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3D textile reinforced composite, In this study, a flexible, shape-adaptive, and waterproof cementitious composite was
Flexible cementitious material, developed by integrating 3D textile reinforcement with a specialized waterproofing
Shapejajdapt“’e construction membrane. This study aims to develop a next-generation building material that is
materia;, , . lightweight, ductile, and resistant to bending and tensile forces, while also offering
Dynamic and static tensile . . . . . .
behavior protection against water ingress. During the production process, carefully cut 3D textiles
Bendmg’strength. were placed into wooden molds and fully impregnated with CEM I type white cement,

ensuring complete saturation of the textile structure. A waterproofing membrane was then
applied as a protective surface layer to enhance durability and water resistance. After curing
periods of 7 and 28 days under standard conditions, extensive mechanical testing was
performed, including flexural strength, unit weight measurement, and both static and
dynamic tensile tests on samples sized 30%30 cm and 10x30 cm. The experimental results
demonstrated that despite its lightweight nature (approximately 0.87-0.88 kg/dm3), the
composite achieved a high flexural strength of up to 16.95 MPa and tensile strength reaching
17.92 MPa. Stress-strain analyses revealed a significant energy absorption capacity, with
elongation at break values approaching 30%, indicating excellent toughness. These
combined mechanical and functional characteristics position the developed composite as an
innovative and promising alternative for architectural applications that demand flexibility,
shape adaptability, and resilience against harsh environmental conditions such as moisture
and mechanical stresses.

1. Introduction

Textile-reinforced cementitious composites have gained increasing attention in recent years due to their potential for use in lightweight, form-
adaptive, and durable structural systems [1]. These systems are particularly advantageous in applications such as precast fagade panels, tunnel
linings, architectural shells, and infrastructure repairs, where conventional reinforcement techniques may be inadequate due to weight or
geometric limitations [2]. The integration of textile reinforcements into cementitious matrices allows for the production of thin-section
elements with improved tensile and flexural performance, making them suitable for both structural and non-structural applications [3]. In 3D
textile-reinforced cementitious composites (TRCC), flexibility and tensile strength of textiles complement the matrix’s compressive capacity
[4,5]. Compared to traditional reinforced concrete, textile-based composites can exhibit superior crack control, ductility, and durability [6].
Particularly, 3D textiles offer enhanced mechanical interlocking and matrix penetration, improving composite integrity and post-crack
behavior [7]. Moreover, the flexibility of the textile allows the composite to be formed into complex geometries, which opens up new possibilities
in architectural and civil engineering design [8,9].

However, most existing research on textile-reinforced cementitious composites has focused mainly on conventional mechanical parameters,
while the influence of textile type, structural geometry, and loading conditions on the composite's performance remains underexplored.
Additionally, tensile and flexural behavior in textile concretes is often evaluated using simplified testing approaches, with limited systematic
data available on strain-dependent behavior under static and dynamic loads. In this study, a flexible, shape-adaptive, and mechanically
resilient thin-section cementitious composite was developed using 3D textile reinforcement. The material’s unit weight, flexural strength, static
and dynamic tensile strength, and strain-dependent behavior were thoroughly investigated, highlighting the performance evolution over time.
This study addresses a critical gap in the literature regarding the mechanical characterization of textile-reinforced cementitious systems.
Furthermore, most recent studies have overlooked two important factors that are critical for practical applications in architectural and
infrastructure systems: impermeability and shape adaptation. While existing TRCC systems are structurally efficient, they typically require
additional protective layers or coatings to achieve water impermeability, and their ability to adapt to complex geometries remains limited
without compromising durability performance. In this context, this study presents an innovative approach that directly integrates an asphalt-
based waterproofing membrane with 3D textile reinforcement. This combination not only preserves the mechanical advantages of TRCCs but
also inherently endows the material with waterproofing properties and the ability to adapt to various surface shapes without requiring
additional processing. Thus, by addressing both functional and structural requirements in a single material system, it fills an important gap in
the existing literature and offers a promising solution for applications where mechanical performance, water resistance, and geometric
flexibility must be achieved simultaneously.

In this study, specimens were tested after 7 and 28 days of curing to reveal the time-dependent development of mechanical performance. Unit
weight, flexural strength, static and dynamic tensile strength, as well as the corresponding strain behaviors under different loading conditions
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were analyzed in detail. In this respect, the study provides a comprehensive contribution to the literature by examining not only the ultimate
strength of textile-reinforced cementitious systems but also their deformation capacity, sensitivity to loading rate, and strength development
over time.

2. Testing Process

2.1. Test specimens and properties

The unmodified Portland cement CEM I 42.5R with the properties specified in Table 1 was used as the binder. The selection of CEM I 42.5R
cement was based on its high early strength development and good workability, even at low water-to-cement ratios. These properties offer
advantages for thin-section, shape-adaptive composites that require rapid setting.

Table 1. Properties of cements

Chemical Content (%) Physical Properties

Si02 19,8 Density (g/cm?) 3,07
AlLOs 4,50 Specific Surface (cm?/g) 3593
Fez03 3,12 Initial Setting (min) 165
Ca0 62,8 Final Setting (min) 228
MegO 1,90 Expansion (mm) 1
K20 0,59 Compressive strength, MPa

Naz0 0,34 7 days 36.5
SO3 3,19 28 days 52,2

Eskisehir tap water, whose properties are given in Table 2, was used as the mixing water.

Table 2. Properties of mix water

Chemical Content (mg/l) Physical Properties
Al 0,05 Cu 0,017 Ni 5,07 Conductivity (uS/cm) 628
NO3 11,2 Fe 0,006 K 6,8 Hardness (Fd° 30,11
NH4 0,05 Mn 0,016 As 1,19 pH 7,35

The composite used in production is reinforced with 3D air-permeable textile with a thickness of 6 mm, as shown in Figure 1. The properties of
the 3D air-permeable textile are given in Table 3. The chosen fabric type was selected for its high tensile strength, flexibility, and strong adhesion
to the cement matrix, thereby optimizing both mechanical performance and shape retention.

Figure 1. 3D Textile samples

Table 3. Properties of 3D spacer textiles [10, 11].

. Fineness : o Tensile strength Modulus of Elasticity
Components Materials (dtex) Elongation (%) (MPa) (GPa)
Warp/Weft Polyethylene 339 9.2 443 4.85
yarn_MF
Warp,weft terephthalate
P multifilaments 396 6.1 731 11.39
yarn_SF
Polyethylene
Spacer yarn terephthalate 495 9.8 705 7.23
monofilaments
Volume content of Volume fraction of warp-weft . .
Volume fraction of matrix (-)
spacer yarn (%) yarns (%)
Warp 2.91 0.35 0.23
Weft 2.91 0.35 0.23

A 0.2 mm thick membrane reinforced with PVC on one side and fiber on the other, as shown in Figure 2, was used for waterproofing.
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Figure 2. Appearance of waterproof material

2.2, Testing system and manufactured specimen

Pieces measuring 30 cm x 30 cm and 10 cm x 30 cm were cut from 3D textiles and waterproofing membranes. At least three samples were
produced for each experiment and sample content. The cut pieces of 3D textile were placed inside a wooden mold. One side of the textile is
tightly woven, allowing water to pass through but also retaining it; the other side has a porous structure. When placed in the mold, the tightly
woven surface was brought to the bottom. This is because the aim is to allow cement to enter from the porous surface and prevent it from
passing through to the bottom from the solid surface. CEM I type cement was spread on the textile surface, and a table vibrator was used to
ensure the 3D textile was fully saturated. Excess cement on the upper surface was cleaned off. Then, adhesive was applied to the fibrous surface
of the waterproofing membrane and it was attached to the sample surface. With membrane coating, cement is trapped between the membrane
and the tight textile surface, resulting in textile concrete. The inverted samples were then soaked in water to saturate them. Textile concrete is
watered from a tightly textile-covered surface to promote cement hydration and strength development. Since the surface is membrane-covered,
the samples were turned upside down and water was sprayed onto the surface. These steps are illustrated in Figure 3.

Figure 3. Step-by-step manufacturing process of the 3D textile-reinforced cementitious composite, showing cutting of textile, placement in
mold, cement application, and membrane attachment.

Specimens were weighed 7 and 28 days after production and underwent bending and tensile testing. As shown in Figure 4, the bending tests
were conducted on 30 cm x 30 cm samples, and the tensile tests were conducted on 10 cm x 30 cm samples. In the bending test, deflections of
up to 35 mm were observed. As shown in Figure 5, fracture occurred between the jaws in the tensile test. Both rapid and slow loading were
performed in the tensile test. Rapid loading (crosshead speed 20 mm/min) is referred to as dynamic loading, while slow loading (crosshead speed
10 mm/min) is referred to as static loading.

Figure 4. Conducting bending, tensile, and elongation tests on 3D textile-reinforced cement composite samples.
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Figure 5. Appearance of 3D textile-reinforced cement composite samples after tensile testing.

3. Discussion

Figure 6 presents the unit weight and flexural strength results of the specimens at 7 and 28 days of curing. These two fundamental properties
provide insights into both the density and mechanical performance of the composite material, playing a critical role in evaluating its functional
and structural characteristics.

When examining the unit weight results, the value slightly decreased from 0.88 kg/dm2 at 7 days to 0.87 kg/dm? at 28 days. This represents a
minimal reduction of approximately 1.1%, which can be attributed to the evaporation of free water within the specimen. This minor loss aligns
with the porous structure of the material. This small change means that water loss in the capillary voids of the textile concrete is limited and
that it retains almost all of the water. Notably, the tightly woven bottom surface of the 3D textile, which restricts the upward migration of the
cementitious matrix, may have caused an inhomogeneous hydration profile within the composite. Furthermore, the adhesion of the waterproof
membrane to the top surface might have partially limited moisture escape, contributing to a slight loss in weight during the curing process.
These findings also imply that the system maintains its volumetric stability, reducing the risk of drying shrinkage cracks.

In terms of flexural strength, a striking improvement was observed. The flexural strength increased from 1.68 MPa at 7 days to 16.95 MPa at 28
days, corresponding to an approximate rise of 908%. This dramatic increase indicates significant mechanical development of the composite
throughout the hydration process. The low early-age strength can be explained by the insufficient bonding within the matrix and limited
interaction between the cement paste and the textile fibers. However, as hydration progressed, the formation of calcium silicate hydrate (C-S-
H) gels and enhanced mechanical interlocking with the porous surface of the 3D textile led to a substantial increase in strength. Additionally,
the textile's ability to bridge cracks likely became more effective over time, enabling the material to sustain higher loads without failure as the
fibers arrested crack propagation and maintained load transfer.

Overall, achieving high flexural strength with a low unit weight highlights the potential of this cementitious composite as a lightweight yet
durable construction material. While low mechanical performance is a common issue in lightweight materials, the active role of the 3D textile
in this system significantly mitigated this limitation. These results suggest that the developed composite is a promising candidate for use in
lightweight structural elements that also require waterproofing functionality.
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Figure 6. Unit weight and bending strength of 3D Textile composite specimens
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Figure 7 shows the tensile strength results of the composites under both dynamic (fast loading) and static (slow loading) conditions at 7 and 28
days of curing. This test provides information on the stress rate sensitivity and time-dependent mechanical performance of textile-reinforced
cement composites designed to operate under various loading conditions in practice.

At 7 days, the dynamic tensile strength was measured as 16.95 MPa, while the static tensile strength was slightly lower at 16.21 MPa. This
marginal difference of approximately 4.5% suggests that even in the early stages of hydration, the material exhibits a moderate sensitivity to
loading rate. The higher tensile strength under dynamic loading may be attributed to the viscoelastic behavior of the matrix and the fiber—
matrix interface, which can respond more stiffly under rapid strain application. At early ages, the hydration products are still developing, and
their microstructure may offer slightly more resistance to sudden loads due to limited time for crack initiation and propagation.

By 28 days, both dynamic and static tensile strengths increased slightly, reaching 17.92 MPa and 17.08 MPa respectively. The percentage
increase from 7 to 28 days was approximately 5.7% for dynamic tensile strength and 5.4% for static tensile strength. This modest increase
indicates that the majority of the tensile strength capacity had already been established by day 7, likely due to effective fiber bridging and early
mechanical interlocking between the cementitious matrix and the 3D textile reinforcement. The limited gain in strength over time, compared
to the dramatic flexural strength increase observed previously, suggests that the composite's tensile capacity is more reliant on the textile
architecture and interfacial bonding than on matrix hydration alone.

The consistent superiority of dynamic tensile strength over static tensile strength at both ages demonstrates the composite's rate-dependent
behavior. Under rapid loading, the energy dissipation mechanisms—such as microcrack deflection, fiber pull-out, and frictional sliding at the
textile-matrix interface—are more active, resulting in higher apparent tensile strength. In contrast, under slow loading (static conditions), there
is more time for microcracks to coalesce and propagate, which slightly reduces the peak tensile load the specimen can carry before failure.

In summary, the close values of dynamic and static tensile strength at both ages reflect a well-balanced and robust tensile behavior of the
composite under different loading rates. This performance is particularly valuable for structural applications subject to both static and dynamic
actions, such as fagade panels, modular wall systems, or elements exposed to wind or impact forces. The 3D textile's role in ensuring continuity
and energy absorption under varying strain rates further reinforces its suitability as a multifunctional reinforcement in flexible, durable, and
shape-adaptive cementitious composites.
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Figure 7. Tensile strength of 3D Textile composite specimens

Figure 8 presents the dynamic (fast loading) and static (slow loading) tensile elongation results of the specimens at 7 and 28 days of curing. In
textile-reinforced cementitious systems, elongation performance depends not only on the matrix but also significantly on the textile
architecture and fiber-matrix interfacial interactions.

At 7 days, the dynamic tensile elongation was recorded as 32.14%, while the static tensile elongation was slightly higher at 33.27%. These
exceptionally high deformation capacities at an early age indicate that the composite can undergo significant strain prior to failure, exhibiting
ductile behavior. This can be attributed to the relatively immature and less brittle cement matrix at this stage, allowing for greater flexibility,
as well as the effective crack-bridging function of the 3D textile, which helps distribute the applied load along the fibers. Additionally, the
presence of the waterproof membrane likely helped retain internal moisture, further delaying matrix embrittlement and supporting the
observed ductility.

By day 28, a reduction in both dynamic and static elongation was observed. Dynamic elongation decreased to 21.43%, while static elongation
dropped to 28.57%. This corresponds to a reduction of approximately 33% and 14%, respectively, compared to the 7-day values. While these
elongation values are noticeable at an early age, it has been observed that rigidity increases with age due to the effects of hydration reactions,
but the ability to change shape in response to sudden and slow reactions is maintained. These decreases indicate that as the matrix continues
to cure and becomes denser and more brittle, the overall deformability of the composite diminishes. The more pronounced decrease in dynamic
elongation suggests that under fast loading, the material becomes stiffer and less able to accommodate large deformations, potentially due to
reduced time for microcrack development and fiber interaction.

The fact that static loading still allowed for higher elongation at 28 days demonstrates that slower crack propagation enables more extensive
fiber deformation and energy dissipation. Mechanisms such as interfacial friction, fiber pull-out, and reorientation are more active under slow
loading rates, contributing to the overall increase in elongation. This divergence between dynamic and static elongation values highlights the
strain-rate sensitivity of the composite and its evolving ductility over time.
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In conclusion, the high elongation values observed at both early and later ages confirm that the developed cementitious composite is not only
strong but also highly deformable and energy-absorbing. These properties are particularly advantageous for applications requiring flexibility,
impact resistance, or adaptive geometry, such as shell elements, kinetic surfaces, or damping structures. The synergy between the 3D textile
and the moisture-retaining membrane provides both mechanical and environmental benefits, contributing positively to the composite’s long-
term performance.
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Figure 8. Elongation of 3D Textile composite specimens

Figure 9 presents the stress—strain curves of the specimens under static (slow loading) and dynamic (fast loading) conditions at 7 and 28 days
of curing. Under 7-day static loading, the material quickly entered the elastic region, reaching approximately 14.27 MPa at 1.3% strain. Beyond
this point, the curve exhibited nonlinear behavior, ultimately reaching a tensile strength of 16.21 MPa at 33.27% strain. This behavior indicates
that the cement matrix had not fully rigidified yet, and the fiber-matrix interface maintained its flexibility, allowing the composite to sustain
high deformation while carrying load.

Under 7-day dynamic loading, a similar elastic response was observed; however, at 1.2% strain, the stress was 14.77 MPa, increasing to 14.99
MPa at 7% strain. The ultimate strength of 16.95 MPa was achieved at 32.14% strain. These results suggest that under rapid loading, the fibers
engage more actively, and the matrix has less time to crack, leading to a more immediate but higher strength response. However, compared to
static loading, the deformation capacity is slightly reduced, indicating that ductility is limited under fast loading.

At 28 days under static loading, the material exhibited a stiffer behavior. At 0.5% strain, the stress was 7.04 MPa, rising to 15.11 MPa at 10%
strain, and 16.12 MPa at 20% strain. The ultimate strength of 17.08 MPa was reached at 28.57% strain. Compared to early age, there is a
significant increase in strength accompanied by a moderate reduction in deformation capacity. This suggests that the matrix becomes more
brittle over time, but the textile reinforcement continues to control crack propagation and energy dissipation.

Under 28-day dynamic loading, a similar trend was observed, but with a notably lower deformation capacity. At 1% strain, the stress was 15.18
MPa, increasing to 15.96 MPa at 12% strain, and reaching a maximum strength of 17.92 MPa at 20% strain. These values indicate that under
dynamic loading, the system reaches its strength capacity earlier, but the ductility is more limited compared to static loading. The energy
dissipation mechanisms at the fiber-matrix interface are not fully activated under rapid loading, leading to earlier failure.

The energy absorption capacity values obtained by calculating the areas under the curves presented in Figure 9 were compared for 7- and 28-
day specimens under both static and dynamic loading conditions. These values indicate the energy that the material can store before fracture.
For the 7-day specimens, the energy absorption capacity was 4.95 kJ/mm3 under static loading and 5.12 kJ/mm3 under dynamic loading,
indicating that at early ages the material exhibited slightly higher energy absorption under dynamic conditions similar to studies in the
literature [12]. This difference can be attributed to the matrix, which had not yet completed full hydration, retaining its flexibility and the 3D
textile reinforcement playing a more effective role in stress transfer. In the 28-day specimens, the energy absorption capacity decreased to 4.32
kJ/mm3 under static loading and to 3.30 kJ/mm3 under dynamic loading. This notable reduction suggests that the material became more brittle
with age, and its ductility under high loading rates diminished. After full hydration, the hardening of the cementitious matrix reduced the
deformation compatibility between the textile and the matrix, leading to a drop in energy absorption capacity. These findings reveal that the
optimum energy absorption capacity in 3D textile-reinforced cementitious composites is achieved at early ages, while at later ages the
brittleness of the matrix may lower performance under impact or repeated loading.

A common feature of the stress—strain curves is the presence of a prolonged plastic deformation phase after the elastic region across all
specimens. This demonstrates that the 3D textile reinforcement effectively controls crack propagation and maintains load transfer through the
fibers. Additionally, higher deformation capacities at early ages and increased stiffness and strength at later ages are observed. Increasing
loading rate generally enhances strength but reduces deformation capacity. This combination of ductility and strength suggests that the
composite is suitable for a wide range of structural applications requiring both flexibility and strength.
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Figure 9. Stress-strain curve of of 3D Textile composite specimens

4, Conclusion

The results obtained from the study are listed below:

. The developed cementitious composite reinforced with 3D textile and waterproof membrane demonstrated a lightweight yet high
mechanical performance, highlighting its potential as a durable and lightweight construction material.

. Bending strength increased by over 900% (from 1.68 MPa to 16.95 MPa) between 7 and 28 days, reflecting the effective mechanical
interaction between matrix hydration and textile fibers.

. High tensile strength and elongation values under both dynamic and static loading conditions indicate that the material exhibits ductile
and energy-absorbing behavior across different strain rates.

. Stress—strain analyses revealed that the composite provides high deformation capacity at early ages along with increased stiffness and
strength at later ages, while loading rate significantly influences both strength and ductility.

. The 3D textile effectively controls crack propagation, and the moisture-retaining waterproof membrane supports the composite’s long-
term mechanical performance, making it suitable for practical applications.

Experimental results demonstrated that the material exhibits ductile, durable, and high energy absorption behavior under various loading
conditions. In particular, the effective crack control provided by the textile reinforcement and the moisture-retaining effect of the membrane
enhance the long-term performance of the composite, broadening its potential applications. Future studies should focus on detailed
investigations of the composite’s performance under different environmental conditions, aging effects, and scale-up applications to further
expand its structural and functional usage potential.
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