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Abstract: Textile-reinforced concrete (TRC) as a novel high-performance composite material can
be used as a strengthening material and component bearing load alone. The flexural performance
of TRC beams strengthened with textile reinforcement such as carbon tows was experimentally
examined and associated with those of steel-reinforced concrete (SRC) beams. Through four-point
bending tests, this research explores the effects of textile layers and dosages of short textile fibre on the
flexural strength of concrete beams. A total of 64 prism samples of size 100 mm × 100 mm × 500 mm
were made, flexure-strengthened, and tested to evaluate various characteristics and the efficiency
of TRC versus SRC beams. TRC beams performed exceptionally well as supporting material in
enhancing concrete’s flexural capacity; in addition, TRC’s average ultimate load effectiveness was up
to 56% than that of SRC specimens. Furthermore, the maximum deflection was about 37% lesser than
SRC beams. The results showed that by increasing the number of layers, the TRC’s effectiveness was
significantly increased, and the failure mode became more ductile.

Keywords: reinforced concrete; small-scale beams; textile-reinforced concrete; flexural behaviour;
carbon fibres

1. Introduction

Concrete is considered a brittle material due to its low energy absorption capacity and
tensile strength. Structural elements made of concrete, such as beams, are primarily sub-
jected to impacts and bending. Therefore, these components must have increased resistance
to deformation and impact loads. Concrete’s ability to absorb and distort energy requires
additional elements [1–3]. To control cracking, discontinuous fibres are employed inside
the concrete, mostly as secondary reinforcement. This is not a replacement technique for the
main steel reinforcements [4,5]. Several types of fibres have been utilised to strengthen and
rehabilitate RC structural elements for decades. These fibres are strong against corrosion
and result in several structural advantages, including lower cover dimensions and, as a
result, structural element thickness [6]. According to Tysmans et al. [7], because textile
reinforcement has high tensile strength, it might potentially replace steel as the primary
reinforcement.

Textile-reinforced concrete (TRC) or textile-reinforced mortar (TRM), a composite ma-
terial made of high-performance concrete or mortar and textiles fibre, has good corrosion
resistance, durability, load-bearing capacity, and ductility. The cover in TRC and TRM is
thin owing to textiles’ excellent resistance against corrosion [6,8,9]. The textile reinforce-
ment is oriented toward tension, enhancing the fibres’ utilisation factor [10]. Therefore,
TRC is lightweight and can be used in complicated geometrical shapes and arrangements,
thin-walled constructions, and prefabricated sandwich panels. It is critical to investigate
TRC’s mechanical properties thoroughly, particularly its flexural behaviour [11]. Further-
more, incorporating textile fibres in concrete to create TRC has been explored and measured
as a novel composite material for applications in buildings [12]. Alkali-resistant textile
fibres, such as carbon and glass fibres, are often made up of multi-filament roving. TRC
beams provide many benefits over regular fibre-reinforced concrete (FRC) beams, including

Crystals 2021, 11, 1178. https://doi.org/10.3390/cryst11101178 https://www.mdpi.com/journal/crystals

https://www.mdpi.com/journal/crystals
https://www.mdpi.com
https://orcid.org/0000-0002-2678-9981
https://doi.org/10.3390/cryst11101178
https://doi.org/10.3390/cryst11101178
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/cryst11101178
https://www.mdpi.com/journal/crystals
https://www.mdpi.com/article/10.3390/cryst11101178?type=check_update&version=2


Crystals 2021, 11, 1178 2 of 20

being employed in the presence of stresses [13]. TRC may be utilised entirely in concrete
members because it can be situated in essential places, such as following tensile stresses
and insufficient amounts.

In contrast, the discontinuous fibre in FRC mixtures is arbitrarily scattered and ori-
ented in the concrete mix, making it less effective. Furthermore, the short fibres are
inadequate to regulate fracture development, reinforcement, and strengthening of concrete
due to the random arrangement of fibres in traditional FRC mixes. Furthermore, the
inclusion of short fibre has a slight effect on beam strength in the compression zone. Textile
reinforcement has the same tensile strength as steel reinforcement under tension [14,15].

Fibres are distributed randomly over concrete members, resulting in fibre waste; for
example, the fibres allotted to compression zones are not entirely utilised. Consequently,
TRC is projected to outperform FRC because the significant difference is the behaviour
under strain [16]. Textile reinforcement can be placed where it is desired. Several studies
were conducted on the mechanical performance, modelling, and design approach on
TRC. Similar to SRC, TRC is regarded as a novel material that might be employed in the
architecture and structural sectors because of its high strength and ability to handle large
tensile loads [17,18]. Researchers discovered that using textile fibres to strengthen concrete
components is more efficient and significantly improves structural parts’ deformation
performance and energy absorption [19]. Häußler-Combe and Hartig [20] found that when
concrete is reinforced with textile fibre, the stress-strain trend of TRC beams is comparable
to those of SRC beams. However, the TRC has slight, if any, flexibility; consequently, the
mode of failure is more brittle, contrasting with the final behaviour seen in most SRC beams.
Furthermore, unlike steel bars, the cross-section of the roving textile is non-uniform along
the length of the textile reinforcements, according to Hegger et al. [21] and Hartig et al. [22],
whereas the cross-section of steel bars is consistently homogeneous.

Furthermore, Hannant [23] observed disparities in post-cracking flexural and uni-axial
tensile strengths of FRC beams, emphasising the importance of a thorough understanding
of flexure. At post-cracking, the flexural strength is about twice that of the tensile strength.
TRC’s behaviour, on the other hand, has not been adequately explored, and more data are
needed before it can be employed securely. Given the argument, as mentioned above, the
purpose of this research was to investigate the effects of textile fibres in various shapes and
geometries on the flexural performance of small-scale concrete beams, as well as to figure
out how textile fibres contribute to the reduction in crack formation when compared to
plain concrete without fibres. Although this study looks into various textile fibres, the tests
and analysis are focused on a single type of fibre, multi-filament carbon fibre. Although
the research has emphasised the flexural performance of concrete beams under bending
loads, it is considered that technical concerns must be addressed and resolved before these
fibres can be used as a major reinforcement in concrete beams. This study compared the
flexural performance of plain concrete beams to beams reinforced with textile fibres and
steel bars using a four-point bending test.

2. Experimental Program
2.1. Materials

The Portland cement (CEM I) employed in this study has a specific surface area of
3990 cm2/g and a specific gravity of 3.15, which fulfils the standard requirements in BS EN
197-1. Fine aggregates that passed through the sieve size of 4.75 mm were used. Moreover,
the crushed quartzitic aggregate was used. It has a specific gravity of 2.7, an irregular form,
and a maximum size of 10 mm. Besides, it has 0.50% water absorption. A polymer-based
Superplasticizer was used to help maintain concrete’s flowability, delivering a steady dose
of 1% of the binder. Multi-filament carbon fibre (FORMAX, UK) of varying lengths was
employed as fibrous reinforced materials in this investigation, and it was then cut into the
required lengths according to the beam’s size. In this study, the carbon fibres were used, as
shown in Figure 1, with a filament diameter of 7 µm, and a tensile strength of 4000 MPa.
The engineering properties of textile fibres provided by the supplier are shown in Table 1.
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Figure 1. Typical uni-direction carbon textile used as reinforcement.

Table 1. Engineering properties of carbon textile reinforcements.

Properties Tow, 50 k

No. of filaments (k) 50

Filament diameter (µm) 7

Fabric weight (g/m2) 130

Modulus of elasticity, Ef (MPa) 235,000

Tensile strength, ff (MPa) 4000

2.2. Concrete Proportions

The proportions of the plain concrete mix are revealed in Table 2. To attain the specified
strength, all mixtures had a water/cement (w/c) ratio of 0.35, and the average compressive
strength of conventional concrete was 85 MPa after 28 days of curing. After concrete
preparation, fresh concrete was filled up to a depth of 3 cm into the designed formworks.
Then, the textile fibres in the form of reinforcement with the preferred lengths were placed
in the beams at the proper positions. After the appropriate placement of textile fibres,
the formworks were filled with fresh concrete with appropriate finishing. Besides, the
same procedure was used for making SRC beams. After casting, the samples were covered
with plastic sheets to avoid evaporation and left for 24 h. Afterwards, the samples were
de-moulded and kept in water for a curing period of 28 days.

Table 2. The mixed proportions of plain concrete.

Concrete Mixture Mix (kg/m3)

Cement 504

Coarse aggregates 1108

Sand 683

Water 177

w/c 0.35

Superplasticizer (SP), Litre 7

Slump Test (mm) 110

Compressive Strength (MPa) 85

2.3. Testing Methods

The flowability of the fresh concrete mixture was assessed through a slump test,
following the specifications of BS EN 12350-2:09. To evaluate the compressive strength
of hardened concrete, the 100 mm cubic specimens were cast and tested in accordance
with BS EN 12390:2-09 and BS EN 12390-3:09. The flexural test, which examined the
capacity of beams through flexural strength and ductility tests, is the key test in this
study. Various reinforcement patterns in TRC beams were evaluated for behaviour and
toughness using four-point bending tests. As illustrated in Figure 2, 64 prism samples of
size 100 mm × 100 mm × 500 mm were prepared for flexural strength testing. To calculate
the deflection, a LVDT device was placed in the centre of each prism. The test was carried
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out on ToniPACT 3000 testing equipment with a 150 kN capacity and a 0.1 kN/s loading
rate. Some beams had their crack positioning and cracked width specified. The load
versus deflection was recorded using a computerised data-gathering device. The loading
resolution was 0.01 kN, and the deflection resolution was 0.001 mm. The surface of prism
specimens was painted white to aid in noticing the initial crack. Besides, to measure the
surface strain, DEMEC strain gauges were attached between the two loading sites on the
surface of samples. Using an optical microscope, the width of cracks at the bottom of the
prisms was also measured.

Figure 2. Schematic four-point bending test set-up of small-scale beams.

Weaved fabric and two alternative layouts were employed in bi-axial textile beams.
As shown in Figure 3a, the warp textiles were placed in the formworks with the spacing
of 5 cm, and the weft textiles were placed with the spacing of 2.5 cm in all beams. The
bi-axial textile was divided into six groups, based on the reinforcement layouts: BT2, BT3,
BT4, and BT7 stand for 2, 3, 4, and 7 layers of fibres over each other, correspondingly, in the
warp direction of bi-directional textiles (0◦), indicating that the warp rovings resist the load.
Furthermore, in the weft direction (90◦) of bi-directional textile, BT2-90, BT3-90, and BT4-90
indicate 2, 3, and 4 layers of fibres. As illustrated in Figure 4, the beams were strengthened
in the weft direction, meaning that the weft roving will resist the applied loads, whereas
the warp fibres are perpendicular to the loading direction.

Two types of textiles were employed in uni-axial textile beams in two different ways.
The first is a tow with 50 k filaments, while the second is a tow with 24 k filaments
(twenty thousand filaments). Each layer has four tows with a gap of 2.5 cm between
them (Figure 3b). Besides, UTb4, UTt4, UTc4, and UTbr4 stand for four layers of tows with
bundled (b), twisted (t), crimped (c), and braided cloth (br), and layered over each other in
a uni-axial direction. UT4, UT5, and UT7 refer to 4, 5, and 7 layers of tows placed on top
of each other and laid on the formworks straightly in a uni-axial direction, respectively.
Furthermore, uni-axial 24 k reinforcement is separated into two groups: UTt4 refers to
four layers of tows twisted and piled on top of each other in a single axis. UT3, UT4,
and UT8 refer to 3, 4, and 8 layers of tows placed on top of each other in a uni-axial
orientation, respectively. The concrete beams were also reinforced with discontinuous
carbon fibres with a length of 40 mm to 50 mm. F-0.62% and F-1.08% are the beams with
fibre volume fractions of 0.62% and 1.08%, respectively. Besides, steel bars of 8 mm diameter
were utilised as reinforcement in the SRC beam samples. The beam samples then were
tested through the flexural test, and the load-deflection performance was experimentally
investigated, and the outcomes of TRC beams were compared with those of SRC beams.
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Figure 3. The details of textile reinforcement in (a) bi-axial TRC, (b) tow TRC small-scale beams.

Figure 4. The arrangement of textile fibres in weft direction of small-scale TRC beams.

3. Results
3.1. Unreinforced Concrete Beams

To see how textile fibres affected load-deflection performance, the failure mechanism,
and crack length, researchers used four-point bending to test concrete beams with varied
reinforcing schemes, numbers of filaments, and geometries of fibres. To achieve some of
the plain concrete qualities, the beams in this group were not reinforced. Two small-scale
beams were produced and tested for the control plain concrete beams, and the obtained
results are illustrated in Figure 5. Besides, Figure 5 displays the outcomes of four-point
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bending tests on plain concrete beams. It can be observed that the plain concrete beams
without fibres obtained the average ultimate deflection of 0.19 mm for the maximum load
of 12.9 kN. The lower deflection and load-bearing capacity of beams could be attributed to
the brittleness of plain concrete in the absence of textile fibres. Textile fibres in the form
of continuous or discontinuous short fibres are generally used in concrete components
to enhance the brittle nature of concrete, improve flexural performance, and prevent the
sudden failure of concrete beams [2]. However, in the plain concrete beams, the failure
modes beams were brittle, and the beam specimens collapsed before the fracture developed,
as there were no fibres to bridge the cracks and prevent the sudden failure of beams.

Figure 5. Load-deflection of unreinforced concrete beams at mid-span.

3.2. Bi-Axial Textile TRC

The same amount of filaments per roving was utilised in both textiles, but the warp
spacing differed. The first has a 2.5 cm spacing amongst warps, whereas the second has a
5 cm space between warps. Figures 6–11 show the results of beams reinforced with a range
of 2.5 cm woven fabric layouts for various layouts and geometries and the performance of
diverse numbers of 2.5 cm woven reinforcements at a warp direction of beams at different
fibre dosages. The beams strengthened by a variety of 5 cm woven fabric arrangements
are shown in Figures 12 and 13. The findings reveal that increasing the amount of textile
reinforcement in a beam increases its flexural strength and bending capacity. The maximum
load of up to 32 kN and a mid-span deflection of 2.5 mm were recorded for the beams
before they failed in the beams reinforced with a more significant percentage of textile
fibres, for example, 1% textile fibres.

The textile reinforcements in the loading direction resisted the generated stresses over
the beams and prevented the specimens from failing suddenly when the flexural load was
applied. Furthermore, the fibres bridged the cracks and reduced their size, which is the
fundamental difference between unreinforced and reinforced beams. According to the
findings, the ultimate load and deflection were enhanced as the textile fibre content was
increased. These improvements in the performance of bi-axial textile TRC beams over
plain beams could be attributed to the bond enhancement and improved penetration due
to the reduction in reinforcing congestion [1]. It was also discovered that increasing the
number of woven fabrics enhanced the ductility of beams. The behaviour and patterns of
fractures in woven fabric with varied geometries and layouts are also depicted in Figure 14.
It is clear that increasing the amount of textile fibre in a beam makes it more ductile and
minimises fracture breadth.
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Figure 8. Mid-span load-deflection of TRC beams with various layers of woven fabric (2.5 cm) at
warp direction.
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Figure 10. Mid-span load-deflection of TRC beams with woven fabric (2.5 cm) at the weft direction
and 2.5 cm cover.

Figure 11. Mid-span load-deflection of TRC beams with woven fabric (2.5 cm) at ± 45◦ direction.

Figure 12. Mid-span load-deflection of TRC beams with woven fabric (5 cm) at warp direction.
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Figure 13. Mid-span load-deflection of TRC beams with web woven fabric (5 cm) at warp direction.
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3.3. Uni-axial Textile TRC

Beam specimens were reinforced with 50 k and 24 k filaments of uni-directional tows in
this category. Different geometries and layouts were used for each kind. Figures 15 and 16
show the uni-axial tow of different geometries of 24 k and 50 k filament reinforced beams.
The load-bearing capacity and deflection improved with the addition of extra reinforcement.
Changing the textile geometry also enhanced the capacity during the same effective area.
The load capacity of uni-axial textile beams improves with increased mid-span deflection,
similar to bi-axial textile beams, as the number of textile layers and content increase.

Figure 15. Mid-span load-deflection of uni-axial tows with different geometries and the volume
fraction of 0.31%.

Figure 16. Mid-span load-deflection of uni-axial tows with various fibre volume fractions.
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One of the advantages of textile reinforcement is that, unlike steel reinforcement, it can
be easily twisted, braided, or bundled into various shapes. The uni-axial textile TRC beams
demonstrated that using longitudinal tows without modifying the geometry considerably
increased the average ultimate load. When comparing the ultimate load and deflection
of UT7 beams to those of UT4 and UT5 with various fibre doses, it can be noted that the
UT7 beams have the highest ultimate load and deflection. This can be explained by the
evident increase in the contact area between the matrix and filaments as the reinforcement
increases, increasing beam ductility. Figure 17 also depicts the behaviour and fracture
patterns of various uni-axial reinforcing geometries and layouts. The failure mechanism of
beams is more ductile than that of unreinforced and bi-axial textile beams, as can be seen.
Furthermore, the size and number of cracks were significantly reduced.
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3.4. Chopped Fibres

To explore the flexural behaviour of beams and compare it to those reinforced with
continuous textile fibres, concrete beams were reinforced with short and discontinuous
textile fibres in this category. Figure 18 shows the results of beams reinforced with various
fibre volume dosages. The results reveal that chopped fibre has much lower ductility than
continuous textile fibres. Similarly, the flexural capacity of beams reinforced with short
fibres was lower than that of TRC beams. However, in terms of ductility and load-bearing
capability, the flexural performance of these beams was superior to that of plain concrete
beams. It can be seen that two different fibre dosages of 0.62% and 1.08% were used, and
the maximum loads of 14.1 kN and 16.6 kN were recorded, respectively. Obviously, with
an increase in the fibre content, the flexural performance of beams was improved. It could
be attributed to the bridging action of short fibres, which connect the concrete constituents,
prevent cracks, and, therefore, result in higher ductility. Figure 19 also depicts the crack
patterns and failure modes of chopped fibre reinforced beams. It can be noticed that the
crack width is greater than that of continuous textile fibre reinforced cracks.

Unlike TRC beams, concrete beams reinforced with short fibres are often scattered
arbitrarily without regard for the tensile stresses. As a result, the fibres may be placed
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in compression zones or oriented in a direction that is not exposed to tensile pressures;
thus, they are not fully utilised. The strength of FRC is unaffected by the presence of short
fibres in the compression zones of concrete beams. TRC, on the other hand, is situated
at the required stresses, resulting in inefficient use. The ultimate load for TRC is nearly
double that of FRC for volume fractions of 0.62% and 1.08%, indicating that placing the
fibre at the appropriate place gives excellent resistance to tensile stresses. In addition, when
compared to TRC, the ductility of FRC is noticeably lower. The pull out that occurs in FRC
once cracking begins can account for this. In addition, the results show that the volume
fraction approach is less accurate than the cross-sectional area approach in determining
load-bearing capability.

Figure 18. Mid-span load-deflection of short fibres with different fibre dosages.
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3.5. Steel Reinforced Concrete Beams

In this study, concrete beams were reinforced with two steel bars of 8 mm in diameter,
which indicates SRC beams. Therefore, to compare and validate the outcomes, the rein-
forcement area for steel bars was selected to be comparable to the highest cross-sectional
area used in TRC beams. Moreover, the same design concept of TRC beams was used
for SRC beams to be used as control samples. The findings of SRC beams are revealed in
Figure 20. The results revealed that the SRC beams are more ductile with a higher load-
bearing capacity and a high mid-span deflection. The average ultimate load of 31.4 kN for
SRC beams and the mid-span deflection of 6.4 mm were recorded.
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The SRC beam deflects more than the TRC beam, as can be observed from the results.
In comparison to the steel-reinforced beam, the TRC beam showed less plastic behaviour.
The two beams acted similarly before they cracked. The SRC beam started cracking
14% earlier than the TRC beam. During the cracking creation stage, both beams had the
same slope until the steel began to give. The SRC beam had high flexibility at nearly the
same stress, whereas the TRC beam curve was still increasing. At the level of the textile
reinforcement, two flexural cracks with minor horizontal fissures occurred. A horizontal
shear crack developed after the flexural crack. The two cracks widened, and the horizontal
crack lengthened largely towards the support as the applied weight was increased. Then,
due to the weak link caused by the thin cover thickness and low matrix penetration owing
to piling the tows over each other, failure occurred between the textile reinforcement and
concrete above the reinforcement.

Consequently, a large number of filaments (inner filaments) were not in contact with
the surrounding concrete and hence were not activated to resist any internal stresses. After
failure, the textile reinforcement held the beam in place, indicating that the inner filaments
were still intact. Accordingly, the behaviour depicted in Figure 21 and the reinforcing
mechanism do not indicate genuine ultimate load and deflection. The first crack of the
TRC beam, on the other hand, is roughly 15% higher than the first crack of the SRC beam.
The TRC beam slope curve is comparable to the SRC beam under service loads, although it
deflects less than the SRC beam. Figure 22 also shows the steel-reinforced concrete crack
pattern. The failure mode is more ductile, with tiny cracks, as can be seen.

Figure 20. Mid-span load-deflection of the SRC beam samples.

Figure 21. Comparison between mid-span load-deflection uni-axial tow TRC and SRC beams of the
same area.
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4. Discussion

The voids ratio was first estimated to study the roving densities of the textile. The
voids ratio of roving is the ratio of the voids in the cross-sectional area to the area of the
roving’s cross-section. Due to the increase in voids, a rise in the ratio leads to a surge
in diffusion. As a consequence, the effect of increasing or decreasing the roving’s width
may be measured. The voids ratio may vary for the same number of filaments owing to
differences in the roving’s cross-sectional area (warp, weft, or tow). Therefore, Equation (1)
was used to compute the void ratios:

ρv =
Ag − A f

Ag
(1)

where ρv indicates the void ratio; A f is the area of filaments multiplied by the number of
filaments in the tow or roving; Ag is the cross-sectional area of the roving textiles, including
the voids.

The results revealed that the voids ratio increased with the rise in the roving’s cross-
sectional area for the same number of filaments. This indicates that the filaments have
been condensed, resulting in the roving being smaller and having less surface area than the
matrix. There are precisely the same number of fibres in both directions of the bi-axial textile
to reinforce the concrete beams. Weft-to-warp voids ratios are lower because the filaments
are sewed in warp-to-weft directions. Table 3 demonstrates that reinforcing in the weft
direction has no significant effect compared to the warp direction. The voids ratios between
warp and weft are very similar, which could explain the capacity comparability. In UT4,
however, increasing the voids ratio leads to a rise in load capacity. When compared to BT4,
the load strength improved by 12%, but the ductility remained unchanged. Accordingly,
raising the voids ratio is beneficial since it increases load capacity while retaining ductility.

Table 3. Voids ratio and average ultimate load and deflection of bi-axial textile TRC beams.

Reinforcement Area (mm2) Vf (%) Voids Ratio Average Ultimate Load (kN) Average Deflection (mm)

BT3, 50 k
23.1 0.46

0.61 15.2 0.2

BT3-90, 50 k 0.65 16.9 0.6

BT4, 50 k
30.8 0.62

0.61 24.6 1.8

BT4-90, 50 k 0.65 24 1.5

UT4, 50 k 30.8 0.31 0.76 27.5 1.9

Furthermore, the effect of changing the orientation of the textile reinforcements with
the loading direction on TRC behaviour was examined. The reinforcement was placed
in ± 45◦ different directions. The average findings of 45◦ TRC are shown in Table 4.
The results show that a noteworthy reduction in the reinforced beam capacity occurs
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when the loading direction is changed. According to Hegger et al. [24], the ultimate load
reduces as the angle of reinforcement surges. According to the data, the ultimate load
decrease from placing the textile reinforcements at 45◦ is 38%. According to their findings,
a 45◦ orientation reduces the load-bearing capacity of carbon fibre reinforced concrete by
60%. The rise in load capacity seen in this study is due to a surge in active filaments [25].
In addition, the deflection of the ductility decreased by 89%. Because of the discontinuity
in the textile in this example, the deflection and bending moment strength reveal that the
textile reinforcements at 45◦ operate similarly to chopped fibre. This could account for the
lower ultimate load and deflection. Consequently, the deviancy of textile reinforcements
from the loading directions results consequently in a considerable decrease in the reinforced
beam’s capacity.

Table 4. Ultimate loads and deflections of ± 45◦ TRC beams.

Reinforcement Area (mm2) Vf (%) Average Ultimate
Load (kN)

Average
Deflection (mm)

BT4, 50 k
30.8 0.62

24.6 1.8

BT4-+45/−45, 50 k 15.3 0.2

Table 5 also shows the effect of a rise in the number of woven textile layers and
filaments on the performance of TRC beams. This is in line with Yin, Lü, and Xu [26], who
discovered that increasing the number of textile layers does not affect the stiffness of textile
reinforced beams before cracking but does improve the stiffness after cracking. However,
a deeper examination reveals that the percentage rise for many rovings at the same layer
is relatively low compared to a lesser one. For instance, when a small number of rovings
are present at the same stratum, BT4 outperforms BT3 by 63%. At BT4, however, there is
simply one more layer (a 33% increase in area). The ratio of growth in the strength to rise
in the area is said to be high. Because BT3’s ultimate strength is small, there is a visible
difference between BT3 and BT4. Compared to BT4, with a rise in the number of layers of
textile fibres by three in BT7 beams, the ultimate strength increased by about 21%.

The improvement does not reflect the area’s percentage gain. Consequently, having
more woven fabrics increases the ultimate loads. It can be explained by a rise in the
inner filaments of the woven fabrics, which are not effectively used as reinforcement, as
evidenced by the rise in the BT7 deflection due to internal filament slippage. Owing to
piling up the rovings, the contact area of BT7 diminishes as the number of woven textiles
increases [27]. Notably, the outside filaments have a larger contact area, albeit a smaller
one than the internal filaments, which have a smaller contact area. Consequently, some
internal warp rovings that resist load are effectively deactivated when applied load is
applied; yet, they give ductility due to filament sliding. Furthermore, due to the congestion
caused by the stacking of the textiles, the placement of concrete in the formworks is more
complicated.

Table 5. The effects of rovings at the same layer on the ultimate loads and deflections of TRC beams.

Reinforcement Area (mm2) Vf (%) Average Ultimate
Load (kN)

Average
Deflection (mm)

BT2, 50 k 15.4 0.37 14.2 0.2

BT3, 50 k 23.1 0.46 15.2 0.2

BT4, 50 k 30.8 0.62 24.6 1.8

BT7, 50 k 53.9 1.08 29.7 2.6

In addition, the study looks at how the weft rovings might affect TRC behaviour.
Therefore, the same bi-axial textile reinforcement features were used in the uni-axial di-
rection. Table 6 presents the ultimate loads and deflections of bi-axial and uni-axial TRC
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beam samples. It is clear from the data that the influence of weft roving on the load-bearing
capacity is negligible. The average ultimate load is improved in both situations, UT4 and
UT7, respectively, compared to BT4 and BT7. The rovings in the loading path effectively
resisted the stresses caused by the bending under flexural load [28]. The bond enhance-
ment and penetration improvement owing to the reduction in reinforcing congestion can
explain these findings. Furthermore, tow reinforcement has a larger perimeter than bi-axial
reinforcement warp rovings. The tow width of the bi-axial textiles was 16 mm, whereas the
warp width was about 5 mm. Due to the slipping inner filaments, the beams of bi-axial
reinforcements with high quantities of woven textiles (BT7) were revealed to be more
ductile in nature than those with lower numbers of woven textile beams.

Table 6. The effects of numbers of woven textiles on the load and deflection of uni- and bi-axial TRC
beam samples.

Reinforcement Area (mm2) Vf (%) Average Ultimate
Load (kN)

Average
Deflection (mm)

BT4, 50 k
30.8

0.62 24.6 1.8

UT4, 50 k 0.31 27.5 1.9

BT7, 50 k
53.9

1.08 29.7 2.6

UT7, 50 k 0.54 32.9 2.1

Several researchers have looked at the mechanical properties of TRC [22,29–31]. How-
ever, fibre dosages were used to express the consequence of the increase in fibre content on
the mechanical performance of concrete. In this regard, Abdulmajeed et al. [32] discovered
that a rise in fibre content does not always imply an improvement in the composite’s
flexural strength. As a result, it appears that using volume fraction as a design criterion
could lead to inefficient outcomes. When using fibre dosage methods, all the fibres in the
concrete member are considered, no matter how they are oriented. Because some of the
fibres in TRC, such as those that act perpendicular to the beam’s span and those in the
central part of the batch of fibres, are not used in stress resistance, this technique could
be profoundly incorrect. Table 6 displays the findings for various fibre dosages on the
ultimate loads of beams with the same dimensions. As can be observed, the increasing
volume has a negligible effect on improving ultimate load. BT4 has a volume fraction of
0.62%, and UT4 has a volume fraction of 0.31%; nevertheless, the flexural loads remain
unchanged despite doubled volume fraction.

On the other hand, a further rise in the fibre content reduced the flexural loads, owing
to the lower flowability of concrete and improper placement in formworks. It can be
seen that with the rise in fibre content in the same dimension beams of BT7 and UT7, the
ultimate flexural loads decreased by about 1.08% and 0.54%, respectively. Consequently,
it appears that the ultimate load in FRC beams is not linearly related to the fibre dosages.
As previously stated, utilising a volume fraction-based technique in TRC may result in
improper design. Table 6 shows that the rise in textiles was primarily responsible for
improving the ultimate load. A rise in fibre dosage appears to indicate a surge in failure
load at first glance. The ultimate load rises from 27.5 kN to 33.5 kN in UT4 beams with
Vf = 0.31% and UT7 beams with Vf = 0.54%. However, a deeper examination of these
outcomes reveals that the alignment of the fibres is more important than the total fibre
content, and the cross-sectional area technique is better for determining this and the
ultimate load [33,34].

For example, in TRC beams of BT4 and UT7, the ultimate loads were increased by
about 75% and 36%, respectively, with a reduction in fibre dosages and a surge in the cross-
sectional area of fibres. Moreover, the ultimate flexural loads were found to be different in
BT4 and UT4 beams with the same fibre area of 30.8 mm2 and fibres’ dosages of 0.62% and
0.31%. Consequently, in the design methodology of beams, the method of cross-sectional
area-based is preferable and must be addressed [35,36]. Besides, the fibre dosage parameter
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is more appropriate for usage with short and randomly dispersed fibres in concrete, where
the exact cross-sectional area of fibres cannot be estimated. As a result, the volume fraction
should only be used to determine how much fibre is in a beam [37].

5. Conclusions

The flexural performance of small-scale concrete beam specimens, using carbon tex-
tiles as the main reinforcement and discontinuous short fibres, was experimentally explored
in this study to establish a structural design technique that may include textile reinforce-
ment. Consequently, several sized textile-reinforced concrete beams with varied textile
arrangements and sorts were investigated. Moreover, SRC beams were tested as control
samples. Based on the facts and observations, the following conclusions were drawn:

• It was discovered that the shape and placement of textiles directly impact the binding
amongst concrete and reinforcements. Lost rovings/tows result in a better connection
owing to a rise in the interface amongst the concrete matrix and reinforcements, and
consequently, an increase in the number of active filaments. Accordingly, the load
capacity and deflection of the TRC beams with loose roving/tow were much higher.

• Textiles are corrosion-resistant, allowing for thinner cover thicknesses to be designed.
However, because of the lower ability for transferring the stresses amongst the re-
inforcements and the concrete matrix, a thin cover thickness might cause shear and
sudden failure.

• Because of the differences in textile and steel reinforcing characteristics, TRC beams
behave differently from SRC beams in moment-curvature behaviour. The funda-
mental distinction between textiles and steel reinforcing qualities is the stress-strain
performance.

• The ultimate loads and deflections of the TRC beam were around 50% and 37% larger
than those of SRC beam for the similar reinforcement area, respectively.

• Overall, the flexural findings for TRC beam samples with various layouts reveal
that textile reinforcement may adequately reinforce concrete beams as structural
components.
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