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Abstract: Textile reinforced concrete (TRC) has gained attention from the construction industry due
to its light weight, high tensile strength, design flexibility, corrosion resistance, and remarkably
long service life. Some structural applications that utilize TRC components include precast panels,
structural repair, waterproofing elements, and façades. TRC is produced by incorporating textile
fabrics into thin cementitious concrete panels. Premature debonding between the textile fabric
and concrete due to improper cementitious matrix impregnation of the fibers was identified as
a failure-governing mechanism. To overcome this performance limitation, in this study, a novel
type of TRC is proposed by replacing the cement binder with a polymer resin to produce textile
reinforced polymer concrete (TRPC). The new TRPC is created using a fine-graded aggregate, methyl
methacrylate polymer resin, and basalt fiber textile fabric. Four different specimen configurations
were manufactured by embedding 0, 1, 2, and 3 textile layers in concrete. Flexural performance
was analyzed and compared with reference TRC specimens with similar compressive strength and
reinforcement configurations. Furthermore, the crack pattern intensity was determined using an
image processing technique to quantify the ductility of TRPC compared with conventional TRC.
The new TRPC improved the moment capacity compared with TRC by 51%, 58%, 59%, and 158%,
the deflection at peak load by 858%, 857%, 3264%, and 3803%, and the toughness by 1909%, 3844%,
2781%, and 4355% for 0, 1, 2, and 3 textile layers, respectively. TRPC showed significantly improved
flexural capacity, superior ductility, and substantial plasticity compared with TRC.

Keywords: textile reinforced polymer composites; flexural mechanical characterization; ductility;
crack pattern; adhesion; debonding; thermosetting polymer concrete

1. Introduction

Textile reinforced concrete (TRC) is a cementitious composite that has been recently
introduced to civil infrastructure as new precast elements and to strengthen deteriorated
structures due to its lightweight, durability, design and installation flexibility, and in-
and out-of-plane structural performance [1–5]. Typically, TRC is created by incorporating
high-performance textile reinforcement made of continuous multi-filament yarns (e.g.,
glass, polypropylene, polyamides) into a matrix comprised of cement as a binder and
small-size, well-distributed aggregate [6,7]. Planar (2D) or spatial (3D) textile reinforcement
can be used in TRC depending on the load application [3–5,8,9]. Potential applications
for TRC include architecture façade, noise/water protection panels, sandwich walls, load-
bearing shell structures, storage units (e.g., tanks and silos) [1,10], and the strengthening
of existing reinforced concrete structures [11–21]. Studies showed that TRC could replace
fiber-reinforced polymer (FRP) composites for flexural and shear retrofitting with similar
capacity enhancement but improved durability [22,23].
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Several textile reinforcement materials have been used in TRC, including polypropy-
lene, alkali-resistant glass, and carbon fibers. Research has investigated the flexural behav-
ior of TRC composites. Hegger et al. [24] studied the effect of the reinforcement ratio on
the flexural behavior of TRC composites using 4-point bending for carbon and glass fiber
textile reinforcement materials. Silva et al. [25] investigated the bending behavior (3-point
bending) of cement-based composites reinforced with continuous unidirectional sisal fibers.
A multi-cracking and strain-hardening behavior was observed by the researchers for the
TRC composite. Pakravan et al. [26] studied the effect of textile surface treatment on the
flexural properties of TRC by carrying out 3-point bending tests for carbon fiber textile
reinforced cement composites with the addition of polyvinyl alcohol (PVA) fibers. The
addition of PVA fibers showed a crack bridging effect and a strain-softening behavior, thus
improving the flexural capacity and energy absorption of the TRC composite. Tsesarsky
et al. [27] investigated the bending behavior of TRC composites incorporating polyethylene
(PE), glass, or carbon textile materials, using 3-point bending tests. TRC reinforced with
carbon fibers showed the highest flexural strength and ductility. TRC incorporating PE
textile exhibited a low flexural strength but high ductility. Glass fiber reinforced TRC
showed intermediate strength but limited ductility.

Research investigating the use of basalt fibers as an alternative material for textile
reinforcement is limited in the literature [8]. Basalt fibers can be produced from natural
resources (volcanic rocks); they require low energy to manufacture, are recyclable, and
have high performance while being relatively inexpensive compared with other types
of fibers [28]. Due to these advantages, basalt fibers have positioned themselves as a
promising material for textile and fiber reinforcement of cementitious composites [26,27].
Researchers studied the effect of the number of basalt layers on the tensile properties of
TRC composites [29]. They concluded that the number of cracks increased as the number
of reinforcement layers increased but the crack width and spacing would decrease. The
reinforcement ratio was also concluded to have a positive effect on the crack pattern, tensile
capacity and ductility for uniaxial tensile testing conditions [30]. Du et al. [8] investigated
the influence of the number of reinforcing layers, the level of prestress of the textile and
the influence of the presence of steel fibers on the flexural behavior of basalt reinforced
TRC using 4-point bending tests. The increase in the number of textile layers was shown
to improve the flexural capacity and the toughness. Similar results were reported by Zhu
et al. [31] for glass fiber reinforcement. It was concluded that the improvement in the
energy absorption capacity of the TRC composite is strongly dependent on the number of
reinforcement layers.

In this context, TRC might be sought as an alternative to concrete reinforced with
discrete short, chopped fibers known as fiber reinforced concrete (FRC). In FRC, short fibers
(typically steel) have been used to reinforce plain concrete. Discrete short fibers mainly
provide crack control due to their ability to transfer tensile stresses across crack surfaces
known as crack-bridging [32]. Therefore, FRC members demonstrate a pseudo-ductile
response, increased residual strength, especially in tension and flexure, and enhanced
energy dissipation capacities relative to the brittle behavior of plain concrete. Furthermore,
fibers have been proved as a promising non-conventional mass reinforcement under shear
stresses and, and under specific circumstances, could alter the brittle shear failures to ductile
flexural ones [32–34]. Development of TRC will be guided by the collective knowledge and
research experiences accumulated on FRC over the past decades.

Despite its unique structural performance, research has unveiled a few challenges
related to the failure behavior of TRC structural elements—specifically, the potential for
premature debonding between the textile yarns and the cement matrix at low strains.
Organic coats were suggested to improve the bond behavior between the fibers and the
mortar [35]. Previous research showed that such early debonding could be attributed to
the improper impregnation of the fiber fabrics by the cementitious matrix. Microscopic
images showed that the degree of fiber impregnation varies within fiber filaments, with
outer (sleeve) filaments being fully impregnated and fiber impregnation decrease toward
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the central (core) fibers [7,36]. The high viscosity of the cement slurry contributes to the low
penetration of the cement matrix into narrow spaces in the textile yarn. However, stresses
can still be transferred to the core fiber layers via frictional contact with the adjacent outer
fiber layers [37,38]. When TRC is subjected to high loading rates (e.g., impact or dynamic),
further debonding between the reinforcement textile layers and the cement matrix occurs.
Debonding may lower the load-carrying capacity and ductility, potentially altering the
failure mode of the TRC structure [38].

On the other hand, polymer concrete (PC) is a composite material developed by
combining a polymer resin that fully substitutes the cement as a binder and well-graded
aggregate particles as a filler [39]. Polymers such as epoxy, polyester, vinyl ester, and methyl
methacrylate (MMA) are commonly used in the construction industry [40]. The PC mixture
typically contains an initiator to promote polymerization and to control the hardening
time. Combining a polymer matrix and aggregate enables researchers and contractors to
engineer specific desired properties due to the composite’s physicochemical properties
such as low permeability, high ductility, high durability, chemical resistance, and good
mechanical strength [24,25]. Aggregate type is chosen to achieve desired characteristics
such as high strength [41–44], thermal stability [45–48], fire resistance [49–51], electrical
conductivity [46,47,52], or electromagnetic shielding [53]. Polymers are also known for
their significantly higher bond strength to many surfaces compared with cement. PC is,
therefore, favorable when a strong bond to the reinforcement is required. Research [54–56]
has shown how the mass reinforcement of epoxy polymer concrete with discrete short
carbon or glass fibers increased the flexural capacity and fracture toughness compared with
unreinforced specimens. The mechanism behind this improvement was found to be the
good bonding between the matrix and the fibers [56]. Furthermore, research has studied
how the combination of high stiffness (steel) and low stiffness (macro-synthetic) fibers
affects the fresh properties of fiber reinforced concrete (FRC) composites [57]. Researchers
showed that particulate-filled epoxy polymer has high durability and mechanical character-
istics suited to use as a protective coating and in building applications [58]. PC reinforced
with discrete short fibers and textile reinforced polymer concrete (TRPC) as composite
materials have the potential to overcome some of the limitations of polymer concrete and
can be used for applications that require high tensile strength, high cracking resistance, high
fatigue resistance, high ductility and freeze-thaw resistance. Applications that demand
these requirements include but are not limited to composite railway sleepers [56], bridge
deck overlays, bridge deck closure joints, impact resistant structures, underground utility
boxes, and thin PC elements made using additive manufacturing [40,59].

Researchers studied the mechanical properties of textile reinforced cement-based
composites and identified limitations inherent to the cement-textile bond mechanism. To
overcome the above-mentioned limitations, this study examines the flexural behavior of an
innovative textile reinforced polymer concrete (TRPC) that is produced using basalt fiber
textile fabrics, well-graded fine aggregate, and MMA polymer as a binder. This is the first
study to examine a polymer-based textile reinforced concrete composite as an alternative
to conventional cement-based textile composites. Flexural testing was conducted on TRPC
with different reinforcement configurations. The flexural capacity, ductility, toughness, and
crack pattern of TRPC were quantified and compared with conventional TRC, fabricated
using Portland cement concrete of similar strength and with the same textile fabric and
reinforcement configurations.

2. Materials and Methods
2.1. Materials

MMA polymer (Transpo Industries, New Rochelle, NY, USA) was used to produce
the PC. The polymer system consists of two parts: a low viscosity MMA monomer resin
and Benzoyl Peroxide as an initiator. Type I/II Portland cement and a water/cement ratio
of 0.25 were used for the conventional concrete mix. BASF Master Glenium 3030 (BASF,
Florham Park, NJ, USA) superplasticizer was used with the conventional concrete mix. A
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well-graded fine quartz aggregate with a nominal maximum size of 2.36 mm was used for
both cement concrete and PC mixes. The aggregate size distribution is depicted in Figure 1.
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The nominal maximum size of the aggregate needed to be smaller than the 5 mm
window size of the textile fiber fabric to ensure proper impregnation. The concrete mix
proportions for both the PC mix (used for TRPC) and the reference conventional concrete
mix (used for TRC) are presented in Table 1. As per ASTM C1437-20 [60], the flow values
for both TRC and TRPC mixes are 113% and greater than 160% respectively. The cement
concrete reference specimens were cast and cured in a standard curing room at 99% relative
humidity (RH) and 22 ◦C for 28 days to reach the design strength. Studies reported
that PC achieves about 75% of its strength within one day of curing [61–63] and most of
its full strength after seven days of curing in such ambient temperatures [64]. PC was
therefore left to cure in the lab ambient conditions of 30% RH and 22 ◦C for seven days [40].
Five cylinders, 2 in (50.8 mm) diameter by 4 in (101.6 mm) height, of each mix were cast
to determine the compressive strength of conventional concrete and PC as per ASTM
C39-17b [65]. The mean compressive strength for the conventional reference concrete
after 28 days was 68.9 ± 5.1 MPa, and the average compressive strength of PC mixture
was 53.9 ± 5.8 MPa. The cement-based concrete mix was intentionally designed to have
similar or higher compressive strength than the polymer-based mix to ensure equitable
comparison. A bidirectional planar basalt fiber textile mesh (Smarter Building Systems,
New Port, RI, USA) with no surface treatment was used for the reinforcement of both TRC
and TRPC specimens. The characteristics of the basalt fiber textile mesh, as reported by the
manufacturer, are presented in Table 2.

Table 1. Concrete mixture proportion (kg/m3) for the reference conventional concrete and PC.

Reference Conventional Concrete PC

Portland Cement 689 -
Water 172 -

Superplasticizer 21 -
Aggregate 1378 2002

Polymer Resin - 251
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Table 2. Geometry, density, and mechanical characteristics of basalt fiber textile mesh.

Mesh Window Size 5.00 mm Maximum Load-Weft 45,000 N/m
Total Weight/Area 220 g/m2 Elongation at break-Warp 6.7%
Weight Resin Coating No resin coating Elongation at break-Weft 3.5%
Thickness 0.6–0.7 mm Breaking Elongation-Warp 13.5 mm
Maximum Load-Warp 48,000 N/m Breaking Elongation-Weft 7.1 mm

2.2. Mixing and Casting

Reference conventional concrete and PC mixtures were mixed using the proportions
described above. Both mixes were mixed for 3–5 min using a 4.7-L bowl-lift standard mixer
until a uniform mixture was obtained. Then, TRC and TRPC panels of 400 × 144 × 20 mm
(length × width × thickness) were cast using the conventional concrete or PC mixture,
respectively, and the basalt fiber textile fabrics described above. Four configurations of
TRPC panels were fabricated by incorporating 0, 1, 2, and 3 layers of basalt fabric denoted as
TRPC-0, TRPC-1, TRPC-2, and TRPC-3 respectively. The same reinforcement configurations
were used to fabricate the reference TRC panels, denoted as TRC-0, TRC-1, TRC-3, and TRC-
3. The placement of the reinforcement mesh at the neutral axis location for specimens TRC-1
and TRPC-1 was selected so that the effect of the reinforcement in the post-peak response
could be observed. Figure 2 illustrates the configurations of TRPC and TRC panels.
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one (b), two (c), and three (d) basalt fiber textile reinforcement layers.

All TRC/TRPC panels, regardless of the number of textile reinforcement layers used,
were cast in four layers following a layer-by-layer method. A layer of fresh concrete (or
PC) was placed first, and the basalt fiber textile fabric was placed at the desired thickness
location afterward. The second layer of fresh concrete (cement or polymer-based) was
cast, and the process was repeated until the total thickness of the specimen was obtained.
Figure 3 shows the fabrication setup of the TRPC panels. All TRC and TRPC panels were
demolded after 24 h and then cured using the two curing protocols described above.
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2.3. Flexure Test Setup

The TRC/TRPC panels were cut into 400 mm × 35 mm × 20 mm (length × width ×
thickness) specimens using a waterjet cutting machine. The prisms were tested in three-
point bending with a span length of 330 mm, achieving a span-to-depth ratio of 16.5. TRC
composites are typically used for reinforcement of existing structures or for precast elements
for façade or shell structures. Most of these structures are typically very thin elements [24].
The 20 mm specimen thickness was chosen to simulate thin TRC element. The selection
of the span-to-depth ratio is congruent with the literature [8,66–68]. The span-to-depth
ratio selected is also suitable given the relatively high deformations reported for TRC
specimens and since most of the TRC applications are for shell-like structures [1,2,6,7,24].
The deflection at the midspan location was measured using a linear variable differential
transducer (LVDT). The load and displacement of the load cell were also recorded using
MTS® Bionix servo-hydraulic system with a range of 0–25 kN and a resolution of 1 N.
For testing, a displacement rate of 0.5 mm/min was imposed at the mid-span location.
Three specimens were tested for each TRC/TRPC reinforcement configuration. The test
setup is shown in Figure 4a. The three-point bending test setup included the digital image
acquisition system to capture crack patterns during testing. The crack pattern intensity
was quantified via digital image processing technique to assess the ductility of TRC/TRPC.
Photoshop® and ImageJ® software were employed for examining the cracking pattern.
Details for the method used for image transformation and processing have been described
elsewhere [69]. Two types of cracks were analyzed, horizontal and vertical cracks, to assess
the flexural ductility and the concrete-fabric bond strength. Figure 4b shows the digital
image data acquisition.
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3. Results and Discussion

The median load-deflection curves of the three-point bending tests of TRC and TRPC
specimens with different textile layers are shown in Figure 5. The mean flexural strength,
deflection at maximum load, and toughness (energy absorption up to a post-peak residual
capacity of 25% of the maximum load) of TRC and TRPC for the different reinforcement
configurations are presented in Figure 6. To examine the statistical significance while
comparing the means of two sets of data, the Student’s T-test (t-test) was applied. A 95%
confidence interval was used (α = 0.05) for all the T-tests. Du et al. [8] reported similar
mechanical properties in terms of first-crack flexural stress of 7 MPa for TRC specimens
compared to 7.9 MPa for TRC-3 specimens reported herein. The stress is calculated from
the peak-load assuming linear-elastic behavior up to the first crack load (TRPC exhibits a
non-linear behavior after this load).
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Figures 5 and 6 show the superior mechanical performance of TRPC in terms of flexural
strength, deflection at peak load, and toughness, for all the TRPC specimens compared
with conventional TRC. The improvement in the mechanical behavior can be attributed
to the higher tensile capacity and ductility of the polymer (as depicted by comparing
TRC-0 to TRPC-0) and its better bond with the basalt fibers compared with cement paste.
Descriptors (1–4) in Figure 5 identify: (1) first vertical flexural crack, (2) onset of horizontal
shear crack, (3) formation of the critical crack, (4) fiber rupture/debonding. The figures
also demonstrate the fact that the behavior of reinforced and unreinforced TRPC specimens
is significantly different compared with TRC. For TRC specimens, the addition of textile
reinforcement layers did not significantly (t-test, α = 0.05) affect the maximum moment
capacity or deflection at peak load (23.6, 22.2, 25, 22.1 N.m for TRC-0, TRC-1, TRC-2, and
TRC-3, respectively). Similar behavior in terms of first-crack flexural stress was observed by
Du et al. [8] for TRC with 3 and 4 layer configurations. This can be explained by the limited
bond strength between the fibers and the cementitious matrix due to the high viscosity
of the cement slurry and, consequently, the low penetrability of the cement matrix to the
fiber mesh. Failure due to premature debonding between the textile yarns and the cement
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matrix at low strains has been widely reported in the literature [7,35–38]. On the other hand,
the difference in terms of toughness for the TRC configurations is statistically significant
(t-test, α = 0.05) due to the difference in post-peak behavior between the reinforcement
configurations.

The addition of two and three textile layers in the TRPC specimens significantly
increased the maximum flexural strength (especially for TRPC-2 and TRPC-3) compared
with TRPC-0. The use of two and three layers of basalt textile fabric improved the maximum
moment capacity of TRPC-2 and TRPC-3 by 11.5% and 59.5%, respectively, compared with
TRPC-0. Similar behavior is observed for the deflection at peak load, which increased
by 225% and 432% for TRPC-2, and TRPC-3, respectively, compared with TRPC-0. The
moment capacity of the TRPC-3 specimen was superior when compared to TRPC-2 even
though the third textile layer was placed at the neutral axis. This is because both specimens
start behaving nonlinearly from the 400 N load due to the material nonlinear behavior
of the polymer concrete mix. Nonlinear behavior of polymer concrete beams has been
widely reported in the literature [70–72]. This material non-linearity causes a shift in the
neutral axis position and will cause the middle textile layer of TRPC to bear load. This
behavior is not observed for the TRC-2 and TRC-3 specimens due to the linear elastic nature
of the cement-based concrete material. Nonetheless, Du et al. [8] was able to observe a
nonlinear behavior for TRC composites using a four point-bending configuration (rather
than the 3-point bending one used herein). Statistical analysis shows that the difference
in performance for TRPC-1 compared to TRPC-0, in terms of the maximum moment,
is not statistically significant (t-test, α = 0.05). This is due to the low efficiency of the
reinforcement when placed at the neutral axis position. For the textile reinforcement to
be loaded, the neutral axis would need to move towards the top-half of the composite
cross-section. For this to happen, the specimen needs to crack, and thus no reinforcement
contribution is provided prior to the first-crack state. Other researchers reported on this
phenomenon [8,68]. Nevertheless, the post-peak behavior, after cracking, is significantly
improved as the textile reinforcement carries the tension stresses and allows the TRC
composite to continue carrying load as shown in Figure 5. The significance of the textile
reinforcement is reflected in the improved toughness depicted in Figure 6c.

To assess the effect of fabric layers on the post-peak mechanical behavior of the
panels, the flexural toughness was quantified and compared. The results show significant
improvement of TRPC energy absorption by 354%, 371%, and 996% with the addition of
one, two, and three basalt-fiber layers. The significant improvement in ductility/energy
absorption depends on the improved load and deflection capacity and on the TRPC panels’
ability to continue carrying the load after exceeding the maximum capacity. The values
obtained for TRPC-3 (7.7 N·m) are comparable to the ones obtained by other researchers for
cement-based TRC reinforced with chopped steel fibers and textile prestressing (6.7 N·m
for the optimal steel fiber content and prestress level) [8]. Figure 5 shows that as the number
of fabric layers increases, the residual load capacity of TRC/TRPC increases. For TRC, the
toughness also improves as the number of basalt-textile layers is increased. The use of 1,
2, and 3 layers of basalt fiber textile fabric resulted in improving the toughness of TRC-1,
TRC-2, and TRC-3 by 131%, 228%, and 394%, respectively, compared with TRC-0. It is
apparent that the improvement in toughness for TRC is much more limited compared with
TRPC. It is also evident that the mechanical behavior of the novel TRPC outperforms TRC
for all the reinforcement configurations.

The crack pattern in TRC and TRPC specimens was analyzed using a digital image
correlation system (DIC) for both horizontal and vertical cracks to assess cracking intensity
and ductility. DIC has been used by many authors to measure crack opening and growth
for concrete materials [73–75]. Crack pattern analysis results for horizontal and vertical
cracks are presented in Tables 3 and 4. Moreover, examples of crack patterns for different
TRC and TRPC specimens are shown in Figure 7.
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Table 3. Horizontal crack length and width (mm) for TRC and TRPC (mean values).

Specimen Horizontal Crack Length * (mm) Horizontal Crack Width * (mm)

TRC-0

No horizontal crack
TRC-1
TRC-2
TRC-3

TRPC-0
TRPC-1 34.6 0.24
TRPC-2 51.3 0.45
TRPC-3 27.5 0.75

* Coefficient of variation (COV < 31%).
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the specimens. Dotted marked lines represent the location of the textile reinforcement. (a) TRC-0
(b) TRPC-0 (c) TRC-1 (d) TRPC-1 (e) TRC-2 (f) TRPC-2 (g) TRC-3 (h) TRPC-3.
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Table 4. Vertical crack area (mm2) and width (mm) for TRC and TRPC (mean values).

Specimen Vertical Crack Area *
(mm2)

Vertical Crack Width *
(mm)

TRC-0 4.28 0.39
TRC-1 9.46 0.58
TRC-2 13.42 0.65
TRC-3 17.81 0.85

TRPC-0 4.8 0.29
TRPC-1 27.0 1.04
TRPC-2 42.7 1.84
TRPC-3 113.8 2.40

* Coefficient of variation (COV < 34%).

Table 3 and Figure 7 show that no horizontal cracks were observed for the TRC
reinforcement configurations and TRPC-0 configurations. This indicates that the vertical
cracks grow relatively unrestricted with the absence of intermediate reinforcement. This
is also an indication of the relatively low plasticity of TRC and TRPC without any textile
reinforcement due to the absence of a mechanism to divert and deviate crack propagation.
On the other hand, horizontal cracks were observed in all TRPC specimens incorporating
textile reinforcement. The propagation of horizontal cracks delayed failure and thus
provided plastic and ductile behavior. Horizontal cracks were only observed in TRPC and
not in TRC. This can be attributed to the fact that TRPC can resist higher tension stresses
than TRC and therefore was able to develop high shear stresses at the fiber yarn-matrix
interface. This high shear stress would ultimately result in the development of horizontal
shear cracks. These horizontal cracks were not observed in TRC which fails prematurely
under tensile stresses due to the relatively low-tension capacity of the cement matrix. This
phenomenon is depicted in Figure 8 for the two-layer configuration textile reinforced
composites (TRC-2 and TRPC-2).
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Figure 8. Load-displacement response of TRPC-2 specimen compared with TRC-2 specimen. Three
specimens were tested for each case. One median test specimen is shown for each type for clarity.
Inset pictures show a close-up view of the cracking behavior of the composite and the first-crack load.

The development of horizontal cracks also demonstrates the ability of the textile
fabric to improve fracture toughness for TRPC specimens compared with conventional
TRC. The resistance to crack extension could be attributed to the good bond strength
between the basalt textile fabric and PC. In TRC, the limited bond strength between the
basalt textile fabric and cement matrix leads to lower cracking strength, resistance to crack
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propagation, and flexural capacity compared with TRPC. It is also apparent that the width
of horizontal cracks depends on the number of textile reinforcement layers for the TRPC
specimens. As the number of textile layers increased, the average crack width increased,
demonstrating the ability of TRPC to sustain residual load while having a considerable
level of damage in the specimen. Similar behavior was observed for discrete fiber reinforced
cement composites [76]. For instance, the average crack width of TRPC-2 was 0.45 mm,
which is about twice the average crack width of TRPC-1 of 0.24 mm, and the average crack
width of TRPC-3 was 0.75 mm, which is about three times that of TRPC-1.

The assessment for vertical cracks is presented in Table 4. It can be observed that the
average vertical crack width increases as the number of fabric layers increase for both TRC
and TRPC systems. The crack area also increased by increasing the number of textile layers.
It is worth mentioning that TRPC-3 observed an average width of vertical crack of 2.4 mm,
8 times the average crack width of 0.29 mm observed for TRPC-0. In addition, the crack
area of 113.8 mm2 for TRPC-3 was about 24 times of 4.8 mm2 observed for TRPC-0. The
use of three layers of basalt fiber provided superior strength and ductility to TRPC.

It is remarkable to compare the performance of TRPC cracking in terms of vertical
crack width and area to that of TRC. The vertical crack width for TRPC-1, TRPC-2, and
TRPC-3 is 79%, 183%, and 182% higher than the vertical crack width observed for TRC-1,
TRC-2, and TRC-3, respectively. The vertical crack area for TRPC-1, TRPC-2, and TRPC-3 is
185%, 218%, and 538%, respectively, higher than the vertical crack area observed for TRC-1,
TRC-2, and TRC-3. It is important to note that the cement-based mix has a compressive
strength 28% higher than the polymer-based mix. However, TRPC shows a much-improved
flexural behavior regarding vertical cracking for all reinforcement configurations compared
with TRC. This is due to the high tensile strength and ductility of TRPC as well as to the
improved mechanical behavior at the matrix-yarn interface. To further understand the
failure mechanisms of TRPC and TRC, images of failed specimens were analyzed, as shown
in Figure 9.
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Figure 9. (a) Brittle failure of TRC-3. (b) Ductile failure of TRPC-3. (c) Close-up image of the side
view of TRC-3 specimen after failure showing fiber yarn failure. (d) Close-up image of a bottom view
of the TRPC-3 showing rupture of fiber yarns leading to the formation of wide cracks in TRPC.
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The difference in failure mechanisms between TRC and TRPC is shown in Figure 9a,b.
The images show that a vertical crack propagated the whole depth of textile reinforced
TRC. However, the textile reinforcement in TRPC diverted the crack and resulted in a
horizontal crack that allowed the specimen to continue carrying loads while demonstrating
a plastic behavior. The progressive crack propagation in the case of TRPC is also evident
from the load-displacement curves shown in Figure 5. Figure 9c,d shows close-up images
of the failure location of TRC-3 and TRPC-3, respectively. The fiber bridging mechanism
in TRPC has contributed to improving the load-carrying capacity, deformation capacity,
ductility, and plasticity of the TRPC panels. This phenomenon has been reported for
discrete steel fiber reinforcement cement composites [76] and modelled numerically by
using a probabilistic analysis model [77]. It is hypothesized that the strong fiber bridging
and yarn failure in TRPC stems from a good bond strength between the textile fabric and
the polymer matrix compared with the weak bond between the textile fabric and the cement
matrix as reported by others in TRC [38]. To investigate this behavior, sagittal cuts using
a precision saw with a wafering diamond blade were made in the non-failed sections of
the beam specimens. The specimens at the interface between the textile and matrix were
analyzed using light microscopy. The light microscopic pictures of the sections for TRC
and TRPC specimens for three different resolutions are depicted in Figure 10.

It can be observed from the above images how for the TRPC composite, the polymer
matrix impregnates the fiber yarns very well (Figure 10f) compared with TRC (Figure 10c),
where an apparent absence of impregnation can be observed. The ability of the fresh slurry
(matrix) to impregnate the textile fabric is a critical factor that affects the bond strength
between the polymer or cement matrix and the textile fabric. It is evident that the polymer
material has a much higher flowability (>160% as per ASTM C1437-20 [37]) than the cement
paste (113% as per ASTM C1437-20 [37]). This is due to a much lower viscosity of the
polymer material (8 cps) while compared with the cement slurry (40 cps) [78] resulting
in much-improved impregnation of the polymer to the textile fabric compared with the
cement paste This concept is schematically presented in Figure 11. Previous research
showed that improper impregnation of textile fabric associated with the use of cementitious
matrix in conventional TRC caused properly impregnated outer fiber filaments and poorly
impregnated central filaments [7,36]. This limitation is overcome using the novel TRPC.
The improper impregnation of fiber filaments leads to reduced contact surface area between
the matrix and the fibers, limiting the bond strength and resulting in limiting the fibers’
ability to bridge cracks. Fiber debonding rather than fiber rupture becomes the primary
failure mechanism in TRC. In contrast with TRPC, the polymer’s low viscosity and high
wettability compared with cement slurry [78] result in textile fabric impregnation along the
full section of the basalt yarn. Good impregnation of the textile fibers improves the bond
strength and leads to improved fiber crack bridging and enhanced flexural strength and
resistance to crack propagation. Basalt yarn rupture is shown in Figure 7d as proof of the
relatively high bond of basalt textile and the polymer matrix. The improved impregnation
and bond also allow the TRPC to make use of the polymer matrix’s high failure strain, thus
resulting in significant improvement in TRPC ductility compared with TRC. The above
difference in impregnation and bond between the matrix and the textile fabric results in
a difference in the stress transfer in TRPC compared with TRC. In TRC, shear forces are
typically transferred between the fibers and cementitious matrix via friction due to poor
adhesion. On the other hand, TRPC relies on the superior adhesion between fibers and the
polymer matrix to transfer the shear forces and stress transfer through friction.

The above experimental investigations showed the improved flexural performance of
TRPC represented by improved strength and superior ductility and plasticity compared
with TRC. Further research is warranted to identify the optimal location and number of the
textile fabrics in the composite. Furthermore, the significance of the fiber types or density
was not examined. Other types of less expensive fibers than basalt fibers (e.g., bamboo
fibers) can also be investigated. Finally, the ability to combine basalt fibers and sustainable
polymers to produce a new sustainable TRPC shall be considered in future research.
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4. Conclusions

The flexural behavior of innovative TRPC composite panels was examined. To man-
ufacture the specimens, PC incorporating a different number of basalt fiber textile fabric
layers was used. The flexural behavior of the new TRPC was compared with a reference
TRC fabricated using conventional cement concrete with similar strength and identical
reinforcement configurations, using the same basalt fiber textile fabric. Flexural load-
displacement curves, maximum moment capacity, deflection at peak load, and toughness
were obtained and compared. In addition, crack patterns of damaged specimens were
examined via image processing techniques. TRPC panels incorporating basalt textile rein-
forcement exhibited a higher moment capacity of 51%, 58%, 59%, and 158%, remarkable
plasticity represented by deflection at peak load increase of 858%, 857%, 3264%, and 3803%,
and a substantially enhanced toughness increase of 1909%, 3844%, 2781%, and 4355% for 0,
1, 2, and 3 textile layers, respectively, when compared with conventional cementitious TRC.
The flexure performance of TRPC improves as the number of reinforcement layers increases.

Cracking pattern analysis showed the ability of reinforced TRPC to develop signifi-
cantly wider horizontal and vertical cracks and maintain structural integrity at high loads
and deformation compared with conventional cementitious TRC. The fiber bridging effect
was evident in TRPC with two and three reinforcement layers. On the other hand, limited
improvement in flexure performance is achieved in TRC by incorporating basalt-textile
reinforcement. The main difference in behavior between TRPC and TRC is attributed to
the high bond strength between the polymer matrix and the textile reinforcement yarns
compared with that of the cement matrix. The improved bond of the polymer matrix is
attributed to low viscosity and high flowability, and penetrability of the polymer into the
fibers of the yarns, compared with the cement paste. Such high penetrability enables TRC
to experience fiber rupture rather than the typical fiber debonding observed in TRC.

Finally, it is concluded that polymer materials represent a novel and promising al-
ternative to traditional cement-based materials for textile-reinforced concrete composites.
TRPC overcomes some key limitations of TRC, positioning itself as a viable alternative
material for applications that require high flexural strength and flexural toughness. This
study shows that TRPC panels using basalt fiber exhibit significantly improved flexural
capacity, good plasticity, and high ductility when compared with traditional cementitious
TRC panels. The presented research shows that TRPC provides a significantly improved
flexural behavior for all textile reinforcement configurations. The presented TRPC provides
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a novel composite material for the current state of practice. TRPC will be used by industry
for relatively thin structural elements with high flexural strength and ductility demands,
such as blast resistance panels and shell elements serving in aggressive environments
(e.g., offshore structures). The proposed TRPC can also provide an excellent alternative
for structural retrofitting of concrete structures in challenging service conditions (e.g.,
concrete manholes).
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