 65.1

[23] E 75 VE 16 580 Sa DI water 7.0 58 720 25.0 96.0
E 75 VE 16 580 Sa DI water 7.0 60 1440 25.0 90.0
E 75 VE 9.5 580 Sa DI water 7.0 72 1440 25.0 96.0
E 75 VE 12.7 580 Sa DI water 7.0 60 2880 25.0 85.0
E 75 VE 9.5 580 Sa DI water 7.0 23 10,008 25.0 92.7
E 75 VE 16.0 580 Sa Alk sol 12.8 55 720 25.0 98.0
E 75 VE 16.0 580 Sa Alk sol 12.8 61 1440 25.0 84.0
E 75 VE 9.5 580 Sa Alk sol 12.8 64 1440 25.0 88.0
E 75 VE 12.7 580 Sa Alk sol 12.8 57 2880 25.0 83.0
E 75 VE 9.5 580 Sa Alk sol 12.8 23 10,008 25.0 84.4

[24] E 65.5 VE 12.7 854 Sa Concrete 23 1440 80.0 99.1
E 65.5 VE 12.7 854 Sa Concrete 23 2880 80.0 99.4
E 65.5 VE 12.7 854 Sa Concrete 23 4320 80.0 97.9
E 65.5 VE 12.7 854 Sa Concrete 23 5760 80.0 94.8
E 65.5 VE 12.7 854 Sa Concrete 40 1440 80.0 99.2
E 65.5 VE 12.7 854 Sa Concrete 40 2880 80.0 97.4
E 65.5 VE 12.7 854 Sa Concrete 40 4320 80.0 96.4
E 65.5 VE 12.7 854 Sa Concrete 40 5760 80.0 91.8
E 65.5 VE 12.7 854 Sa Concrete 50 1440 80.0 98.1
E 65.5 VE 12.7 854 Sa Concrete 50 2880 80.0 98.0
E 65.5 VE 12.7 854 Sa Concrete 50 4320 80.0 94.6
E 65.5 VE 12.7 854 Sa Concrete 50 5760 80.0 89.9

[25] E 45 UM-VE 12.7 606 Sa Salt 7.0 23 2160 38.0 77.4
E 45 UM-VE 12.7 609 R Salt 7.0 23 2160 31.0 88.6
E 45 UM-VE 12.7 606 Sa Salt 7.0 23 5760 27.0 771
E 45 UM-VE 12.7 606 Sa Salt 7.0 23 8640 19.0 80.7
E 45 UM-VE 12.7 609 R Salt 7.0 23 4320 27.0 86.6
E 45 UM-VE 12.7 609 R Salt 7.0 23 7200 32.0 74.8
E 45 UM-VE 12.7 606 Sa Salt + FT 7.0 -18/+21 2160 22.0 96.7
E 45 UM-VE 12.7 606 Sa Salt + FT 7.0 —18/+21 4320 30.0 86.4
E 45 UM-VE 12.7 606 Sa Salt + FT 7.0 —18/+21 8640 30.0 96.8
E 45 UM-VE 12.7 606 Sa Salt + FT 7.0 -18/+21 8640 35.0 744
E 45 UM-VE 12.7 606 Sa Alk sol 13.0 23 4320 37.0 50.8
E 45 UM-VE 12.7 606 Sa Alk sol 13.0 23 5760 25.0 60.5
E 45 UM-VE 12.7 609 R Alk sol 13.0 23 4320 30.0 89.7
E 45 UM-VE 12.7 609 R Alk sol 13.0 23 5760 25.0 85.8
E 45 UM-VE 12.7 606 Sa Alk sol 13.0 23 8640 240 58.1
E 45 UM-VE 12.7 606 Sa Alk sol 13.0 23 8640 15.0 83.4
E 45 UM-VE 12.7 606 Sa Alk sol + FT 13.0 23 4320 33.0 533
E 45 UM-VE 12.7 606 Sa Alk sol + FT 13.0 23 5760 39.0 29.0
E 45 UM-VE 12.7 606 Sa Alk sol + FT 13.0 23 8640 30.0 40.7
E 45 UM-VE 12.7 606 Sa Alk sol + FT 13.0 23 8640 49.0 17.9

Note: R = reference; Fiber type: AR = alkali-resistant, E = E-glass; Matrix Type: VE = vinylester, PE = polyester, UM-VE = urethane modified vinylester, V-PET = mixed viny-
lester and polyethylene terephthalate, VE + PE = mixed vinylester and polyester; Surface: R =ribbed, Sa = sand coated, W = helically wrapped, Wsa = W + Sa, G = grooved;
Environmental conditions: Alk sol = alkaline solution, DI = deionized, FT = freeze-thaw cycles.

parameters that affect the failure mode and, consequently, the
result obtained. Due to the orthotropy of GFRP bars, a gripping
method able to transfer the tensile stress to the testing machine
without damage of the bar shall be employed. Depending on the
gripping method adopted, different failure modes can be attained,
namely i) complete tensile rupture of the bar, ii) slippage at the
bar-anchor head interface, iii) fiber trimming on the collar of the
anchor area, and iv) bar longitudinal delamination [26]. The GFRP
bar tensile strength is attained only with complete tensile rupture
of the bar, whereas other failure modes provide an underestima-
tion of the bar tensile strength. Therefore, a detailed description
of the bar failure mode should be always provided and results from

specimens that reported different failure modes should be care-
fully compared [26].

Fig. 3b shows that the stress ratio adopted had no influence on
the residual strength ratio. In fact, specimens subjected to &,/cp, =
20% and 80% at 40-55 °C tested by Debaiky et al. [23] and Robert
et al. [24] showed similar values of ojcp. Analogously, Ben-
mokrane et al. [21] obtained similar residual strength ratios for
specimens subjected to os/cp, =30% and 60% for the same expo-
sure time (720h). The lowest residual strength ratios were
obtained by Nkurunziza et al. [18] and Vijay [25] for sustained
stress duration between 4320 and 10,000 h and for sustained stress
ratios between 24% and 38%. These results are not consistent with
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results from other authors for similar exposure conditions and
clearly point out the difficulty of comparing results obtained

adopting testing (and conditioning) procedures that are markedly
different from one another.

3.3. Bars immersed in deionized water
Fifteen specimens were immersed in deionized water and sub-

jected to sustained stress ratios in the range 20%-38%. The deion-
ized water was also heated to accelerate the degradation process.

The results, which are shown in Fig. 4a and b in terms of residual
strength ratio versus sustained stress duration and sustained stress
ratio, respectively, were divided in two groups depending on the
temperature of the deionized water, namely 23 °C (3 specimens)
and 56-72 °C (12 specimens).

Fig. 4 shows that the sustained load duration had a limited
influence on the residual strength ratio of specimens conditioned
at 23 °C. In fact, bars conditioned for 10,000 h at 23 °C showed a
minimum residual strength ratio oy/cp, =92.7%. Specimens sub-
jected to high temperatures showed a minimum residual strength
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ratio ojcp =73% for 2496 h exposure. This result shall be
attributed to the high temperature of the deionized water rather
than to the sustained stress, as it is clear observing the residual
strength ratio oy/cp, =96.2% obtained from the specimen with
o,/os, = 38% and with a sustained stress duration of 10,000 h.

A clear trend of the residual strength ratio with respect to the
sustained stress ratio was not observed (Fig. 4b). Bars tested by
Nkurunziza et al. [18] with o/cp, = 25% and 38% at 23 °C provided
similar oGy, values (3.6% difference). Results provided by Mas-
moudi et al. [22] and Debaiky et al. [23] appear scattered and do
not allow for observing a clear behavior of G cp. This scatter
was attributed to the inherent dispersion of the GFRP bars tensile
strength and was considered acceptable by Masmoudi et al. [22],
which did not identify a distinct effect of the sustained stress ratios

applied (20-29%) due to the additional influence of temperature
(57-63 °C) and exposure time.

3.4. Bars immersed in salt solutions

The influence of the sustained load on GFRP bars immersed in
salt solution was investigated through tensile tests on 10 condi-
tioned bars (Vijay [25]). The salt solution, which comprised 3%
NaCl by weight, were left at room temperature (23 °C) for 6 bars,
whereas it was subjected to a total of 141 freeze (—18 °C) - thaw
(21 °C) cycles for the remaining 4 specimens. The residual strength
ratios obtained are depicted in Fig. 5a and b with respect to the
sustained stress duration and ratio, respectively. The results
obtained by Vijay [25] showed that the increase of the exposure
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Fig. 5. Residual strength ratio of bars immersed in salt solution and sustained stress with respect to sustained stress a) duration and b) ratio.

time did not significantly affect the bar strength for specimens con-
ditioned at 23 °C. Similarly, specimens subjected to freeze-thaw
cycles did not provide a significant strength decrease. The mini-
mum residual strength ratio was o/ oy, = 74.4% for 8640 h expo-
sure time and /oy, =35% (Fig. 5 and Table 1). Nevertheless, one
similar specimen conditioned with the same parameters but with
Os/op =30% provided o/ cp, =96.8%. This difference should not
be attributed only to the sustained stresses, which values for the
two specimens were similar. The limited number of specimens
immersed in salt solution does not allow for drawing reliable con-
clusions on the effect of salt, temperature, and sustained stress.
Further tests should be performed to improve our knowledge with
respect to these exposure conditions.

3.5. Effect of sustained stress on specimens exposed to alkaline
environments

In this section, the effect of sustained stress on GFRP bars
exposed to alkaline environments is investigated by comparing
the results of specimens conditioned with and without the applica-
tion of a sustained stress.

The results of 178 tensile tests on bars exposed to alkaline envi-
ronments without the application of a sustained stress (stress-
free), were collected from the literature [25,27,17,28-42]. These
bars, some of which were embedded within concrete prism in their

central part [34,37], were conditioned in alkaline environments
with pH ranging between 12.0 and 13.6 and temperatures between
11 °C and 80 °C. Eight bars made of AR-glass fibers were considered
for the analysis [26,40]. Analogously to what was done in
Section 3.2, the effect of the different pH values was not investi-
gated whereas specimens were grouped in different temperature
ranges, namely range a (11-27 °C), b (27-55°C), and c (55-80
°C). Details of the stress-free specimens considered with a study
of the effect of different pH, exposure temperatures, and fiber
volume fractions can be found in Ref. [26].

Fig. 6 shows the comparison between bars exposed to alkaline
environment in range a (11-27 °C) with (28 specimens) and with-
out (66 specimens) the application of a sustained stress. The resid-
ual strength ratios obtained from bars with and without a
sustained stress are similar. Assuming that the residual strength
ratio is a function of the exposure time only, it was shown that
of/op, of stress-free bars can be assumed constant with time for
a given exposure condition and temperature range [26]. Assuming
that this result holds also for stressed bar, the average residual
strength ratio (05/Gj)avg Of specimens with sustained stress can
be computed without distinguishing between different sustained
stress durations. This assumption is furtherly discussed in
Section 5. The computed average residual strength ratios of
specimens subjected to sustained stress and stress-free are equal
to 87.54% (CoV =0.160, blue dashed line in Fig. 6) and 88.87%
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Fig. 6. Comparison between residual strength ratios of bars immersed in alkaline solutions with and without sustained stress at temperatures 11 °C <T < 27 °C.




(CoV =0.139, red dashed line in Fig. 6), respectively. This small dif-
ference suggests that the sustained stress ratio, which ranges
between 15% and 80% for specimens in Fig. 6 (see Table 1 and
Fig. 3b), has a limited influence on the residual strength ratio.

A comparison between the residual strength ratios obtained
from stress-free and stressed specimens in range b (27-55 °C) is
provided in Fig. 7. Average values (GG )ave, cOmputed assuming
no dependence of G/ Gy, to exposure time [26], show that also in
this case the sustained stress ratio, which ranged between 24%
and 80% (see also Table 1 and Fig. 3b), did not adversely affect
the residual strength ratio, being (Cf/Gp)ave=84.27% for
stress-free bars (CoV =0.145, blue dashed line in Fig. 7) and
(Of/Ofu)avg = 92.50% for stressed bars (CoV = 0.066, red dashed line
in Fig. 7). However, values of (05/Gp,)ave computed are affected by
the different number of stress-free and stressed bars (59 and 13
specimens, respectively) considered.

Results from specimens in range c (55-80 °C) are provided in
Fig. 8. Similarly to the case of range b, specimens in range c pro-
vided an average residual strength ratio lower for stress-free spec-
imens, i.e. (CfGp)avg=73.15% (CoV =0.205, blue dashed line in
Fig. 8), than for stressed specimens, i.e. (Gf/ G )avg = 82.67% (CoV
=0.053, red dashed line in Fig. 8). However, the number of bars
subjected to sustained stress (6 specimens) is significantly lower
than that of stress-free bars (53 specimens), which affects the aver-
age results obtained. It should be noted that a specimen tested by
Sawpan et al. [38] after an exposure time of 17,520 h was not

depicted in Fig. 8 but was considered to compute the average resid-
ual stress ratio of stress-free bars.

4. Discussion

The experimental results collected allowed for studying the
degradation of the tensile strength of GFRP bars simply exposed
to air and to different adverse environmental conditions (namely
elevated temperature, alkaline environment, deionized water,
and salt solution), and subjected to different sustained stress
ratios. The results obtained do not show clear trends and the effect
of temperature, exposure conditions, and sustained stress, are not
always clear.

For most of the tests, long-term conditions were reproduced
accelerating the degradation by increasing the environment tem-
perature, which improved (accelerated) the absorption of moisture
by the material until reaching the saturation value. Therefore, the
bars degradation process was controlled by an artificially-
accelerated diffusion rate. However, at temperatures elevated but
still below the glass transition temperature of the resin matrix,
the physical properties of the bars are modified as a result of the
increase of the matrix thermal expansion coefficient [43]. This phe-
nomenon entails for a decrease of the material volume density,
which becomes more porous and more permeable to moisture
[43].
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For accelerated aging tests, it is necessary to select tempera-
tures that do not alter the physical, chemical, and mechanical
properties of GFRP bars [26,43]. This alteration may trigger degra-
dation mechanisms different from absorption, resulting in loss of
adhesion in the fiber-matrix interface and increased porosity in
the material. A range of temperature between —40 °C and +50 °C
does not imply alterations in the properties of the bars and is
moreover compatible with the climate of regions such as Canada
[44] or European countries.

It should be noted that experimental tests are generally carried
out by immersion of the specimens in water solutions, whereas in
real operating conditions it is difficult to obtain average relative
humidity RH values on the bar external surface higher than 90%.
This is because GFRP bars are never immersed directly in water
as they are embedded within concrete. Investigations in this field
confirmed this observation by pointing out that the amount of
absorbed moisture for bars immersed in water (RH = 100%) is four
times higher than that of an environment with RH =94% [45].
These considerations suggest that accelerated aging tests may
not properly represent the real service conditions, and therefore
could highly underestimate the durability of the GFRP bars.

The alkaline environment demonstrated to be the most aggres-
sive for GFRP bars. Comparison of these tests proved to be very
complex since many variables affect the test results. Among these
variables, those that are of particular importance are the type of
bar used (type of fiber, matrix, production process, surface coating,
dimension, etc.) and the conditioning methods (temperature, dura-
tion, type of solution, pH, etc.).

The damage was found to be remarkable for the bars immersed
in alkaline solution, whereas it was of lesser magnitude for speci-
mens embedded within concrete. These results suggest a more
detailed analysis of the problem since the alkaline solutions used
for the tests should effectively simulate the solution filling the
pores of the wet concrete and therefore pH values similar to those
characterizing concrete should be expected [26].

Information collected by a research promoted in Canada [46] to
verify the conservation status of GFRP reinforcement bars belong-
ing to a real structure subjected to applied loads for more than
eight years confirmed the discrepancy between experimental
results and natural aging. No loss of adhesion, microcracking, voids
formation, and chemical or physical degradation phenomena were
observed in the real structure GFRP bars. Such discrepancies are
likely to be attributed mainly to the fact that the solution repre-
sents a direct and inexhaustible source that can trigger the degra-
dation processes, whereas the volume of the solution in the
concrete pores is very small due to the concrete low porosity. Con-
crete elements are also rarely saturated (generally, the humidity
content is 75%-80% of the relative external humidity), as the pores
connection is discontinuous and twisted. Therefore, an estimation
of the durability of the GFRP reinforcement made on the basis of
tests performed on bars immersed in water solution may be not
completely reliable.

According to Ref. [18], the behavior of GFRP bars under the
effect of permanent load is characterized by three different stages:
at high stress (above the “moderate stress” limit) bar breaking
occurs due to the progressive failure of the fibers related to exces-
sive sustained stress (creep rupture). At medium stress (between
the “low stress” and “moderate stress” limit), the crisis is affected
by the penetration of aggressive agents into the matrix cracks
caused by mechanical stress (phenomenon of “stress corrosion”).
At low stress (below the “low stress” limit), the microstructure of
the specimen is not disturbed by the applied stress and good dura-
bility is observed even in aggressive environments. The “moderate
stress” limit can be set to approximately 45% of the instantaneous
tensile strength for a lifetime of 100 years (see for instance

[47,48]). The “low stress” limit can be assumed equal to 25-30%
of the instantaneous tensile strength (see for instance [21,49]).

The results discussed in this paper do not confirm the existence
of three different stages in the behavior of GFRP bars under sus-
tained stress. Furthermore, the stress limits found in the literature
appear arguable. To take into account the mutual effects of sus-
tained load and aggressive environments, the American ACI
440.1R-15 [50] and Italian CNR-DT 203/2006 [51] guidelines for
design of concrete structures reinforced with FRP bars provide an
environmental reduction factor 1, and a long-term effect reduc-
tion factor m;. Combining these two factors at the applied service
loads (see Section 5), the stress limits of GFRP bars under sustained
stress are 0.14-0.16f;, and 0.21-0.24f, for the American [50] and
Italian [51] guidelines, respectively. Similarly, the maximum
stress in the GFRP bar under service loads shall be lower than
0.25f, according to the Canadian standards [52]. The exact value
of the stress limit depends on the exposure condition of the
reinforced element. f}u and fp are the GFRP bar characteristic tensile
strength computed by Egs. (1) and (2), respectively:

f;u :fu.ayg_Bg (1)

fﬂ< :fu.avg_k'g (2)

where f, o¢ is the mean tensile strength obtained by a sample of

specimens, s is the associated standard deviation, and k a fractile
factor, provided by EN 1990 [53], which depends on the number
of specimens in the sample (see Section 5).

According to the proposed limits, the stress induced in the rein-
forcement by the quasi-permanent service load should be less than
approximately 25% of the bar instantaneous strength oy, depend-
ing on the code/guideline considered. It should be noted that, in
general, the maximum stress in the tension steel reinforcement of
a reinforced concrete structural element is dictated by the need of
guaranteeing the correct functionality of the structure in its ordi-
nary use. In a reinforced concrete beam, such functionality is asso-
ciated with limited stresses in concrete and in the reinforcement,
limited deflection, and control of the crack width. When steel rein-
forcement is employed, these limits, which are formulated in the
Eurocode 2 [54] for the serviceability limit state of RC structures,
provide a maximum stress in the reinforcing steel lower than
300 MPa, which is associated with a tensile strain in the steel bar
of 0.14%, assuming a steel elastic modulus of 210 GPa. Although
300 MPa is only 36% of a GFRP bar tensile strength assumed equal
to 835 MPa, the corresponding strain is significantly higher than
0.14% because the elastic modulus of GFRP bars is usually between
20% and 30% of that of steel bars [50,51]. Therefore, to satisfy the
serviceability limit states (i.e. to limit the curvature of a generic
cross-section to guarantee the structure functionality, which
entails for limiting the tensile strain of the reinforcing bars under
the service loads) an amount of GFRP reinforcement higher than
that of steel reinforcement is needed, independently of the tensile
strength. Studies showed that the amount of GFRP reinforcement
often doubles that of the corresponding steel reinforcement for a
given service load [55,56]. This means that the stress in the GFRP
reinforcement will not exceed 18% of its strength. Since the quasi-
permanent load in reinforced concrete beams and slabs is usually
not more than 2/3 of the maximum service load, long-term stress
in GFRP bars should be lower than 12% of their strength. Therefore,
a “low stress limit” equal to 25% of the bar strength does not lead
the design process because long-term stresses higher that 25% of
the bar strength are meaningless from the design point of view,
i.e. in the common practice. This fact should be taken into account
to select the sustained stress level for experimental tests and to pro-
vide design code/guideline formulations.



Besides all these observations, it should be noted that GFRP
manufacturing technology is rapidly improving and current GFRP
bars can attain higher strength and better durability performance
with respect to bars made with (relatively) old technologies and
less quality constituents. New GFRP bars are made of high-
quality components (e.g. high performance vinylester resin with
low diffusion rate and boron-free glass fibers) and are manufac-
tured using high-standard manufacturing processes and quality
control. Therefore, results obtained with new GFRP bars should
not be compared with those obtained with old-technology bars.

5. Reduction factors for long-term behavior

The effect of sustained stress on GFRP reinforcing bars is gener-
ally considered by employing the design maximum tensile stress
Ojq in the serviceability limit state [51]:

g
O = mnayi‘ (3)

where 1, and N, are the long-term effect and environmental reduc-
tion factors, respectively, v,, is the material partial coefficient, and
op is the characteristic bar tensile strength. Values of n, for differ-
ent exposure conditions were calibrated according to the design by
testing procedure provided by EN 1990 [53] using a large database
of stress-free GFRP bars. The results obtained showed that n, can be
assumed constant with time for a given temperature and exposure
condition [26].

The presence of a sustained stress could potentially increase the
degradation induced by an aggressive environment. In general, the
effects of sustained load and aggressive environments should not
be studied separately and then simply superimposed, but their
combined effect should be considered instead. Therefore, the pro-
duct m;'n, is considered and characteristic and design values of
the bar tensile strength are provided applying the design by testing
procedure [53] to the results collected in the database described in
Section 2.

According to this procedure, the residual strength ratio can be
expressed as the product of a normally-distributed unit-mean
aleatoric function vy and a deterministic function f:

%~y f(t.¢,05/0n) (4)
Ofy

where t is the exposure time and ¢ is a parameter related to the
exposure conditions. By considering the results collected in the
database for a given exposure condition and temperature (or tem-
perature range), the dependency of f on £ can be eliminated, i.e.
fit, os/on) =ft, os/cn). Analyzing the results of bars exposed to
air, which is assumed not to affect the bar long-term behavior, it
was shown that the bar tensile strength was not influenced by
the different sustained stress ratios (Section 3.1), which entails for
fit, os/opn)=ft). Adopting a linear distribution of the residual

strength ratio with respect to the exposure time, the function f
can be written as:

fly=mt+q (5)

where m and q are the slope and the y-intercept of the linear distri-
bution f. A linear regression analysis provided the value of m and q,
which are reported in Table 2 together with the corresponding coef-
ficient of determination r? and number of specimens considered n.
Since the slope obtained is very limited (m = —0.00009), f(t) was
assumed to be constant with t. The y-intercept of the horizontal
line, (Of/ G )ave, Was computed as:

n
(01/01) g = 1/0)_ (07/0p), (6)
i-1
where (c7/cp); is the residual strength ratio of the i-th specimen.
(of/Ofu)avg is provided in Table 2 with the indication of the corre-
sponding coefficient of variation (CoV). The small coefficient of vari-
ation obtained (CoV =0.032) indicates a good accuracy of the
residual strength ratio estimated.

Once the function f is known, the characteristic (i.e. 5% per-
centile) and design (i.e. 0.12% percentile) values of the residual
strength ratio can be obtained by Eq. (4) by substituting y with
Y and 7y, respectively:

Y = (1 =k, - CoV) (7)

Ya = (1= kyn - CoV) (8)

where k, and ky, are the characteristic and design fractile factor,
respectively, which are provided by EN 1990 [53]. k, and k4, varies
depending on the number of observations n (i.e. number of tests)
and tend to 1.64 and 3.04 for an infinite number of observations.
Values of vy, and vy and corresponding values of k, and kg,
employed are reported in Table 2. 1, MNax and N14-Maq can be found
by combining Eqs. (3) and (4):

M Mok = Vi - f(E) 9

Mg Naa = Va - f(O) (10)

Setting m, equal to unity (non-aggressive exposure environ-
ment), Egs. (9) and (10) provide the value of Ny, and N4, respec-
tively. The product mMqeNak and mNigMag obtained for bars
exposed to air at 23 °C are reported in Table 2.

The coefficient N4 = N14-Nag = 0.895 computed is significantly
higher than the corresponding value provided by design guideli-
nes, which is equal to 0.2 and 0.3 for ACI 440.1R-15 [50] and
CNR-DT 203/2006 [51], respectively.

The application of a sustained stress and the simultaneous
exposure to an aggressive environment could affect the bar resid-
ual tensile strength (see Section 4). Applying the design by testing
procedure, the simultaneous effect of sustained stress and expo-
sure to aggressive environments can be investigated by analyzing

Table 2
Results of the statistical procedure applied.
Exposure  Range n (offCuag []]  CoV  kn  kan Yk Ya NueNae  MiaMad Ma[26] m[%h]  q[x] 1
[OC] GS/Gfu [%]
Air 23 - 51 98.98 0.032 1.64 3.04 0948 0.904 0.939 0.895 - —0.00009 99.83 0.006
Alkaline 22-23 All 28 87.54 0.160 1.67 3.14 0.733 0498 0.641 0.436 0.666 —0.00231 97.30 0.226
15-38 22 - - - - - - - - - —0.00247 97.03 0.247
80 4 - - - - - - - - - —0.00098 101.34 0.777
40-55 All 13 92.50 0.066 1.71 3.21 0.888 0.789 0.821 0.730 0.610 —0.00062 94.38 0.026
15-38 5 - - - - - - - - - —0.00746 103.37 0.905
80 8 - - - - - - - - - —0.00178 102.08 0.857
DI water  22-23 15-38 3 91.10 0.067 189 3,56 0.874 0.763 0.796 0.695 0.690 - - -
Salt 22-23+FT 15-38 10 83.95 0.100 1.72 323 0874 0.763 0.695 0.568 0.690 —0.00087  88.65 0.082
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Fig. 9. Fitting of residual strength ratios of bars subjected to alkaline environment for different sustained stress ratio ranges at a) 22-23 °C and b) 40-55 °C.

the results of bars subjected to aggressive environments with dif-
ferent sustained stress ratios, discussed in Section 3. Since high
temperatures may affect the degradation processes [26], only spec-
imens conditioned at temperature lower than 55 °C were consid-
ered. Specimens were divided in three temperature ranges,
namely 22-23 °C, 40-55°C, and 56-65 °C, and three sustained
stress ranges, namely o©,/cp =15-38%, o /cp=60% and
os/os, =80%. These subdivisions allow for eliminating the
dependence of Eq. (4) on & and o/cp,. Considering a linear shape
of the residual strength ratio distribution with respect to ¢,
Eq. (5) can be adopted to fit the experimental results. The coefficients
m and q obtained by the linear regression analysis of specimens sub-
jected to alkaline environments, immersed in deionized water, and
immersed in salt solutions are reported in Table 2, whereas the best
fitting lines for specimens subjected to alkaline environments in the
range 22-23 °C and 40-55 °C are depicted in Fig. 9a and b, respec-
tively. It should be noted that coefficients for specimens with sus-
tained stress equal to os/cp, = 60% could not be calibrated because
of the limited number of specimens in the database.

Fig. 9 shows that the function f associated with o/cp, =80%
generally provides higher residual strength ratio than those pro-
vided by the function f associated with o/cp, = 15-38%. This result
is in contrast with the assumption that, for a given aggressive envi-
ronment, the highest level of sustained stress provides the highest
bar degradation and suggests that the bar residual strength does
not depend on the level of sustained stress. This observation allows
for analysing the results without distinguishing between sustained
stress level. Therefore, the design by testing procedure was
employed to calibrate the product m;-m, which accounts for the
combined effect of the specific aggressive environment and sus-
tained stress (range), assuming a linear shape of f{t.§,05/cp)=
f(t). The coefficients m and q calibrated for all specimens in the
specific temperature range subjected to alkaline environments,
immersed in deionized water, and immersed in salt solutions are
reported in Table 2. Results of specimens immersed in deionized
water could not be analysed because all bars were conditioned
for the same sustained stress duration. Assuming the slope of f
be negligible, as observed for stress-free bars exposed to different
aggressive environments [26] and for stressed bars exposed to

non-aggressive environments, Egs. (6)-(8) were employed to com-
pute values of vy and vy, (Table 2). Egs. (9) and (10) provided the
product m;m, associated to the characteristic and design bar
strength, respectively, which characteristic (N nax) and design
(Mig'Naqg) values are reported in Table 2 for the different exposure
conditions considered. In Table 2, the coefficients 14 computed
for stress-free bars subjected to the same exposure conditions
studied in this paper [26] are also reported for comparison. In
Ref. [26], n14 was not computed for stress-free bars exposed to
air and could not be reported in Table 2.

The lowest value, 1n14-Nag = 0.436, was obtained for specimens
subjected to alkaline environments at 22-23 °C. This value is lower
than m4=0.666 computed for stress-free bars subjected to the
same exposure conditions [26], which indicates that the applica-
tion of a sustained stress affected the bar degradation process.
However, this result is not confirmed for specimens exposed to
40-55 °C and to specimens immersed in salt water at 22-23 °C
and subjected to freeze and thaw cycles, which reported values
of M14-Naa lower than corresponding values of 14 obtained from
stress-free bars (Table 2). nigMag and M4 were approximately
equal for specimens immersed in deionized water.

Although different number of specimens was considered to cal-
ibrate My4-Maq and ny4 (from stress-free bars) for specific environ-
mental exposure and increasing the number of specimen could
improve the reliability of the results obtained, the analysis per-
formed suggests that the sustained stress ratio does not play a
key role in the residual strength of GFRP bars (except for alkaline
environment exposure), confirming results obtained so far from
naturally-aged specimens [46].

6. Conclusions

In this paper, the results of 127 tensile tests on stressed GFRP
bars exposed to different environmental conditions were collected
from the literature and analyzed to provide an insight on the effect
of sustained stress on the residual strength of GFRP bars. Although
the results are scattered and clear trends could not always be iden-
tified, the following conclusions can be drawn:



1. The level of sustained stress ratio appears to have a limited
effect on the residual strength ratio obtained.

2. High temperatures have a strong influence on the residual
strength ratio of bars exposed to alkaline environments and
deionized water, whereas freeze and thaw cycles did not affect
the behavior of bars immersed in salt solutions.

3. The comparison between results of specimens exposed to alka-
line environments with and without the application of a sus-
tained stress showed that stress-free specimens had the
lowest average residual strength ratio for temperature higher
than 27 °C. Although the different number of stress-free and
stressed tests should be taken into account, this comparison
seems to confirm conclusions 1 and 2.

4. Since the elastic modulus of GFRP bars is approximately 25% of
that of steel bars, the tensile stress presents in the GFRP bars in
a real structure subjected to the quasi-permanent load should
be much lower than that in steel bars of an equivalent structure
with the same deflection. Consequently, the sustained stress
level adopted for experimental tests should not exceed 15% of
the tensile strength of the corresponding unconditioned (con-
trol) specimen.

5. The design long-term coefficients calibrated confirm that the
sustained stress ratio does not play a key role in the bar residual
strength except for specimens subjected to alkaline
environments.

The results obtained indicate the need of standardized proce-
dures to characterize the long-term behavior of GFRP bars reflect-
ing the real serviceability conditions of GFRP reinforced concrete
structures in terms of temperature, exposure conditions, and sus-
tained stress.
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