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Abstract: In the present study, the effect of harsh conditions on the tensile behavior of lap-spliced
carbon fiber textile-reinforced mortar (TRM) with different surface treatment methods was investigated
through the direct tensile test. The TRM coupons were exposed to three different harsh conditions:
a chloride environment of 3.5 wt.% sodium chloride, a high temperature and humidity environment
(50 °C and 95% relative humidity), and sustained load of 30% of the tensile strength during 60 days.
In addition, two different surface treatment methods of the lap-spliced region of TRM coupons were
used: carbon fiber textile impregnated by epoxy resin, and carbon fiber textile covered with aluminum
oxide (Al,O3) powder after epoxy resin impregnation. The tensile characteristics of TRM coupons
were investigated in terms of the cracking strength, ultimate strength, initial stiffness, and ultimate
strain, to evaluate the influence of different surface treatment methods on the tensile behaviors of
TRM coupons after exposure to various types of harsh conditions. Additionally, the test results were
compared to the previous test results of TRM coupons that were not subjected to harsh conditions.

Keywords: tensile test; lap-splice; carbon fiber-textile; textile-reinforced mortar; harsh conditions;
surface treatment

1. Introduction

Fiber-reinforced polymer (FRP) methods have been widely applied in civil engineering due to
their various advantages: no difficulty in the application with various shapes, high speed in the
installation, high capacity of corrosion resistance, lightweight, and good mechanical properties [1-5].
However, the disadvantages of FRP methods could include their low capacity of fire resistance,
poor behavior at high temperatures, low capacity of vapor permeation, low compatibility between
resins and the structural surface (e.g., concrete or masonry), and irreversibility of the application (that is,
the capability of undoing the repair, without harming the original structure) [6-9]. Nowadays, the use
of composite materials, including textile-reinforced mortar (TRM), for the repair and strengthening of
concrete and masonry structures has become a common technique in the civil engineering community.
TRM composites comprise a cement-based matrix reinforced with various types of fiber textile
(e.g., carbon fiber textile, glass fiber textile). TRM composites have become an alternative solution
to conventional techniques, such as steel plates, reinforced concrete (RC) overlay, post-tensioning,
and even fiber-reinforced polymer systems. Therefore, TRM composites could be widely applied to
strengthen, repair, and retrofit existing concrete and masonry structures [10-16].

To understand the mechanical characteristics of the TRM composite, many studies have been
carried out on the bond properties of TRM used in concrete structures [17-23]. The fabric-mortar
interface behavior is essential to the stress transfer between the fiber filaments within a yarn, and between
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the yarns and the mortar matrix. Various surface treatment methods were applied on the surface of TRM
coupons using epoxy impregnation [24-27] or sand coating after epoxy impregnation [27-29] of the
textile or polymer coating of single filament jute fibers and yarns [30], which could significantly enhance
the mechanical characteristics of the TRM coupons (e.g., bond strength and stiffness). These techniques
might result in an improvement of the mechanical properties of the TRM composite. In addition,
the surface treatment could change the failure mode of the TRM composites from the slippage of
carbon fiber mesh inside the mortar matrix to carbon fibers rupture [27].

A limited number of studies were performed to investigate the effect of harsh environments
on the tensile behavior of TRM composites. One of the important aspects of TRM composites that
requires a lot of attention is their ability to withstand harsh conditions, such as seawater, alkali and acid,
hot-wet/dry environments, freeze and thaw cycles, etc. Nobili et al. [31] and Mecelli et al. [32] showed
that aggressive environments, especially seawater and alkaline environments, may reduce the tensile
characteristics of carbon fiber-reinforced cementitious matrix composites. Therefore, more experimental
studies are necessary to gain a better knowledge of the tensile behavior of TRM composites subjected
to various types of harsh conditions.

In this research, the effect of harsh conditions on the tensile behavior of TRM coupons was studied
via direct tensile tests, in accordance with ACI 549.4R-13 [33]. The TRM coupons consisted of an
aluminum cement-based mortar used as a binder, reinforced with a lap-spliced carbon fiber textile.
The TRM coupons were subjected to three different harsh conditions: a chloride environment, a high
temperature and humidity environment, and a sustained load. Moreover, the effect of two surface
treatment methods at the lap-spliced region of the textile was investigated: epoxy impregnation,
and aluminum oxide (Al,O3) powder coating after epoxy impregnation of carbon fiber textile. The direct
tensile test results of TRM coupons were investigated in terms of cracking strength, ultimate strength,
initial stiffness, and ultimate strain, to evaluate the effect of different surface treatment methods on the
tensile behaviors of TRM coupons subjected to harsh conditions.

2. Materials and Methods

2.1. Material Properties

In this study, the textile-reinforced mortar (TRM) composite materials were composed of alumina
cement-based mortar reinforced with carbon fiber textile. Figure 1 shows the geometrical characteristics
of the carbon fiber textile utilized in this experiment as a textile reinforcement. According to the
manufacturer, each warp yarn of the carbon fiber textile had an approximate width of 6.8 mm and
an approximate thickness of 0.35 mm and was composed of 12,000 carbon filaments with filament
diameters of 7 um (Toray T700-12k). In addition, the carbon fiber textile had an average tensile strength
and elastic modulus of 4300 MPa and 240 GPa, respectively.

The alumina cement-based mortar used as a binder in this study has high compressive strength,
and shows the rapid development of compressive strength, compared to that of Portland cement
mortar [34]. Additionally, alumina cement-based mortar has excellent thermal resistance and good
capacity of fluidity. A type of granular sand with a granulation ratio of 2.4 was used for the mortar
mixture. The mix proportion of the mortar mixture was prepared using a ratio of 1:2 for alumina
cement and granular sand, along with a water—-cement ratio of 0.45. The average compressive strength
of mortar was 70.2 MPa at the 28th day of curing after casting, and tested as specified by Korean test
standard KS L 5105 [35].
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Figure 1. Geometrical properties of the carbon fiber mesh used as textile reinforcement.

2.2. Coupon Details

The details of the TRM coupons fabricated in the laboratory are presented in Figure 2 and Table 1.
All TRM coupons were a rectangular prism with dimensions 450 mm X 80 mm x 30 mm. The total
length of the TRM coupons was 450 mm, including two clamping regions, each of length 115 mm,
two transition zones of length 10 mm, and the central zone with a length of 200 mm.
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Figure 2. Configurations and details of the test coupons.
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Table 1. Properties of the textile-reinforced mortar (TRM) coupons.

Test Coupons Surface Treatment Experimental Conditions = Number of Test Coupons
CE Non-coating Chloride environment 2
CEE Epoxy (for 60 days) !
CE_ES Epoxy + sand blasting 2
HTHE Non-coating High temperature and 2
HTHE_E Epoxy humidity environment 2
HTHE_ES Epoxy + sand blasting (for 60 days) 1
SL Non-coating Sustained load 2
SL_E Epoxy (for 60 days) 2
SL_ES Epoxy + sand blasting 1

The lap-spliced length of carbon fiber textile was chosen based on the study by Donnini et al. [36],
and was equal to the length of the central zone (200 mm). It was located at the central part of the TRM
coupons as the test region. The lap-spliced carbon textile as a reinforcement of the TRM composite
was fabricated in the laboratory by two separated pieces of carbon fiber mesh, by means of these
overlapping each other to the required length (Figure 2). The weft yarns at the lap-spliced region
were fixed by cable ties, and kept straight by the edges of the mold during the casting of the TRM
coupons, to ensure that during the loading process, the carbon fiber yarns could properly resist the
tensile stresses (Figure 3). As a consequence, there were five warp yarns along the length of the central
region of the TRM coupons, and the number of carbon fiber filaments of each warp yarn of the textile
reinforcement was approximately 24,000, as shown in Figure 3. In addition, carbon fiber reinforced
polymer (CFRP) tabs with a thickness of 2 mm were adhered at the clamping regions by means of
epoxy resin (Figure 2), to avoid any damage within the gripping areas, and to ensure an effective force
transfer from the universal testing machine.

5 warp yarns S warp yarns

5 warp yarns

Lap-spliced length

(b) ()

Figure 3. Photos of carbon fiber mesh with different coating treatments: (a) carbon fiber mesh
(without surface treatment); (b) carbon fiber mesh impregnated by epoxy; (c) carbon fiber mesh coated
with aluminum oxide powder after epoxy impregnation.
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2.3. Test Parameters

Two different surface treatment methods at the lap-spliced region of carbon fiber textile were
used and tested: carbon fiber textile impregnated by epoxy (Figures 3b and 4b), and carbon fiber
textile covered with aluminum oxide (Al,O3) powder after epoxy impregnation (Figures 3c and 4c).
The purpose of the surface treatment was to avoid slippage at the lap-spliced region of the carbon fiber
textile. Furthermore, the surface treatment using epoxy was able to completely penetrate between the
carbon filaments that constitute carbon fiber yarns, which enhanced the mechanical bond strength at
the fabric-mortar interface and affected the tensile behavior of the TRM composite in harsh conditions.
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Figure 4. Illustrative details in the lap-spliced zone: (a) lap-spliced zone without surface treatment;
(b) lap-spliced zone impregnated by epoxy; (c) lap-spliced zone coated with aluminum oxide after
epoxy impregnation.

For the first surface treatment method (Figures 3b and 4b), approximately 60 g of epoxy resin
was used to fully impregnate the carbon fiber filaments within the lap-spliced region of the textile
reinforcement. For the second surface treatment method (Figures 3c and 4b), at the lap-spliced region
of the textile reinforcement, the carbon fiber filaments were also completely impregnated with epoxy
resin (60 g). Then, the carbon fiber textile was covered with aluminum oxide (Al,O3) powder with a
diameter of 250 um by using a high speed-spraying gun one day after epoxy impregnation [37,38].
The surface treatments were performed on both sides of the carbon fiber textile to ensure uniformity.
The surface treatment methods were applied according to Truong et al. [39].

2.4. Test Environments

In this study, the TRM coupons were subjected to three different harsh conditions: chloride
environment, high temperature and humidity environment, and sustained load.

For the first test series, the TRM coupons were demolded one day after casting, and then cured for
27 more days in the laboratory condition (11 + 2 °C and 45% relative humidity), before being subjected
to the chloride environment. Considering the ocean’s seawater average salinity [40], a 3.5 wt.% sodium
chloride (NaCl) distilled water solution was used (Figure 5). The TRM coupons were cured for 60 days
in such chemical conditions. The TRM coupons were taken out of the sodium chloride solution three
days prior to the direct tensile test.
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Figure 5. Test setup of TRM coupons subjected to the chloride environment: (a) scheme of the test
setup of TRM coupons subjected to the chloride environment; (b) photo of test setup.

For the second test series, the TRM coupons were prepared in a similar manner to the first test
series. However, to create a high temperature and humidity environment, the TRM coupons were
stored at a constant temperature of 50 °C and relative humidity of 95% in a chamber for 60 days
(Figure 6). The TRM coupons were then taken out of the chamber two days prior to the fixing of the
CERP tabs onto the ends of the TRM coupons. Then, the direct tensile test was performed one day later.

HB-105LP Temp. & Humid. Chamber
a by i g

i
il

Figure 6. Photo of the test setup of TRM coupons subjected to the high temperature and
humidity environment.

For the last test series, the TRM coupons were demolded one day after casting, and then adhered
by CFRP tabs onto the ends. Next, the TRM coupons were cured for six more days in laboratory
conditions, before being subjected to a sustained load (2.5 kN), as shown in Figure 7. The sustained
load corresponded to 30% of the tensile strength at the seven-day aging. The last series was performed
in the laboratory with the same conditions as those of the first two series. The TRM coupons were
subjected to a sustained load for 60 days, and then the direct tensile test was performed.
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Figure 7. Photo of the test setup of TRM coupons subjected to sustained load.

2.5. Test Setup and Instrumentation

Figure 8 shows the experimental setup of the direct tensile test for the TRM coupons. The steel
plates were utilized to clamp the gripping regions of the TRM coupons and fixed by steel bolts.
The clamping force induced during fixing the steel plates may have caused a high compressive force
to be acting on the gripping area of the TRM coupons. Therefore, to avoid any damage within the
clamping areas, and to ensure an effective force transfer from the universal testing machine, carbon fiber
reinforced polymer (CFRP) tabs with a thickness of 2 mm were utilized to strengthen the gripping
regions of the TRM coupons (Figure 8a). The slippage phenomenon may have occurred at the interface
between the CFRP tabs and the steel plates. Hence, the surface of the steel plates was roughened to
increase the friction between them. Furthermore, the non-alignment of the TRM coupons and the steel
plates may have triggered a bending moment during the tensile test. Thus, a steel bar which could
rotate freely around a hinge (Figure 8a) was used to connect the TRM coupons with a testing machine.
This clamping method was also used in the studies of Truong et al. [39] and Kim et al. [41]. To perform
the tensile tests, a universal testing machine (UTM) with a loading capacity of 1000 kN was utilized.
The tensile test was performed according to ASTM D3039, with the applied load under displacement
control at 0.5 mm/min [42].

To measure the tensile deformation, two linear variable displacement transformers (LVDT) were
fixed at both sides along the longitudinal direction of the TRM coupons by means of the steel frames.
Thus, the tensile strain of the TRM coupons was calculated as the average values obtained from LVDTs
divided by the length of the central zone (180 mm).
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Figure 8. Test setup and measuring instruments: (a) schematic of the test setup; (b) photograph of the

test setup.

3. Test Results and Discussions

3.1. Crack Pattern and Failure Mode

Leone et al. [43] showed three different failure modes that were observed in their study during the
uniaxial tensile test of fiber-reinforced cementitious matrix coupons. The first failure mode indicates
the failure at the transition zone near the anchorage zone. This phenomenon is mainly due to the fact
that the compressive action of the clamping force and the applied tensile load occurred simultaneously
at the gripping zone. The second failure mode is related to the rupture of warp carbon fiber yarns due
to the failure of the mortar matrix. The last failure mode is related to the crack of the mortar matrix,
triggering slippage of carbon fiber yarns at the clamping area.

Figures 9 and 10 show the typical crack patterns and failure modes observed for each series in this
study. The results observed from all the TRM coupons exhibit the same failure mode, corresponding
to the failure at the transition zone, as described in Figure 10. Meanwhile, the phenomena of the
carbon fibers rupture and the carbon fibers slippage were not observed. During the tensile test, cracks
appeared at the middle part of the TRM coupons (at the lap-spliced carbon fiber textile zone). Then,
more cracks appeared near the transition zone, and continued to widen, until failure. According to
Leone et al. [43], this failure mode occurs due to the fact that the compressive action of the clamping
force and the applied tensile load occurred simultaneously in the gripping zone. This failure mode is
desirable because it indicates the lap-spliced region is strong enough.
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(a) Failure modes of TRM coupons
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Figure 9. Failure modes of TRM test coupons.
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Figure 10. Failure mode from the uniaxial tensile test of TRM coupons.

3.2. Effect of Chloride Environment

The tensile test results of TRM coupons were analyzed based on ACI 549.4R-13 [33]. The idealized
stress—strain curve includes the initial segment as the uncracked stage, and the second segment as the
cracked stage, which is distinguished by the significant stiffness change (transition point), as shown in
Figure 11. The initial linear segment of the curve corresponds to the TRM uncracked linear behavior,
and it is presented by the cracking tensile strength ( f), cracking tensile strain (¢.), and tensile modulus
(E1) of elasticity of the uncracked coupons. In the first stage, the elastic modulus is governed by
the mechanical characteristics of the mortar and carbon fiber textile based on the perfect bond at
the interfaces. The second linear segment, which corresponds to the TRM cracked linear behavior,
is presented by the ultimate tensile strength (f,,), ultimate tensile strain (¢, ), and tensile modulus (E)
of elasticity of the uncracked coupons.

A
S
0.9f, C
2 0.6f, E,
£ B
E A
.67 |- | Cracking
i i of mortar
0 €061 €0.6fu €0.9fu €y

Tensile strain

Figure 11. Idealized stress—strain curve of the TRM coupons [33].

In this study, tensile stress (o) was defined as the applied load (N) divided by the cross-section
area (A;) of the TRM coupons (80 mm X 30 mm) [39]:
The uncracked tensile modulus of elasticity was calculated for the first linear segment as:

E1 = As/A,, (1)

where A, is the difference in tensile stress at the point where 60% of the cracking strength (MPa) is
applied and A, is the corresponding difference in tensile strain (see point A in Figure 11).
The cracked tensile modulus of elasticity was calculated for the second segment [33] as:

Ey = Af/Ae = (09fu = 0.6fu)/ (c09f, = €0sf,) @)

where ¢o97, and &gy, are the strains at a tensile stress level, equal to 0.9f, and 0.6, respectively
(see points B and C in Figure 11). This is due to the fact that the mechanical characteristics of carbon
fiber mesh mainly govern the elastic modulus in the second stage.
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The first test series, which included the coupons CE, CE_E, and CE_ES, were prepared to
investigate the effect of chloride environment on the tensile behavior of TRM coupons. The coupons
CE mean the TRM coupons without surface treatment, subjected to a 3.5 wt.% chloride environment.
The coupons CE_E and CE_ES mean the TRM coupons with epoxy impregnation, and with sand
coating after epoxy impregnation, respectively.

Figure 12 shows the stress—strain relationship of the first test series with different surface treatment
methods in the chloride environment. In the uncracked stage, the stress—strain relationship of the
TRM coupons showed a linear elastic curve with a high slope by the combined working of both the
mortar matrix and carbon fiber textile. After that, at around 0.75 MPa of tensile stress, the first cracks
appeared in the middle of the TRM coupons, then more cracks appeared near the transition zone,
and these cracks continued to widen, until failure (Figure 9a). Figure 13 compares the average values
of initial stiffness, ultimate strain, cracking tensile strength, and peak tensile strength between TRM
coupons with different surface treatments. There was no significant difference in most of the tensile
behavioral characteristics, regardless of the surface treatment (Figure 13a and Table 2). However,
the ultimate strains of the surface-treated TRM coupons decreased, in particular, the CE_E coupons
showed a decrease of 13.09% compared to that of the CE coupons. The chloride environment might
negatively affect the interfacial bonding once the chloride solution penetrates the interface made of
epoxy and coating with aluminum oxide powder. The CE_E coupons showed longitudinal cracks
that appeared during the tensile test (Figure 9a), during which cracking is expected to be related to
bond deterioration.
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Figure 12. Tensile stress—strain relationship of TRM coupons with different surface treatments in the

chloride environment: (a) coupons without surface treatment; (b) coupons impregnated by epoxy;

(c) coupons coated with aluminum oxide powder after epoxy impregnation.

4 - : 2100 1.0
" 1 (@ ercklng strength (f)) @1800 (b) _ (c)
= | Ultimate strength (f,) | & ® 08 A
EE3 2 1500 T
=& 5 «
E} r 4
e % 1200 £ 06
=57 ¢ z
2 B £ 200 2 04 1
Z g a s
i8] Z 600 E
s 8 E 02 A
S 2 300 5 ‘
0 0 0.0 —— —
CE CE_E CE_ES CE CE_E CE_ES CE CE_E CE_ES

Figure 13. Effects of different surface treatments on the tensile behavior of TRM coupons in the chloride

environment: (a) cracking and ultimate strength; (b) initial stiffness; (c) ultimate strain.
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Table 2. Tensile behavioral characteristics obtained from the experimental results.
Cracking Tensile Cracking Tensile First Stiffness Ultimate Tensile Ultimate Ten511e Second Stiffness
Stress Strength Strength Strain
Test Coupons
fe Aver. f, & Aver. & Eq Aver. Eq fu Aver. f, &y Aver. &, E> Aver. E»
(MPa) (MPa) (%) (%) (MPa) (MPa) (MPa) (MPa) (%) (%) (MPa) (MPa)
CE1 0.76 0.050 1525.00 2.25 0.661 189.84
CE2 0.83 0-80 0.044 0.047 1889.61 1707.31 2.33 2.29 0.606 0.634 208.75 199.30
CE_E 0.74 - 0.042 - 1780.00 - 2.35 - 0.550 - 190.91 -
CE_ES1 0.64 0.040 1613.67 2.47 0.772 247.22
CE_ES2 0.78 0.71 0.044 0.042 1762.50 1688.09 241 244 0.461 0.617 519.00 383.11
HTHE1 0.66 0.061 1093.13 2.83 1.017 132.39
HTHE2 0.65 0-66 0.078 0.069 830.36 961.74 2.58 270 0.772 0.894 208.21 170.30
HTHE_E1 0.69 0.078 889.29 2.28 0.978 128.13
HTHE_E2 0.75 0.72 0.067 0.073 1125.00 1007.15 2.58 243 1.267 2.245 156.74 14244
HTHE_ES 0.68 - 0.067 - 1018.75 - 2.29 - 1.01 - 106.68 -
SL1 0.77 0.056 1387.50 2.82 1.044 148.53
SL2 0.73 0.75 0.044 0.050 1631.25 1509.38 3.18 3.00 0.867 0.956 189.56 169.05
SL_E1 0.93 0.068 1359.76 2.39 0.579 201.69
SL_E2 0.62 0.78 0.039 0.054 1585.71 1472.74 2.73 2.6 0.744 0.662 199.66 20068
SL_ES 0.69 - 0.044 - 1556.25 - 2.98 - 0.472 - 458.57 -
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Additionally, the results of TRM coupons in this series were compared to the previous test results
of TRM coupons [39], with slightly different amounts and details of carbon fiber without exposure
to the chloride environment. The reference TRM coupons in the previous study were Com, Com_E,
and Com_ES series; the coupons Com, Com_E, and Com_ES mean the comparative coupons without
surface treatment, the comparative coupons with epoxy impregnation, and the comparative coupons
with sand coating after epoxy impregnation, respectively. Figure 14 presents the previous test results
of the TRM coupons under sound conditions. Figures 12a and 14a show that the CE and Com coupons
without surface treatment revealed a significant difference in stiffness. In addition, those TRM coupons
showed approximately 20% strength and 30% deformability differences. The initial stiffness and
ultimate tensile strength of the CE series under chloride environment were decreased by 25-50%
and 50%, respectively, compared to those of the Com series under sound conditions. This is because
the chloride ion could penetrate inside the mortar and weaken the properties of the textile and the
interfaces between textile and epoxy. Donnini [44] also showed that the tensile strength of glass yarns
immersed in saline solution could be decreased by 40%, compared to that of controlled glass yarns.
Moreover, Donnini indicated that the surface treatment using the polyvinyl alcohol (PVA) seems to
be unable to protect the fiber textile reinforcement from a chloride environment, based on Scanning
Electron Microscope (SEM) analysis on the cross-section of treated fiber textiles.

Note that those CE coupons slightly differ from the Com coupons in the carbon fiber amount and
details, but the main difference is the chloride environment. When comparing three previous TRM
coupons (Com series), they showed a significant change in strength and deformability (Figure 14).
However, in the coupons of the CE series subjected to chloride environment, such a difference was
not observed (Figure 12). This indicates that the improvement of bond behavior by means of surface
treatment in the Com series almost disappeared in the CE series, because of the chloride environment.
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Figure 14. Tensile stress—strain relationship of TRM coupons under sound conditions: (a) coupons
without surface treatment; (b) coupons impregnated by epoxy; (c) coupons coated with aluminum
oxide powder after epoxy impregnation.

3.3. Effect of the High Temperature and Humidity Environment

The second test series that included the HTHE, HTHE_E, and HTHE_ES coupons was prepared
to investigate the effect of a high temperature and humidity environment on the tensile behavior of
TRM coupons. The HTHE coupons mean the TRM coupons without surface treatment subjected to the
high temperature and humidity environment. Similarly, the HTHE_E and HTHE_ES coupons refer
to the TRM coupons with epoxy impregnation, and the TRM coupons with sand coating after epoxy
impregnation, respectively.

Figure 15 shows the stress—strain relationship of the TRM coupons with different surface treatment
methods in the high temperature and humidity environment. In the uncracked stage, the TRM coupons
in this series showed almost the same initial stiffness values (Figure 16a and Table 2). The crack pattern
and failure mode in this series were the same as in the first series (Figure 9b). In addition, Figure 16
shows the average values of ultimate strain, cracking tensile strength, and ultimate tensile strength of
TRM coupons. As presented in Figure 16a, the cracking tensile strengths were almost the same, but the
ultimate tensile strengths of the HTHE_E and HTHE_ES coupons showed a slight decrease of 10.09%
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and 12.53% compared to that of coupons HTHE, respectively. In contrast, the ultimate strain of the
HTHE_E and HTHE_ES coupons showed increases of 25.50% and 12.53%, respectively, compared to
that of coupons HTHE. The results show that the high temperature and humidity environment affected
the bond strength and deformability at the fabric-mortar interface. During the tensile test, longitudinal
cracking at the side of the test coupons HTHE and HTHE_E was also observed (Figure 9b).
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Figure 15. Tensile stress—strain relationship of TRM coupons with different surface treatments in the
high temperature and humidity environment: (a) coupons without surface treatment; (b) coupons
impregnated by epoxy; (c) coupons coated with aluminum oxide powder after epoxy impregnation.
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Figure 16. Effect of different surface treatments on the tensile behavior of TRM coupons in the
high temperature and humidity environment: (a) cracking and ultimate strength; (b) initial stiffness;
(c) ultimate strain.

Figure 17 shows the tensile stress—strain relationship of TRM coupons subjected to the high
temperature and humidity environment. Figure 17 shows that the HTHE coupons subjected to the
high temperature and humidity environment revealed a significant reduction in stiffness, but a slight
reduction in strength, and a slight increase in strain compared to that of the Com coupons. In addition,
in the Com series, the positive effect of the surface treatment on the tensile behavior was significant,
while that in the HTHE series was not significant.
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Figure 17. Tensile stress—strain relationship of TRM coupons subjected to the high temperature and
humidity environment: (a) coupons without surface treatment; (b) coupons impregnated by epoxy;
(c) coupons coated with aluminum oxide powder after epoxy impregnation.
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3.4. Effect of the Sustained Load

The last test series, which included the SL, SL_E, and SL_ES coupons, was prepared to investigate
the effect of sustained load on the tensile behavior of TRM coupons. The SL coupons refer to the TRM
coupons without surface treatment subjected to sustained load. Similarly, the SL_E and SL_ES coupons
mean the TRM coupons with epoxy impregnation and the TRM coupons with sand coating after epoxy
impregnation, respectively.

Figure 18 shows the stress—strain relationship of the TRM coupons with different surface treatment
methods subjected to sustained load. Similar to the first two test series, the average cracking tensile
strengths and the initial stiffness in this series were almost the same (Figure 19 and Table 2). Figure 19b
clearly shows the effect of sustained load on the ultimate strain of TRM coupons with the different
surface treatment methods. The ultimate strain of the SL_E and SL_ES coupons decreased by 30.78%
and 50.59%, respectively, compared to that of the SL coupons. Meanwhile, the ultimate tensile strength
in this series showed a fluctuation.
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Figure 18. Tensile stress—strain relationship of TRM coupons with different surface treatments
subjected to sustained load: (a) coupons without surface treatment; (b) coupons impregnated by epoxy;

(c) coupons coated with aluminum oxide powder after epoxy impregnation.
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Figure 19. Effect of different surface treatments on the tensile behavior of TRM coupons subjected to
sustained load: (a) cracking and ultimate strength; (b) initial stiffness; (c) ultimate strain.

Figure 20 shows the comparison between TRM coupons with and without sustained load. The SL
and Com coupons without surface treatment showed almost equal strength, but 95% deformability
difference (Figure 20a). In the three previous test coupons of the Com series, the tensile strength
showed a significant difference according to the surface treatment method. However, in the coupons
of the SL series under sustained load, such a difference was not observed. This indicates that the
improvement of tensile behavior due to surface treatment decreased because of the sustained load.
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Figure 20. Tensile stress—strain relationship of TRM coupons subjected to sustained load: (a) coupons
without surface treatment; (b) coupons impregnated by epoxy; (c) coupons coated with aluminum
oxide powder after epoxy impregnation.

4. Conclusions

This study investigated the effect of harsh conditions on the tensile behaviors of TRM coupons.
To simulate various types of harsh conditions, a chloride environment, high temperature and
humidity environment, and sustained load were used. Two different details in the lap-spliced
zone, including impregnation by epoxy and coating aluminum oxide powder after epoxy impregnation
on carbon fiber textile, were applied to enhance the mechanical characteristics of TRM coupons.
Besides this, the test results were also compared to the previous test results of TRM coupons that were
not subjected to harsh conditions. The primary conclusions of this study can be summarized as follows:

1. All the TRM coupons failed near the transition region and showed the same failure mode;
The tensile strength of TRM coupons under harsh conditions significantly decreased;

3. Harsh conditions significantly decreased the improvement in tensile behavior by means of
surface treatment.

Further analytical and theoretical studies are needed to gain a clear understanding of the tensile
behavior of textile reinforced mortar subjected to harsh conditions.
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