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Abstract

Textile-reinforced concrete (TRC) is an alternative class of mechanical reinforcement for
cement composites. The biaxial braided reinforcement structure in composite materials
with diverse cross-sectional shapes offers high adaptability, torsional stability, and resis-
tance to damage. In general, 3D textile reinforcements improve the mechanical properties
of composites compared to 2D reinforcements. This study aimed to verify reinforcement
behavior by comparing multidimensional braided textiles, 2D (one- and two-layer) rein-
forcements, and 3D reinforcement in composite cementitious boards. Experimental tests
were performed to evaluate the effect of textile structures on cementitious composites using
four-point bending tests, porosity measurements, and crack patterns. All textiles showed
sufficient space between yarns, allowing the matrix (a commercial formulation) to infiltrate
and influence the composite mechanical properties. All composites presented ductility
behavior. The two layers of 2D textile composites displayed thicker cracks, influenced by
shear forces. Three-dimensional textiles exhibited superior values in four-point bending
tests for modulus of rupture (7.4 £ 0.5 MPa) and specific energy (5.7 £ 0.3 kJ/ m?). No
delamination or debonding failure was observed in the boards after the bending tests. The
3D textile structure offers a larger contact area with the cementitious matrix and creates a
continuous network, enabling more uniform force distribution in all directions.

Keywords: textile reinforced concrete; cementitious composites; epoxy coating; 3D textile;
braided textile; crack pattern; boards

1. Introduction

Savings in concrete use constitute an environmental advantage by reducing
COy-equivalent emissions [1]. For this reason, many opportunities and challenges related
to raw materials have emerged in the civil construction sector, such as recycled concrete
aggregates, filler substitution, CO, treatment, and even textiles [2]. Textile-reinforced
concrete (TRC) is an alternative mechanical reinforcement for cement composites [3-7].
TRC requires less cement cover than steel reinforcement, enabling slender, lightweight
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products. Since it is focused on prefabrication solutions, precast boards allow savings
in the following: (1) concrete consumption (60-85%); (2) embodied energy of building
components (cost reduction related to production, transportation, and application); and
(3) end-of-life waste (nearly 60%) [8,9].

The mechanical properties of TRC are affected by its design parameters, which are still
not well-established [10]. Some studies have addressed issues related to textile reinforce-
ment geometry [11-16], fiber-to-matrix bonding performance [17-20], processing [21], and
long-term performance [22-25].

Current and future trends of research in reinforcements of TRC encompass the fol-
lowing: improving the bond between textile and concrete matrix (profiling of the rein-
forcement, impregnated textile cured in concrete, or mineral impregnated); improving
the drapability of textiles (adapting curved elements, thermoset-impregnated textile, or
thermoplastic-impregnated textile); novel manufacturing methods (robot-based manufac-
turing methods, adaptive molds with pin-type tools, additive manufacturing of concrete,
or anisotropic fibers); the integration of additional functions (sensory monitoring or energy
harvesting); and increasing sustainability (recycled carbon fibers or the separability of
textile concrete) [26].

In this experimental study, to mitigate insufficient bonding between textile reinforce-
ment and the concrete matrix [26-28], and due to the matrix’s being unable to penetrate
the large yarn cross-section, profiling strategies such as resin impregnation to bind in-
ternal filaments (reducing inter-filament friction) [29,30] and surface modification, an
additive wrapping with a helix structure may enhance stress transfer from the fibers to
the matrix [26,31].

The importance of suitable textile geometry is directly linked to its load-carrying
capacity in relative tension to the reinforcement ratio, as the matrix typically fails first and
does not directly contribute to the composite strength [10,25]. Many textile structure effects
on the matrix can influence mechanical properties. Specimens subjected to mechanical tests
often exhibit cracks. These failure modes provide evidence of issues related to the textile,
matrix, or interface. These textile-reinforced concrete modes are influenced by various
textile effects, as demonstrated by the surfaces of composite specimens (specifically the
side areas) after bending tests. They can be categorized as fiber rupture, fiber pullout,
debonding, delamination, interlaminar shearing, concrete crushing, and shear [32-34].
Additionally, cracks observed on the bottom of the specimen can reveal the efficiency of
textile reinforcement, as indicated by crack size, distance, and distribution [35,36].

Non-metallic textiles coated with a polymer improve their stability [34]. They behave
like a yarn with multiple layers of filaments, forming a single unified reinforcement in
which stress is evenly distributed throughout the yarn [37,38]. The main requirements for
impregnated polymer on TRC include changes to Young’s modulus, inner and outer bond
behavior, fire resistance, and a protective barrier against chemical attacks of alkalis from
cementitious matrix chemical composition [29].

In bidirectional textiles (with yarns in two orthogonal directions), only the fibers paral-
lel to the main longitudinal axis are subjected to tension. In contrast, the remaining spaces
between the fiber yarns or the steel surface (tailored surface) allow some mechanical inter-
lock between the reinforcement and the matrix [34]. However, the primary accountability
for bonding lies in the textile structure, as the textile surface is relatively flat. Hence, the
space between yarns (in fabrics) must be sufficiently large to allow the matrix to penetrate,
thereby generating interlocking [4,34,39-41].

Recycled fibers (2-6 cm in length) agglomerated into nonwoven textile reinforcements
have become an effective means of mitigating the brittleness of unreinforced concrete.
However, challenges remain regarding fiber collapse due to alkali-induced mineralization
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in the cementitious matrix, as well as the presence of voids resulting from water absorption,
especially under accelerated aging conditions [42,43]. Another study reported that, in TRC
with six layers of nonwoven flax at new age (28 days), bending tests achieved a maximum
tensile strength of 7 MPa and a toughness of >40k]/ m?2. However, after dry-wet accelerated
aging, these properties decayed 48% and 85%, respectively. By partially replacing Portland
cement with silica fume (30%), flax’s TRC lost only 20% of its toughness [44].

A biaxial braided structure is formed by intertwining two sets of yarns or two yarn
systems running in opposite directions. This kind of reinforcement in composite materi-
als with diverse cross-sectional shapes permits high adaptability, torsional stability, and
resistance to damage [45,46]. Compared to traditional yarns, braids can improve impact,
tensile, and flexural properties [47]. Fiber-reinforced polymer (FRP) containing grid and
chopped polyethylene fiber (2%) can also exhibit multiple cracking behaviors, resulting
in an intense interfacial shear stress concentration along FRP reinforcement, and a high
ultimate load [48].

Generally, three-dimensional (3D) textile reinforcements for cementitious composites
have improved mechanical properties compared to two-dimensional (2D) materials [49-51].
Non-crimp 3D orthogonal weaving processes and technologies using automatic machines
can produce layers of yarns (in the “x” or “y” direction), stitched in the “z” direction,
which exhibit low waviness [52,53]. On the other hand, these machineries still have
limited availability. Some studies have discussed 3D TRC, including its production us-
ing different technologies, such as warp knitting (mesh), employed initially for sporting
applications [50-52], or fabric hand-layup sewing [15,21,54,55].

This study aimed to create 2D and 3D textile structures using sisal/PET braided yarn
coated with epoxy resin. These textile structures were then used to assess the impact
of multidimensional reinforcements on cementitious board composites. The evaluation
involved mechanical four-point bending tests, physical tests, and crack pattern analysis. In
this study, a commonly formulated commercial mortar was used as a matrix. The primary
focus was to investigate the specific effect of textile reinforcement, exploring its geometry,
load-bearing capacity, and failure modes.

2. Materials and Methods
2.1. Materials

Textile reinforcement consists of a sisal/PET braided yarn (Figure 1), which was
previously developed, made by 15 external single polyester HT yarns (45 Tex) and one
thicker binder yarn to enhance bonding between textile and matrix [56], evolving a sisal
core (1100 Tex, Santanders, China). The sewing black line used to make 3D fabric was
polyester (20/3 Ne, Petic, Valfios, Portugal). The coating is a partly (37%) natural source,
a green epoxy coating (SR Green Cast 160 and SD7160 in a 100/42 (w/w) ratio, Sincomin,
Pluguffan, France), with the following properties: a module of rupture of 2150 MPa, a
maximum strength of 38 MPa, and an elongation at break of 15% (data provided by the
supplier). A commercial mortar (AAM10, Cimpor, Alhandra, Portugal) was applied as a
matrix. It is based on Portland cement (CEM II/A-L 42,5 R), limestone filler, and hydraulic
lime (HL 5), with the main component being a blend of Portland cement/limestone filler,
meeting the manufacturer’s specification: compression > 10 MPa (the compression test
is described in Section 2.2.2). Its average density is 1.5 g/cm? with an average particle
diameter of 0.8 mm (80% between 0.002 and 1.5 mm and <3 mm). It was carried out with
a particle size distribution analyzer with a laser diffraction system (Partica LA-950-V2,
Horiba, Kyoto, Japan).
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Figure 1. Sisal/PET braided yarn structure, sisal yarn in the core and 15 external single polyester
plus one thicker binder yarn to improve bonding textile-matrix.

The adhesion of epoxy-coated sisal/PET braided yarn and mortar was previously
measured by a single-sided pullout test [57,58]. Slippage samples (65 mm) presented an
average maximum load of 471 &= 29 N (6%) [31]. The remarkable effect of this material was
toughness, with high values observed. The force up to the initial bonding was 342 N.mm
(CoV =21%), and until the peak load was 2100 N.mm (CoV = 35%), comparable to carbon,
glass, or steel (2224, 1588, and 2772 N/mm, respectively) [59,60].

2.2. Matrix Characterization
2.2.1. Slump Test

The Slump test-BS EN 12350-2 uses a reference value of 170 mm to determine consis-
tency. The test involves a mold measuring 60 mm in height and tapering from a 100 mm
base to a 70 mm top diameter. Two layers are formed: the first is filled halfway and sub-
jected to 10 taps, followed by the second layer, which is also subjected to 10 taps. After 15s,
the mold is removed, and a mechanical jolt is applied 15 times at 1 per second, followed by
immediate diameter measurement in two directions [61].

2.2.2. Compression

To verify the supplier’s specifications, the commercial mortar was characterized in
accordance with masonry application standards (BS EN 1015-11, 2019) [62]. Compressive
strength tests were conducted using a Universal Testing Machine (LR50kPlus, LLOYD
Instruments, Ametek Company, Largo, FL, USA) equipped with a 50 kN load cell at a
compression rate of 0.01 mm/s. Three specimens, each approximately 40 x 40 x 160 mm,
were cast in iron molds and vibrated to eliminate air/voids. After 24 h, the samples were
demolded, sealed in plastic bags, and thermally cured for 7 days at 65 °C. A compression
test previously validated the thermal curing method using the same mortar. A comparison
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with the curing method, which involved curing for 28 days at 20 °C and 65% humidity,
yielded similar results in the compression and three-point flexural tests, suggesting that the
methods are interchangeable [31].

2.2.3. X-Ray Diffraction Analysis

X-ray diffraction (XRD) was applied to determine the hydration products formed in
the matrix employing an X-ray diffractometer Rigaku Miniflex 600, Tokyo, Japan, with
CuKax radiation generated at a voltage of 40 kV and a current of 30 mA, which was used to
scan the samples between 5° and 75° 26 at 2° /min.

2.3. Textile Properties

Braided yarns, manually coated with green epoxy (SR Green Cast 160 and SD7160 in a
100/42 (w/w) ratio, Sincomin, France), were tested according to the adapted standard ISO
2062 for the determination of single-end breaking force and elongation at the break using a
constant rate of extension [63].

Textile 2D and 3D Reinforcement Structures

Generally, the optimal distance between yarns is 8-30 mm [34]. For thicker yarns, such
as epoxy-impregnated carbon were all categorized as heavy tow (>2400 Tex) textiles, with a
diameter of 8-17 mm and a distance between rolls of 21-38 mm [30]. Another study used
a carbon/PES braided textile upper with 3200 Tex (diameter > 5 mm) and a spacing of
25 mm [64], or PVA filaments with 1650 Tex and a grid of 12 X 9 mm. For the definition
of fabric structure and yarn spacing, a distance of 10 mm between rolls in the mold was
stipulated, despite a smaller diameter of 2.7 = 0.2 mm and a high value of 2580 Tex [40,63].
The fabric structure is crucial to avoid high-tension points in plain woven textiles; hence,
the new fabric is based on the Malimo structure, in which yarns overlap without crimping,
thereby preventing premature failure (Figure 2) [65].

Figure 2. Schematic design of Malimo’s structure of three-dimensional fabric, where yarns are
propped up one over the other and joined by sewing and epoxy resin.

Two-dimensional (2D) and three-dimensional (3D) fabrics were constructed, according
to previous studies [21,55], with two layers of 2D fabrics sewn together using a PET black
line in an interlocked orthogonal arrangement, to demonstrate the function of the stitching
and the effect it has when fibers are oriented in the z-direction in the reinforcement. The
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textiles and casting molds were designed in AutoCAD 2023 (Autodesk Inc., San Francisco,
CA, USA) and prototyped in extruded acrylic using laser cutting (Figure 3a). The mold
allowed the yarns to be placed and stretched uniformly, maintaining consistent spacing
and positioning the textile along the composite board (Figures 3b,c and 4c).

Figure 3. Textile 2D and 3D reinforcement construction: (a) acrylic laser cutting for textile and casting

molding; (b) 2D textile development into casting molding; and (c) 3D textile structure.

(b) ©)

Figure 4. Composite processing: (a) schematic design of composite reinforced by 1T (one layer of 2D
textile) (above), 2T (two layers of 2D textile) (middle), and 3D (one 3D textile) (below), (b) composite
molding-insertion of mortar into the mold with textile material inside, and (c) 1T board after curing.

After construction, all samples were coated with a bicomponent epoxy resin
(Cast 160 and SD7170SR) at a 100/42 (w/w) ratio. The application process involved
manually brushing the resin onto the braided textiles. The samples were then allowed
to dry for 48 h at room temperature, followed by curing in an oven at 60 °C for 16 h [66].
The final distance between the yarns after coating was 8 mm x 8 mm. This spacing pro-
vides adequate openings for matrix interlocking, which can help enhance the ultimate
tensile strength [40,67].

2.4. Composite Processing

Two boards of each type of composite were made in three configurations of
TRC (Figure 4a): 1T (one layer of 2D textile, Figure 4a above and Figure 4c),
2T (two layers of 2D textile) (Figure 4a middle), and 3D (one 3D textile) (Figure 4a below).
Textile structures were placed in the mold along the edge, with a 5 mm height separation
between layers from the bottom, except for the 1T configuration, which had the most
excellent mortar height above the textile to ensure all samples had a total height of 22 mm.
All mold pieces were sealed with rubber to prevent leakage. To create the composite boards,
208 g of water (determined by the slump test) was mixed with 1600 g of mortar. The matrix
was poured (Figure 4b) into each of three casting molds (200 x 200 x 22 mm) with the
positioned textiles, and the molds were vibrated for 2 min in each mortar layer to remove
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air/voids. Two additional boards of the same size (22 mm) were molded without reinforce-
ment for comparison. Each TRC board was then cut into four specimens (approximately
200 x 40 x 22 mm) using a water-cooled diamond saw for mechanical and physical testing.

2.5. Composite Characterization
2.5.1. Physical Tests

Water absorption (WA), bulk density (BD), and apparent void volume (AVV) of
fabric—cement composites were determined according to ASTM C-948-81 [68] and
calculated using Equations (1)—(3) [68].

o\ _ Msat — Mdry
WA (%) = 7Mdry 1)
Mdr
3\ _ Y
BD (g/cm ) - Msat — Mi @
o\ Msat — Mdry
AVVR) = N i ®

where M is the mass immersed in water; Mg is the mass of the saturated specimen with a
dried surface; and My, is the total dry mass of the specimen after 24 h in an oven at 105 °C.

2.5.2. Four-Point Bending Test

A four-point bending test was performed to evaluate the mechanical performance of
the fiber—-cement textile reinforcement. The test was carried out on a servo-hydraulic testing
system adapted for four-point bending tests, employing specimens (160 x 40 x 22 mm)
with a minor span of 45 mm and a significant span of 135 mm, at a loading rate of
1.5 mm/min. A universal testing machine with a 25 kN load cell, a 6 mm range, and
a 2 um sensitivity LVDT (Linear Variable Differential Transformer) was used. The modulus
of rupture (MOR), the limit of proportionality (LOP), the modulus of elasticity (MOE), and
specific energy (SE) were calculated, respectively, following Equations (4)-(7) [69,70]:

[3Pmax(Linf - Lsu,,)}

MOR = SR (4)

LOP — [3P10p (zi;n;fl‘z— Lsup)] (5)
276.13

MOE = [(1<296. wh.lfh)ﬁ')] (?) ©)

SE = [(hlw)} ./(5)115 @)

where Py is the maximum load (N); L;ys is the major span between the supports (mm);
Lsyp is the minor span between the two loading points (mm); w and h are the com-
posite width (mm) and height (mm), respectively; P}y, is the load at the upper point
of the linear portion of the load-deflection curve (N); P is the load (N); and ¢ is the
deformation (mm) [71,72].
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3. Results and Discussion
3.1. Matrix Characterization

To achieve the diameter of 170 mm at the slump test, the relation of water: matrix
was 1:7.7 (w/w). The mortar compression test after 7 days of thermal curing (11 £ 1 MPa,
C.V. of 4.8%) confirmed the supplier’s specified value (>10 MPa).

The inorganic matrix phases by X-ray diffraction (XRD) analysis were present
in the cementitious composites, the diffraction peaks corresponding to Portlandite
(Ca(OH);) (ICSD-15471), Calcite (CaCOs3) used as filler in the inorganic binder formulation
(ICSD-40052), and Alite (ICSD-64759) (Figure 5). The presence of Portlandite peaks is at-
tributed to the hydration reactions of Portland cement, leading to the formation of calcium
hydroxide (Ca(OH);). Furthermore, the XRD pattern also reveals residual Alite phases even
after exposure to water. This observation suggests that some Alite crystals were incom-
pletely hydrated during paste mixing. Consequently, this may indicate a potential delay
in the development of mechanical strength following hydration. The formation of C-S-H
(Calcium Silicate Hydrate) is the primary mechanism for strength gain in cementitious
materials, and its formation is dependent on complete Alite hydration [73]. Moreover, the
intensity of the Calcite diffraction peaks suggests a high degree of atomic order within the
filler material. This highly ordered structure contributes to Calcite’s low reactivity kinetics
when interacting with Portland cement and water in the composite matrix.

: —— OFC

1
20 30 40 50 60

Figure 5. XRD pattern of the inorganic binder used as the matrix in the mortar production. Portlandite
(P), Calcite (C), and Alite (A) peaks.
3.2. Textile Properties

The mechanical properties of epoxy-coated sisal/PET braided yarn are presented
in Table 1.
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Table 1. Physical and mechanical properties of coated sisal/PET braided textile: count number (Tex),
thickness (mm), tensile strength (N and MPa), strain to failure (%), Young’s modulus (N/Tex) (values
expressed as average, standard deviation, and coefficient of variation). Source: the authors.

Count Thickness Tensile Tensile Strength Strain-to- Young’s Modulus

Number (Tex ) (mm) Strength (N) (MPa) Failure (%) (N/Tex)

) 2.7 492 £ 52 172 £ 18 12+4 41+03
Sisal /PET 4670 (8%) (11%) (10%) (33%) (7%)

. . 171 £ 40 } 4+1 27+£03
Sisal 1100 (23%) (25%) (11%)

) 32+ 6 ) 2244 19402
PES HT 55 (19%) (18%) (10%)

2 = Tex = weight (g)/1000 m.

According to the Table 1 values, the epoxy-coated sisal/PET braided yarn presents a
relatively thicker diameter (average of 2.7 mm), higher elongation at failure (12 £ 4%), and
superior strength capacity (492 £ 52 N) than traditional textile yarns (Table 1, sisal or PET).
This is due to its braided structure, which provides a higher load-bearing capacity for this
method, analogous to rope production [46,47].

3.3. Composite Characterization
3.3.1. Physical Tests

The physical tests of composite specimens are presented in Table 2.
Table 2. Physical tests of water absorption (%w/w), bulk density (g/cm?), apparent void volume

(%v/v), mortar (M), 1T (1 layer of 2D textile), 2T (2 layers of 2D textile), and 3D (1 layer of 3D textile)
(values expressed as average, standard deviation, and coefficient of variation). Source: the authors.

Water . Apparent
Sample Absorption B“I(l;/?;g')s ity Void Volume
(Y%wlw) (%vlv)

11.0 £ 0.3 1.97 + 0.01 21.6 £ 0.6

M (3%) (1%) (3%)
114+ 04 1.95 + 0.01 222+ 0.6

1T (4%) (1%) (3%)
123+ 04 1.85 £ 0.02 22.7 +£07

2T (3%) (1%) (3%)
118+ 0.3 1.90 + 0.01 226+ 0.6

3D (3%) (1%) (3%)

The results in Table 2 are similar for water absorption, bulk density, and porosity. The
low coefficients of variation (ranging from 1 to 4%) are also remarkable. This indicates
the uniform composition of the specimens, which employed the same mortar and coated
braided textile. This uniformity is essential, as it demonstrates the accuracy of sample
preparation and the practical application of the coating.

In another study reported in the literature, polypropylene/flax braided yarn pre-
sented a higher maximum load (172 N) and tenacity (8 cN/Tex) than co-wrapped yarn
(102 N and 7 cN/Tex, respectively) [74]. With the braided yarn in the TRC with 15 filaments,
one braided relief of polyester externally, and glass in the core, it formed a braided yarn to
control damage to the masonry fillings, and cracking of the mortar was reduced, showing
an improvement in the lateral drift resistance of 3% and an increase of 51% in energy dissi-
pation capacity [75]. At the core, basalt, AR-glass, carbon roving, and PP were compared
with each other to build a new braided yarn, with three distinct core raw materials tested



Textiles 2025, 5, 70

10 of 19

in four-point bending; flexural strength and toughness increased by approximately 19%
and 143%, respectively [14].

3.3.2. Four-Point Bending Test Analysis

Typical curve—effect of sisal/PET braided textile.

The typical bending stress curve shows the sisal/PET braid textile reinforcement
behavior of a 1T (one layer of 2D textile) composite structure, as shown in Figure 6. In
TRC materials, Zone I is the elastic, or pre-cracking, zone. It is driven by the cementitious
matrix, where bending loads act directly on it and, therefore, it reaches its ultimate strength,
which in this graph is 2.7 MPa. Brittle and rigid matrices tend to fail suddenly at this
stage. In Zone II, from the start of the curve, the first and second cracks occurred at the
bottom of the matrix; after the cracks, the flexural stress dropped suddenly, indicating
matrix behavior. However, after the crack event, the textile reinforcement acts, allowing the
composite to strain-harden due to frictional forces, pull-out, and yarn elongation. Its stiff-
ness depends on reinforcement properties, fiber volume, and the matrix—fiber bond. [76,77].
The strain-hardening event continues as the load is continuously applied, surpassing the
drop in resistance. In Zone III, where the existing cracks advance until the ultimate stress is
reached, the observed flexural stress values in this region are related to the yarn’s strength
and strain capacity under the applied loads [78]. The last zone, Zone 1V, is related to
failure, or debonding. In this stage, the textile also acts after the post-peak (maximum load),
and the existing cracks widen until the fiber’s tensile strength is reached, at which point
the composite completely fails [79]. It is the strain-softening of the composite when the
reinforcement no longer supports the applied load. It is not explicit in the graph, because
the test ends before complete failure, and the LVDT had a limit of extension (up to 6 mm),
not reaching the failure or debonding moment.

T T T T T T T r 1200

~ 1000

~ 800

—~

L 600 <

Load

- 400

Flexural Stress (MPa)

~ 200

T T T T T T T

0.00 0.01 0.02 0.03 0.04
Specific Deformation (mm/mm)

Figure 6. Typical mechanical four-point bending test behavior response of sisal/PET braided TR-1T

(one layer of 2D textile) composite structure, including the main behavioral stages (I-IV): I (elastic),

II (onset of cracking), III (the ultimate stress), and IV (failure).

3.3.3. Effect of Multidimensional Reinforcement

Regarding the multidimensional TRC effect, samples were evaluated using flexural
stress-specific deformation curves. In Figure 7, 1T (1 layer of 2D textile) is expressed by the
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black line, 2T (2 layers of 2D textile) by the red line, 3D (1 layer of 3D textile) by the blue
line, and M, in green, representing only the mortar. These composite behaviors (as shown
in Figure 7, where average values are represented) exhibit a trend similar to the typical
bending stress curve (Figure 6). Zone I is identified as the pre-cracking zone, influenced
by the matrix’s modulus of elasticity [80]. As noted in Table 3, this similarity in the data
on the matrix’s elasticity was confirmed by ANOVA and the Tukey test. However, high
standard deviations were observed, with the results being governed by the properties of the
mortar, which also exhibited considerable variation in its elastic modulus values, probably
influenced by the high amount of limestone filler. As expected, the fragile mortar matrix
fails at the first crack without reinforcement (Figure 7, green line).

Flexural Stress (MPa)

0 T T T T T T 1
0.000 0.015 0.030 0.045
Specific Deformation (mm/mm)
(a)
1400 -

Force (N)

0 T T T T T 1
0 2 4 6

Displacement (mm)

(b)

Figure 7. Curves representing average (b) values of force (N) vs. displacement (mm), (a) values of
flexural stress (MPa) vs. specific deformation (mm), of sisal/PET TRC composites after 7 days of
thermal cure: 1T (1 layer of 2D textile) (black line), 2T (2 layers of 2D textile) (red line), 3D (1 layer of
3D textile) (blue line), and M representing only mortar (green line).
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Table 3. Mechanical properties of four-point bending tests of the composites” modulus of elasticity
(MPa), limit of proportionality (MPa), modulus of rupture (MPa), and specific energy (kJ/ m?): mortar
(M); 1T (1 layer of 2D textile); 2T (2 layers of 2D textile); and 3D (1 layer of 3D textile) (values
expressed as average, standard deviation, and coefficient of variation). Results were statistically
analyzed using a completely randomized design to compare means, and the Tukey test was used at
the 0.05 significance level.

Modulus of Limit of Modulus of Specific
Elasticity Proportionality Rupture Energy
(MPa) (MPa) (MPa) (kJ/m?)
1035 + 191 24+03 24403
M (18%) (12%) (12%)
- 1156 + 1212 264032 62+06° 484+03b
(10%) (12%) (10%) (6%)
- 1137 + 3372 244032 5.6+ 1.0b¢ 414050
(30%) (13%) (18%) (12%)
- 1374 4+ 3712 1.9 + 0.3 abe 74+052 5.7+032
3 (27%) (16%) 7%) (5%)

b ¢ Different lowercase letters in the lines indicate statistical difference by Tukey test (p < 0.05); the same letters
do not differ significantly from each other.

In Zone II, all composites with multidimensional reinforcements (1T, 2T, and 3D)
showed a similar trend: cracks developed until the reinforcement fabric began to act,
at which point the flexural stress capacity increased. Among the composites, the 2T
curve exhibited lower strain-hardening than the 1T and 3D curves, likely due to its lower
material stiffness [81]. Meanwhile, 3D featured multiple coated sewing lines, and 1T had a
thicker matrix.

Zone Il marked the stage at which cracks began to propagate through the composite,
and the flexural stress reached its maximum. The 3D reinforcement showed the highest
flexural stress (7.4 = 0.5 MPa), although 1T and 2T reached similar MOR (6.2 &+ 0.6 MPa
and 5.6 £ 1.0 MPa, respectively), as confirmed by ANOVA and Tukey analysis. Finally,
in Zone 1V, following the modulus of rupture, the flexural stress for 1T and 3D samples
remained stable on a plateau, despite varying stress levels, whereas 2T experienced a curve
decline (Figure 7a).

Generally, after the initial crack, the textile begins to work as a reinforcement. Both
2D and 3D textiles provide similar reinforcement (Figure 7a). However, the 3D textile is
22% higher in flexural stress (modulus of rupture of 7.4 £ 0.5 MPa—Table 2) and 20%
higher in specific energy (5.7 = 0.3 k] /m?>—Table 2) compared to the 1T sample. However,
this increase was not proportional. Despite the 3D textile containing at least twice as many
yarns, the flexural stress did not double.

TRCs were compared with polypropylene fiber additions (0.7 and 1.3%) using a fly
ash matrix [53] in a four-point bending test (28 days, thickness of 15 mm). Even though
stiffer 3D AR-glass textiles (mesh size 22.5 x 22.5 mm), connected through polyester yarn
and treated with an SBR-coating, was used, 3D, 3D-0.7%, and 3D-1.3% presented the first
crack load (164 £ 10 N, 148 £ 6 N, and 143 £ 6 N) and an ultimate load (405 £ 40 N,
472 £ 38 N, 556 + 26 N) at around 40 mm (displacement), respectively. This indicates that,
even if the first crack load and ultimate load of 3D were lower than those in this study
(305 N and 1339 N, Figure 7b), the displacement was higher, leading to an increase in
specific energy; in addition, the dispersed fiber assists in increasing the ultimate load. In
another study, matrix with slag with three or five multilayers of commercial 2D kenaf
fabrics (3 x 3 mm) TRC were compared by four- point bending test (28 days): the first crack
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load (1058 + 30 N, 1109 + 12 N, and 1215 + 310 N) and ultimate load (150 4+ 30 N, and
368 £ 10 N) at around 2 mm presented limited tenacity and an abrupt drop of load [82].

One contributing factor is the textile’s position on the board. In the 1T specimens,
the textile was positioned 5 mm from the bottom. This position is considered optimal for
action because the bottom is in the tensile zone. In contrast, the 3D textile was positioned
in the middle of the board, with reinforcement distributed across the bottom (tensile zone),
middle (neutral zone), and top (compression zone), where the region between the bottom
and neutral line (middle) provides the most significant influence on bending resistance
to stress.

This effect of textile position on flexural strength was based on this study, that the
maximum flexural strength of 24 MPa was achieved with the HY carbon sample reinforced
at 3 mm (left image of Figure 7). In this sample, the strength was four times greater than
without reinforcement. In contrast, reinforcement at 5 and 10 mm increased strength by
four- and three-fold, respectively [14].

Additionally, the decrease in 2T’s properties may be attributed to the absence of
interlayer connections. Evidence supports this property reduction in the crack patterns
shown in Figure 8c,d. The presence of more prominent and thicker holes, indicative of shear
cracks (perpendicular to the applied force, as shown in Figure 9a) [34,83,84], is evident
above the 2D textile layer, particularly in the 2T specimen (Figure 8d). This observation
can be linked to the reduction in properties, noticeable towards the end of the test when
the fibers are actively functioning as reinforcement. To mitigate the reduction in bending
capacity caused by two fabric layers, it is common to add bond anchors [32]. Although the
1T TRC also exhibited similar failure patterns, these were thinner (Figure 8b). Such cracks
are commonly observed in the excessive flexural strengthening of TRC [21,34].

Figure 8. Comparison of crack patterns on TRC with multidimensional reinforcement. 1T (1 layer of
2D textile) (a) bottom view, (b) side view; 2T (2 layers of 2D textile): (c) bottom view, (d) side view;
3D (1 layer of 3D textile): (e) bottom view, (f) side view.

Comparing crack behavior among multidimensional samples, the 3D samples exhib-
ited well-distributed cracks scattered across the boards (Figure 8a) and a greater number of
cracks than the 1T samples (Figure 8e). In contrast, the 2T samples showed a more concen-
trated pattern of cracks in the center (Figure 8c). The cracks in the 3D samples, observed
on the side of the board during the four-point bending test, were also well-distributed
and did not exhibit shear cracks. Instead, concrete crushing was observed (in the middle
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of Figure 8, similar to Figure 9b). Concrete crushing is typically associated with preventing
debonding propagation [34].

|| Shear failure L Concrete crushing
Dz [ =
o 1 // //,/ j// /. "’ | ‘.‘\ \ \ \.\\ \ l
(a) (b)

Figure 9. Schematic of failure modes of TRC: (a) shear failure, (b) concrete crushing. Adapt from Ref. [34].

It is important to highlight that the primary failure modes of TRC are typically caused
by textile slippage, resulting from the separation of the matrix and textile due to incomplete
bonding, slippage, or delamination [85]. This issue is particularly pronounced in the
1T configuration samples, where the textile is positioned near the bottom of the board.
Inadequate bonding in the TRC can lead to additional failures such as textile rupture, textile
pullout, debonding, interlaminar shearing, or peeling of the concrete [32,34]. However, in
the present study, none of the evaluated composites exhibited these failure modes.

3.3.4. Three-Dimensional Braided Textile Reinforcement Effect

Three-dimensional TRC identified two adverse effects of their reinforcement compared
to 2D TRC. First, stiffness increases but has no significant consequence on the flexural re-
sponse, and second, there is a higher ultimate load in the flexural test. Four different layouts
of composites with two planar layers and four other fabrics with the same planar connected
through transversal polyester (0.3 mm) were compared. All textiles were SBR-coated, and
the raw materials used were two different glass fabrics and another carbon fabric. The
flexural response showed a post-cracking stiffness increase of 21% to 28% compared to their
2D equivalents, but this increase was not observed in the tensile experimental response [81].

On the other hand, another report comparing almost the same carbon structure
(1600 Tex and distance between yarns) of two layers of 2D and 3D fabrics, only joined
by carbon 1600 Tex, all of them coated by epoxy resin, applied to composite beams with
100 x 100 x 400 mm dimensions, showed that the 3D structure obtained better mechanical
properties in the four-point bending test (ultimate load of 34 & 3 kN and 26 + 2 kN), but
similar modulus of elasticity and elongation [21].

Three-dimensional collaborative textile-reinforced self-stressing concrete (TRSSC) was
calculated using a finite element model based on elastic mechanics to simulate cracking
load and deflection. The theoretical calculations aligned with their experimental results. To
obtain experimental data, 3D TRSSC and 2D TRSSC were subjected to a four-point bending
test, and the effects of different textile forms on the bending mechanical properties of the
specimens were investigated. Collaborative fiber could effectively improve the working
performance of plane textiles by increasing 3D self-stress and coordinating the deformation
of layered textiles. The stress of the collaborative fiber could be obtained from geometric
analysis of the textile’s deformation, since the specimen was already in large deformation
when it was damaged. Then, the improvement of the ultimate load of 3D TRSSC relative to
2D TRSSC could be analyzed. According to this report, the addition of the collaborative
fiber significantly ameliorated the bending performance of the beam. Compared to the
2D TRSSC, the cracking load increased by 40%, the cracking deflection increased by 35%,
the cracking toughness index increased by 93%, and the ultimate load increased by 34%.
The mediation of the collaborative fiber on the internal force of textiles was determined
by analyzing the geometric relationship of the collaborative fiber’s deformation. It was
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calculated that the addition of collaborative fiber increased the ultimate bending moment
of the 3D collaborative textile by 45% compared with that of the 2D textile [21].

Cementitious composites with 3D textile structures exhibit superior performance com-
pared to those reinforced with other types of reinforcements, due to the unique properties
of the three-dimensional structure. In this manner, as evidenced by the results of the present
study, the use of 3D textiles also positively affects the mechanical properties of the TRC.

The 3D textile structure has a higher surface area in contact with the cementitious
matrix than other reinforcement types, forming a continuous network throughout the
composite and allowing stresses to be distributed more evenly in all directions. This
enhances load distribution and improves crack resistance. The network can bridge cracks,
preventing their growth and leading to a more ductile failure mode. This contrasts with
traditional reinforcements, where cracks may propagate more easily in directions not
aligned with the reinforcement. The 3D textile structure can absorb and dissipate energy,
helping increase the toughness and ductility of the composite, making it more resilient
under loading. Moreover, it has a greater surface area in contact with the cementitious
matrix than other reinforcement types. This larger surface area enhances bonding between
the reinforcement and the matrix, leading to better stress transfer and improved overall
composite performance. Finally, unlike 2D reinforcements, which mainly reinforce the
composite within a plane, 3D textiles provide through-thickness reinforcement. This is
particularly beneficial in resisting delamination and out-of-plane shear forces, which are
common failure modes in layered composites. The interaction of fibers in the thickness
direction increases the composite’s interlaminar strength, making it more resistant to layer
separation under stress [14,55].

In this way, the novelty of this study was provided by an empirical and mechanistic
comparison between 2D (including a two-layer configuration) and 3D biaxial braided
textiles within the same cementitious matrix and testing framework. This comparison
revealed that the key advantage of the 3D braid is not just higher strength, but its integration,
which mitigates delamination—a critical failure mode for layered 2D reinforcements. The
3D braided architecture provides superior performance through its through-thickness
reinforcement, which creates a continuous network that prevents delamination and ensures
uniform stress distribution, a feature unattainable by simply stacking 2D layers.

4. Conclusions

This study compared 2D and 3D sisal/PET braided textile structures to assess how
multidimensional reinforcement affects the properties of cementitious board composites.
The evaluation involved conducting mechanical four-point bending tests, physical tests,
and analyzing crack patterns, in which the main findings were as follows:

e  Mechanical performance

The 3D textile exhibited superior behavior due to its continuous network and its
larger contact area with the matrix, enabling uniform stress distribution. It achieved the
highest modulus of rupture (7.4 + 0.5 MPa) and specific energy (5.7 + 0.3 k] /m?), while
the modulus of elasticity remained similar among samples, as it is a property more intrinsic
to the matrix.

e  Adhesion and cracking

Epoxy-coated sisal/PET textiles ensured adequate bonding and matrix interaction,
preventing delamination. Crack patterns confirmed better stress transfer in 3D samples,
which exhibited narrower, more distributed cracks than those in 1T and 2T composites.

e Limitations and future work
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Further SEM analyses could provide deeper insight into fiber-to-matrix adhesion,
complementing previous pull-out tests, while additional research is required to evaluate
commercial feasibility.

Further studies should optimize the matrix composition for a specific application
using high early-strength cement (CPV-ARI-ASTM Type III [86]) and optimized cement
admixtures, incorporate chopped fibers for crack behavior control (bridge formation),
assess durability through aging tests, and explore the industrial production of 3D textiles.
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