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(@) Pull-out force and slip behaviour of AR-glass and basalt
epoxy-coated FRCM at 25 mm and 50 mm yarn embedment
lengths, (b) plot representing average bond stress and energy
absorbed by these specimens during the yarn pull-out test.

(a) Pull-out force and slip behaviour of AR-glass, basalt and
carbon parent, and hybrid yarn-based FRCM specimens, (b)
plot representing average bond stress and energy absorbed by
these specimens during the yarn pull-out test.

(a) Tensile load versus displacement plot for AR-glass, epoxy
coated AR-glass fabric, and AR-glass hybrid yarn-based fabric
reinforced FRCM specimens, (b) plot representing average

tensile strength and energy absorbed by these FRCM specimens
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Figure 4.31
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Figure 4.33
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during the uniaxial tensile test.

Photographs of various failed FRCM specimens reinforced with
AR-glass fabric, epoxy-coated AR-glass fabric, and hybrid
yarn-based AR-glass fabrics subjected to a uniaxial tensile test.
(@) Tensile load versus displacement plot for basalt, epoxy
coated basalt fabric, and basalt hybrid yarn-based fabric
reinforced FRCM specimens, (b) plot representing average
tensile strength and energy absorbed by these FRCM specimens
during the uniaxial tensile test.

Photographs of various failed FRCM specimens reinforced with
basalt fabric, epoxy-coated basalt fabric, and hybrid yarn-based
basalt fabrics subjected to a uniaxial tensile test.

(@) Tensile load versus displacement plot for parent basalt,
epoxy coated thermoset basalt fabric composite, and basalt
hybrid yarn-based thermoplastic fabric composite reinforced
FRCM specimens, (b) plot representing average tensile strength
and energy absorbed by these FRCM specimens during the
uniaxial tensile test.

Photographs of various failed FRCM specimens reinforced PP-
fibers, basalt thermoplastic, and thermoset fabric composites
subjected to a uniaxial tensile test.

() Tensile load versus displacement plot for PP-FRC, ARG-
EC-F (1 L), ARG-EC-F (2 L), B-EC-F (1 L), and B-EC-F (2 L)
FRCM specimens, (b) plot representing average tensile strength
and energy absorbed by these FRCM specimens during the
uniaxial tensile test.

(@) Tensile load versus displacement plot for basalt hybrid
yarn-based thermoplastic fabric composite reinforced FRCM
specimens of varying mesh opening sizes (6 mm x 7 mm, and
10 mm x 12 mm), (b) plot representing average tensile strength
and energy absorbed by these FRCM specimens during the
uniaxial tensile test.

(@) Tensile load versus displacement plot for parent carbon,
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Figure 4.39

Figure 4.40
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epoxy coated carbon fabric, and carbon hybrid yarn-based
fabric reinforced FRCM specimens, (b) plot representing
average tensile strength and energy absorbed by these FRCM
specimens during the uniaxial tensile test.

Photographs of various failed FRCM specimens reinforced with
carbon fabric, epoxy-coated carbon fabric, and hybrid yarn-
based carbon fabrics subjected to a uniaxial tensile test.

(a) Tensile load versus displacement plot for AR-glass, basalt
and carbon parent, and hybrid FRCM specimens, (b) plot
representing average tensile strength and energy absorbed by
these FRCM specimens during the uniaxial tensile test.

Plot showing number of cracks and crack spacing in various
FRCM specimens: (a) AR-glass, (b) basalt, (c) carbon; (d) PP-
FRC and number of layers comparison; (e) parent basalt,
thermoplastic and thermoset fabric composite.

(@) Flexural load versus mid-span deflection plot for parent
AR-glass fabric, epoxy coated AR-glass fabric, and AR-glass
hybrid yarn-based fabric reinforced FRCM specimens, (b) plot
representing average flexural strength and energy absorbed by
these FRCM specimens during the flexural test.

Photographs of various failed FRCM specimens reinforced with
AR-glass fabric, epoxy-coated AR-glass fabric, and hybrid
yarn-based AR-glass fabrics subjected to a flexural test.

(@) Flexural load versus mid-span deflection plot for parent
basalt fabric, epoxy coated basalt fabric, and basalt hybrid yarn-
based fabric reinforced FRCM specimens, (b) plot representing
average flexural strength and energy absorbed by these FRCM
specimens during the flexural test.

Photographs of various failed FRCM specimens reinforced with
basalt fabric, epoxy-coated basalt fabric, and hybrid yarn-based
basalt fabrics subjected to a flexural test.

(@) Flexural load versus mid-span deflection plot for parent

basalt, epoxy coated thermoset basalt fabric composite, and
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basalt hybrid yarn-based thermoplastic fabric composite
reinforced FRCM specimens, (b) plot representing average
flexural strength and energy absorbed by these FRCM
specimens during the flexural test.

Photographs of failed basalt epoxy coated FRCM and basalt
thermoplastic fabric composite-based FRCM after flexural test.
(@) Flexural load versus mid-span deflection plot for basalt
hybrid yarn-based thermoplastic fabric composite reinforced
FRCM specimens of varying mesh opening sizes (6 mm x 7
mm, and 10 mm x 12 mm), (b) plot representing average
flexural strength and energy absorbed by these FRCM
specimens during the flexural test.

(@) Flexural load wversus mid-span deflection plot for
unreinforced plain mortar, PP-FRC, and FRCM specimens
reinforced with B-PP-1_PET_TP-F (2 L), B-PP-1 PET_TP-F
(4 L), and B-PP-1_PET_TP-F (6 L), (b) plot representing
average flexural strength and energy absorbed by these FRCM
specimens during the flexural test.

Photographs of failed unreinforced concrete and PP-FRC
specimens after flexural test.

(@) Flexural load versus mid-span deflection plot for parent
carbon fabric, epoxy coated carbon fabric, and carbon hybrid
yarn-based fabric reinforced FRCM specimens, (b) plot
representing average flexural strength and energy absorbed by
these FRCM specimens during the flexural test.

Photographs of various failed FRCM specimens reinforced with
carbon fabric, epoxy-coated carbon fabric, and hybrid yarn-
based carbon fabrics subjected to a flexural test.

(a) Flexural load versus mid-span deflection plot for AR-glass,
basalt and carbon parent, and hybrid FRCM specimens, (b) plot
representing average flexural strength and energy absorbed by

these FRCM specimens during the flexural test.
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1. Research Motivation

High performance fibres such as Carbon, alkali resistant glass (AR glass), basalt have found
large interest in composite industry. These fibres have superior mechanical properties and are
non-corrosive in nature making them suitable for building infrastructure applications in form

of fibre reinforced plastics (FRPs) and textile reinforced concrete (TRC). The hybrid yarn
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structure can help to combine the superior tensile properties of high-performance fibres and
ductile behaviour of polypropylene and polyesterfibres and has the potential to enhance the
properties of cement composites and improve yarn-matrix bonding. Previous research
confirms the greater advantages of hybrid yarn and fabric structure in concrete in terms of
cost and mechanical properties however limited research was done in this area [28]-[32],
[34], [35]. The yarn structural modification such as twist, crimped geometry also has positive

effect on the pull-out (fibre-concrete bond) behaviour of TRC.

High-performance yarn bundles, such as carbon, comprising thousands of fine
filaments, are prone to abrasion and filament breakage during the weaving process. A solution
to this challenge involves adopting a core-sheath structure, where a sheath made of
polypropylene fibre is applied over the core of the high-performance filament bundle using
the DREF-3 spinning process. The resulting core-sheath structure undergoes a short heat-
setting process to preserve the integrity of the sheath fibres during weaving. This ensures that
the sheath remains intact while maintaining adequate flexibility for the weaving process. This
approach has proven effective in reducing filament breakage during weaving operations.
Furthermore, the DREF spinning process ensures a very high rate of production with minimal
or no damage to the core yarn. Importantly, this method enables the production of hybrid
yarns with a diverse range of core-to-sheath ratios without introducing twist to the core
bundle [36], [37].

Cable yarn is created by uniformly and spirally wrapping a surface filament strand
(surface yarn) over a core filament strand (core yarn) without twisting the individual strands
[38]. This principle is also applied in hollow spindle spinning, wrap spinning, and co-
wrapping techniques. The core filament offers load-bearing strength, while the surface
filament serves to protect the core from abrasion and provides a ribbed surface texture for

mechanical anchorage in TRC [20].

Taking into account the aforementioned aspects, the current research aimed to
investigate the impact of the hybrid (core-sheath) yarn structure on the mechanical properties
of TRC.

2. Research Objectives

The present study aims at developing a hybrid yarn structure that can be incorporated in

woven fabric structure which have good mechanical interlocking (anchorage) effect with
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cementitious matrix (mortar). To fulfil this objective core-sheath hybrid yarns have been

produced using DREF-3 spinning method and helical wrapping was done using direct

twisting and braiding machine to incorporate helical configuration of polyester (PET) yarn in

the core yarn strand. The hybrid yarn structure is woven into woven scrim fabric (mesh

fabric) and coated with epoxy resin. The fabric is reinforced into concrete specimen to

investigate pull-out, tensile and flexural properties.

The following are the sub-objectives for the present work:

(i)

(i)

(i)

(iv)

(v)

(vi)

(vii)

To develop core-sheath yarn structures using Basalt, Carbon and AR-glass roving (as
core components) and polypropylene fibre (as sheath fibres) using DREF-3 spinning

method.

To incorporate helical configuration in yarn structure: (a) Twisting of PET filaments
through Direct twisting machine, (b) helical wrapping of twisted PET filaments on

core-sheath yarn structure through braiding machine.

To compare the tensile behaviour of parent and hybrid yarn structures and their

corresponding plain-woven fabrics.

To investigate the influence of parent and hybrid yarn structures on the yarn pull-out
behaviour of fabric-reinforced concrete.

To compare the pull-out behaviour of fabric-reinforced concrete and evaluate the
effectiveness of yarn structure used for helical wrapping, formed through (a) direct
twisting, and (b) braiding machine.

To compare the tensile, and flexural characteristics of concrete reinforced with woven

fabric made from hybrid yarn structures and parent yarn structures.

To examine the influence of combined reinforcements, comprising of discrete
polypropylene fibres and a woven fabric structure (TRC), and compare them with plain
(unreinforced) concrete, and polypropylene fibre-reinforced concrete (FRC), in terms of
their mechanical properties.

3. Research Methodology

Basalt, carbon, and AR-glass are the most common high-performance filaments preferred for

concrete reinforcement due to their excellent mechanical and durability propertiesare used for

the development of fabric reinforcement for mortar specimens.For hybrid yarn development,
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low-modulus ductile fibres such as polypropylene (PP) staple fibres in sliver form and

twisted polyester multifilament fibres are used.
3.1 Development of core-sheath yarn structure

DREF-3 spinning technique was employed for the development of core-sheath (hybrid yarn)
structure. The core comprises high-performance basalt, AR-glass, and carbon, while the
sheath consists of polypropylene staple fibres. Thermal heat setting is then employed to

enhance the weavability and structural integrity of the hybrid yarn.
3.2 Development of Cable yarn

Subsequently, cable yarn consists of high-performance filament core (basalt, AR-glass, and
carbon) helically wrapped configuration using a PET yarn (twisted and braided PET

filaments)is developed by utilising a single carrier in a braiding machine.
3.3 Plain woven scrim fabric formation

The cable yarn is woven into a plain weave scrim fabric using a handloom, with flexible
inserts maintaining the distance between subsequent picks, later removed after weaving. The
scrim fabric facilitates the flow of cementitious mortar, and the grid size is selected
considering the particle size of the fine aggregate.

3.4 Fabric composite formation

The fabric structures made from hybrid yarns with a basalt core, covered with sheath of PP
fibres, and a single PET yarn is helically wrapped on the strand in two different mesh
openings (10 mm x 12 mm and 6 mm x 7 mm) were processed using a compression moulding
machine (SANTEC make) to form thermoplastic fabric composites. The PP fibres melt
completely and are expected to bind the reinforcing basalt (BR) filaments, thereby enhancing

the mechanical properties of the composite.
3.5 Epoxy resin coating

Following this, epoxy resin coating is applied using hand lay-up method to improve the
fabric's structural stability and prevent distortion during handling. The resin treatment binds
the multifilament in the core yarn strand, creating a monofilament-type effect and enhancing

load-bearing ability.
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3.6 Mortar formulation

Fine-grained mortar is recommended for FRCM specimens to facilitate ease of mortar flow in
between the fabric interstices. The cementitious mortar is prepared using binders (OPC 53,
fly ash, ground granulated blast furnace slag, and silica fume), fine aggregate (river sand and
crushed stone), water, and superplasticizer.Additionally, the addition of polypropylene fibres
in limited quantities has been found to prevent plastic shrinkage and improve tensile
properties. Initially, a review of experimental studies from the literature was conducted,
followed by mix proportion trials, including slump tests, to evaluate mortar workability
before finalizing the mix proportions for this study. The mortar was mixed using a motor-

operated rotary drum mixer.

The casting of PP fibre reinforced mortar cubes of dimension 150 mm x 150 mm x 150 mm
(confirming to IS 1199 (Part 5): 2018) was done for finding out the compressive strength of
the mortar cubes. Similarly, the cylindrical mortar specimens of dimension 150 mm diameter
and 300 mm height were casted (confirming to 1S 1199 (Part 5): 2018)for finding out the split

tensile strength of the mortar cylinders.
3.7 Fabrication of TRC elements

The process continues with the fabrication of Textile-Reinforced Concrete (TRC) elements

(plate specimens) using the casting method in fabricated formworks.
3.7.1 Specimen preparation for yarn pull-out test of yarn reinforced cementitious matrix

For the yarn pull-out test, a single yarn (uncoated or resin-coated) is centrally positioned in
the formwork's width and thickness. The yarn is manually stretched at both ends to make it

straight and taut before filling the formwork with mortar.

3.7.2 Specimen preparation for yarn pull-out test of FRCM

For the yarn pull-out test from fabric-reinforced mortar, a single layer of fabric (either
uncoated or resin-coated) is placed and aligned in the centre of the formwork in the thickness
direction. The fabric is manually stretched at both ends to make it straight and taut before

filling the formwork with mortar.
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3.7.3 Specimen preparation for uniaxial tensile test of FRCM

For the uniaxial tensile test from fabric-reinforced mortar, two layers of fabric (either
uncoated or resin-coated) are placed. The first layer is positioned 3 mm from the bottom of
the formwork, with a 2 mm gap between the two layers. The fabric layersare manually
stretched at both ends to make it straight and taut before filling the formwork with mortar.

3.7.4 Specimen preparation for flexural test of FRCM

For the flexural test from fabric-reinforced mortar, three layers of fabric (either uncoated or
resin-coated) are placed. The first layer is positioned 5 mm from the bottom of the formwork,
with a 2 mm gap between the fabric layers. The fabric layersare manually stretched at both

ends to make it straight and taut before filling the formwork with mortar.
3.7.5 Compaction and curing of FRCM specimens

During the mortar filling process, the formwork is placed on a vibrating table for about 5
minutes to ensure proper distribution and compaction of the mortar. The mortar specimens
are allowed to cure for 24 hours in the mould before being demoulded and then immersed in
a water tub for 27 days for curing. After 27 days, the mortar specimens are removed from the

water bath, and various tests (pull-out, tensile, and flexural) are performed.
3.8 Test method for tensile properties of yarn, fabric and fabric composite

The tensile test of yarn, fabric, and fabric composite specimens was conducted using the
Shimadzu UTM AG-X plus with a 100 kN capacity, at a gauge length of 150 mm (250 mm
effective length), and a test speed of 2 mm/min, following ASTM standards D3039/D3039M
— 17, D4018 — 23, and D2343 — 17. The low-test speed was chosen in consideration of the
uniaxial tensile test of the fabric-reinforced concrete specimens, which were also tested at a
low speed (1 mm/min).Five samples were tested for each specimen. For fabric composite

specimens, the specimen width was maintained at 40 mm.
3.9 Test method for compression strength of cube Specimens

The compression test of the mortar cubes (150 mm x 150 mm x 150 mm) was conducted 28
days after casting, using a 100-tonne capacity universal testing machine (UTM) in

accordance with IS 516 (Part 1/Sec 1): 2021. The cube specimens were positioned in the
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centre of the machine, ensuring that the load was applied to the two cast parallel surfaces of

the cubes.

The compressive strength of the specimen is calculated using the following equation:

P
o, = A—Eq (D
c

Where,a .= compressive strength of specimen in MPa;P= maximum load in N; and A.= cross-

sectional areaof the cube specimen in mm?,
3.10Test method for Split tensile test of Cylinder Specimens

The split tensile test of the mortar cylinders (150 mm in diameter and 300 mm in height) was
conducted 28 days after casting, using a 100-tonne capacity UTM in accordance with IS 516
(Part 1/Sec 1): 2021.

The splitting tensile strength of the cylinder specimen is calculated using the following

equation:

_ 2P Eq (2
fSt_n_ld"' q'( )

Where,o 4= split tensile strength of specimen in MPa;P= maximum load in N; I= length of the

cylinder specimen in mm, and d= diameter of the cylinder specimen in mm.
3.11Test method for yarn pull-out behaviour of YRCM and FRCM

The pull-out test setup and specimen configuration used in this study were designed based on
the double-sided unsymmetrical test methodologies by Lorenz &Ortlepp, Tekle et al., and
Portal et al.[147]-[149]. For the pull-out test of yarn from yarn-reinforced mortar specimens,
saw cuts measuring 5 mm in thickness and 22.5 mm in length along the width of the
specimen are created on both sides of the plate specimens (15 mm x 60 mm x 500 mm)
without disturbing the centrally embedded yarn. Subsequently, a 15 mm hole is drilled into
the plate specimen using a hollow cylindrical hollow drill, ensuring that the embedded length
remains 25 mm inside the mortar specimen. Prior to cutting and drilling, proper marking of
specimens is conducted, and during these operations, water is continuously supplied while

careful attention is paid to prevent specimen damage.
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The pull-out test is conducted using a 100 kN capacity with load cell of 25 kN on a
Universal Testing Machine (UTM) equipped with a Win software at a constant extension rate
of 1 mm/min. The pull-out load and slip (deflection) behaviour are recorded and plotted

accordingly.
The average bond stress during pull-out test is calculated using the formula [125]:

Pull out force (F,)
Nominal contact surface (U, X 1,)"

Average Bond stress (1) = .Eq.(3)

Where, U, represents the contact perimeter of the roving (yarn) as measured by a microscope,
and e

Using energy method, the energy absorbed by the specimen during pull-out test can be
calculated by the area under the load-slip (load-displacement) graph using the following

expression:
B
W = f FdS ...Eq.(4)
0

Where; W is the energy absorbed by the specimen (kN.mm); & is the slip(mm); F is the pull-
out load (kN).

3.12Test method for Uniaxial tensile behaviour of FRCM

The uniaxial tensile test of the plate specimen (15 mm x 60 mm x 500 mm) is conducted
using a 100 kN capacity with load cell of 50 kKN on a Universal Testing Machine (UTM)
equipped with a Win software at a constant extension rate of 1 mm/min, following the
guidelines of RILEM Technical Committee 232-TDT: 2016. LVDTSs are attached to both
sides of the tensile specimen to measure displacement and are connected to an LVDT signal
conditioner and data logger. Tensile load and deflection are recorded and plotted accordingly.

The tensile strength of the specimen is calculated using the following equation:

P
0r = . Eq.(5)

c

Where,o= tensile strength of specimen in MPa;P= maximum load in N; and A.= cross-

sectional areaof the plate specimen in mmZ.
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Using energy method, the energy absorbed by the FRCM specimen during tensile test can be

calculated by the area under the load-displacement graph using the following expression:
B)
W= f Fdés ...Eq.(4)
0
Where; W is the energy absorbed by the specimen (kN.mm); & is the displacement(mm); F is
the tensile load (KN).

3.13 Test method for Flexural test of FRCM

The three-point bending test was conducted on both unreinforced and reinforced (FRCM)
specimens using a 100 kN capacity with load cell of 50kN on a universal testing machine
(UTM)equipped with a Win software. The effective span length of the beam was set to 400
mm. The test was performed at a displacement rate of 1 mm/min. A digital dial gauge was

positioned at the centre of the beam to measure the midspan deflection of the plate specimen.

The flexural strength of the plate specimen is calculated using the following equation:

3Pl

Where,o= flexural strength of specimen in MPa;P= maximum load in N; I= span length of

the specimenin mm, and d= depth of specimenin mm, and b = width of specimen in mm.

Using energy method, the energy absorbed by the specimen during flexural test can be
calculated by the area under the flexural load-deflection graph using the following
expression:

1)
W = J Fds..Eq.(4)
0

Where; W is the energy absorbed by the specimen (kKN.mm); & is the mid span
deflection(mm); F is the flexural load (kN).

4. Key Findings
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. The tensile test reveals that among AR-glass, basalt, and carbon yarns of similar
linear density, carbon exhibits the highest peak load, followed by basalt, with AR-
glass having the lowest. This trend is consistent in both hybrid yarns and fabric
specimens, reflecting their inherent mechanical properties.

Reinforcing a mortar cylinder specimen with a single layer of Basalt-PP-PET
thermoplastic fabric composite increased the split tensile strength by 12%.

. The yarn pull-out test for uncoated AR-glass, basalt, and carbon yarn reinforced
cementitious mortar (YRCM) specimens, as well as their hybrid structures, shows
carbon achieving the highest pull-out load, followed by basalt and AR-glass.All
hybrid YRCM specimens surpass their parent counterparts in peak pull-out load,
highlighting improved pull-out behaviour through yarn hybridization.

. The yarn pull-out test for uncoated AR-glass, basalt, and carbon fabricreinforced
cementitious mortar (FRCM) specimens, as well as their hybrid counterparts, reveals
that carbon achieves the highest pull-out load, followed by basalt, with AR-glass
showing the lowest. Hybrid and uncoated carbon yarns outperform their AR-glass and
basalt counterparts in peak pull-out load, bond stress, and energy absorption. Carbon
FRCM specimens exhibit more fibre pull-out incidents due to the fine filaments in the
carbon yarn bundle and the superior tensile properties of carbon filaments.

. The uniaxial tensile test results reveal that carbon FRCM specimens achieve the
highest tensile strength and energy absorption, followed by basalt and AR-glass.
Hybrid yarn-based FRCM specimens outperform their uncoated counterparts in both
tensile strength and energy absorption, regardless of fibre type, aligning with the
trends observed in fabric tensile tests.Replacing uncoated fabric with epoxy-coated or
hybrid yarn-based fabric increases the average number of cracks and reduces crack
spacing in failed FRCM specimens.

. Comparing the tensile load-displacement behaviour of different basalt yarn-based
FRCM specimens—parent (uncoated), epoxy-coated thermoset (TS) fabric composite,
and hybrid yarn-based thermoplastic(TP) fabric composite—the epoxy-coated TS
composite exhibited the highest tensile load, followed by the hybrid yarn TP
composite, with the uncoated basalt having the lowest. Reinforcing basalt with TP
fabrics increases tensile load and strength by 11.29%, while TS fabrics improve these
properties by 21.86%. Energy absorption increases by 31.46% with the hybrid yarn

thermoplastic composite and 47.44% with the epoxy-coated thermoset composite.
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Comparing the tensile behaviour of PP fibre-reinforced mortar (PP-FRC, control)
with AR-glass and basalt epoxy-coated TS FRCM specimens reveals significant
improvements. With one fabric layer, AR-glass and basalt FRCM specimens showed
tensile peak load increases of 250% and 433%, respectively, while two layers
achieved increases of 740% and 1092%. Energy absorption improved by 470% and
1485% with one layer and by 2292% and 7234% with two layers, respectively.

The tensile load-displacement behaviour of basalt hybrid yarn-based TP FRCM
specimens shows a 20% increase in tensile peak load, and a 43.25% improvement in
energy absorption as the mesh size decreases from 10 mm x 12 mm to 6 mm x 7 mm.
This improvement is due to the higher number of warp and weft yarns in the smaller
mesh size, with six load-bearing warp yarns in the 6 mm x 7 mm mesh compared to
four in the 10 mm x 12 mm mesh, while maintaining the same specimen dimensions.
Flexural tests reveal that carbon FRCM specimens exhibit the highest flexural peak
load, strength, and energy absorption, followed by basalt and AR-glass. Hybrid yarn-
based FRCM specimens outperform their uncoated counterparts across all fibre types.
This performance is consistent with the tensile properties observed in fabric tensile
tests and the uniaxial tensile tests of FRCM specimens.

Reinforcing FRCM specimens with TS and TP basalt fabrics increases flexural load
by 38% and 48%, respectively, and energy absorption by 172% and 561%.

The flexural behaviour of plain mortar (PC), PP fibre-reinforced mortar (PP-FRC),
and basalt TP fabric-reinforced FRCM specimens shows significant improvements
with reinforcement. Replacing PC with PP-FRC increases flexural load and strength
by 123%, while adding fabric layers enhances these by 297% (2 layers), 490% (4
layers), and 693% (6 layers). Energy absorption increases by 222% with PP-FRC and
by 2986%, 5980%, and 15380% for 2, 4, and 6 fabric layers, respectively.

The flexural behaviour of basalt hybrid yarn-based TP FRCM specimens shows a
31% improvement in flexural peak load and strength, and a 72% increase in energy
absorption as the mesh size decreases from 10 mm x 12 mm to 6 mm x 7 mm. This is
due to the higher number of warp and weft yarns in the smaller mesh, with 10 yarn

strands in the 6 mm x 7 mm fabric compared to 6 in the 10 mm x 12 mm fabric.

Conclusions
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1. Parent roving bundles with smooth multi-filaments have poor cohesion, causing them
to spread in the matrix and form flattened cross-sections. Epoxy-coated bundles resist
spreading, resulting in oval or elliptical shapes. Hybrid yarns, secured by PP sheaths
and PET filaments, form oval or circular cross-sections. These configurations
influence the interfacial bonding and bond stress between the filaments and the mortar
matrix.

2. Yarn hybridization and epoxy coating enhance the tensile behaviour of AR-glass,
basalt, and carbon yarns. In DREF spun yarn, the PP sheath binds the multifilament
core, reinforced by PET wraps, while epoxy stiffens the yarn, enabling monofilament-
like performance. This improves load-bearing capacity, load-transfer efficiency,
tensile strength, and ductility.

3. The pull-out behaviour of YRCM specimens suggests that helically wrapped PET
yarns (twisted and braided yarn) enhance surface roughness, improving anchorage
with the mortar matrix. Epoxy coating and PP sheath fibers further secure the core
high-performance filaments within the PET-wrapped yarn.

4. FRCM specimens show superior pull-out behaviour to YRCM specimens, aided by
surface roughness from helically wrapped PET yarns (twisted and braided), epoxy
coating, and the assistance offered by the weft yarn of the woven fabric
structureenhancing yarn-mortar bonding. In contrast, YRCM pull-out load relies
primarily on surface roughness from PET wraps and epoxy coating.

5. Unlike basalt and carbon hybrid yarns, the AR-glass hybrid yarn exhibited telescopic
failure under pull-out loading, likely due to poor epoxy resin impregnation through
the PP sheath, which resulted in inadequate wetting of the AR-glass filaments. During
the pull-out test, the inner core filaments slipped, leaving the sleeve in the mortar,
with no significant cracks, damage, or spalling observed in the mortar specimen.

6. In the uniaxial tensile test, replacing the parent (uncoated) fabric with epoxy-coated or
hybrid yarn-based fabric increases the number of cracks and reduces crack spacing in
failed FRCM specimens, regardless of fibre type. This indicates more uniform load
transfer to the mortar. Fine cracks and multiple cracking under tensile load are
beneficial, especially in hybrid yarn-based specimens.

7. Comparing the tensile load-displacement behaviour of different basalt yarn-based
FRCM specimens—parent (uncoated), epoxy-coated TS fabric composite, and hybrid
yarn-based TP fabric composite—shows that resin coating and impregnation improve
load-bearing and load-sharing, allowing the fabric to sustain higher tensile loads.
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Post-test images reveal that replacing the parent basalt fabric with epoxy-coated TS or
hybrid yarn-based TP composites increases the number of cracks and reduces crack
spacing in FRCM reinforcement.

Comparing the tensile behaviour of PP fibre-reinforced mortar (PP-FRC, control) with
AR-glass and basalt epoxy-coated FRCM specimens shows that fabric reinforcement
significantly improves tensile properties. High-performance fibres, combined with PP
fibres as secondary reinforcement, enhance load-bearing capacity, energy absorption,
and ductility. Failed specimen images reveal that the PP-FRC specimen exhibited two
cracks, leading to complete failure, while AR-glass and basalt FRCM specimens
failed through fibre fracture and pull-out, with multiple fine cracks. Increasing fabric
layers from one to two reduces crack spacing and increases the number of cracks,
regardless of fibre type.

The tensile load-displacement behaviour of basalt hybrid yarn-based thermoplastic
FRCM specimens with grid openings of 6 mm x 7 mm and 10 mm x 12 mm show
failure through fibre fracture and pull-out, with multiple fine cracks along the
specimen width. Images reveal a slight increase in crack number and decrease in
crack spacing as the fabric mesh opening size reduces from 10 mm x 12 mm to 6 mm
X 7 mm.

Post-failure analysis of FRCM specimens subjected to flexural testing reveals
enhanced crack distribution and an increase in microcracks in epoxy-coated TS and
hybrid yarn-based TP specimens. In TP-based FRCM specimens, hybrid yarns fail
through a combination of fibre fracture and pull-out, with warp yarns bridging to
prevent the full separation of the FRCM plate.

Thermoplastics (TP) offer superior energy absorption, while resin coating enhances
load-bearing capacity, enabling higher flexural loads and deflection. Parent basalt
fabric fails entirely through fibre fracture, while hybrid TP composites fail via fibre
fracture and pull-out, with fabric bridging preventing full separation. TS composites
resist complete rupture, maintaining strong mortar bonding. Images show finer
microcracks, improved crack distribution, and reduced spacing with epoxy-coated TS
and hybrid yarn-based TP fabrics.

Under flexural loading, unreinforced PC and PP-FRC specimens exhibited failure
through single major cracks, whereas FRCM specimens (reinforced with basalt TP

fabric composite) demonstrated fibre rupture, pull-out, and the formation of multiple
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fine cracks. Increasing the number of fabric layers improved crack distribution and
reduced crack spacing. Specimens with 4 and 6 fabric layers displayed fabric
bridging, which prevented complete separation and significantly enhanced
performance.

The influence of mesh opening sizes (10 mm x 12 mm and 6 mm x 7 mm) on the
flexural behaviour of basalt hybrid yarn-based TP fabric composite-reinforced FRCM
specimens indicates that, regardless of mesh size, the failed specimens exhibited fibre
fracture, pull-out, fabric bridging, and fine microcracks along the width, effectively

preventing complete separation.

Recommendations for Future work

This study focused on comparing the mechanical performance of hybrid and non-
hybrid yarn-based FRCM specimens. Future research could explore the durability,
thermal performance, and fire resistance of these materials.

In this study, DREF spinning, braiding, and cabling methods were used to produce
hybrid yarn. Investigating other hybrid yarn manufacturing methods and their
suitability for FRCM specimens would be valuable.

Further research could investigate the mechanical performance of FRCM specimens
using other thermoplastic fibres such as PLA, PE, and Nylon in hybrid yarn
structures.

Additionally, developing and analysing numerical models based on hybrid and non-

hybrid yarn-based FRCM could provide deeper insights into their performance.
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