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Abstract: Faced with the growing demand for energy-efficient construction and the need
to address environmental challenges, the building sector must innovate to reduce energy
consumption and promote sustainability. This study investigates a dual solution to these
challenges by enhancing the thermo-mechanical performance of building materials through
the integration of textile fiber waste, using a combination of experimental and computa-
tional methodologies. This investigation focused on incorporating textile fiber wastes in
cementitious composites for construction applications. A series of mechanical and thermal
tests were carried out on the cement mortars with different proportions of incorporated
textile fibers after 7 and 28 days of water curing. The results showed that the incorpora-
tion of fibers can significantly improve the thermal insulation of buildings by reducing
the thermal conductivity of cement mortar by up to 52%. To complement experimental
findings, computational models were developed using COMSOL Multiphysics 6.2 software
to predict the thermal diffusivity and volumetric heat capacity of textile-reinforced mortars.
These models revealed that mortars incorporating 40% textile fibers as a sand replacement
achieved significant reductions in thermal conductivity, thermal diffusivity, and volumetric
heat capacity by approximately 40%, 21%, and 23%, respectively, compared with ordinary
cement mortar. Furthermore, this study numerically examined the potential of combining
textile-reinforced mortar with phase-change material (PCM) in building applications. The
aim of the research was to overcome the challenges of cooling buildings in scorching sum-
mer conditions. The optimization of roof and wall composition was based on an assessment
of air temperature variation within a space.

Keywords: textile fibers; cement mortar; thermal insulation; experimental study; building
applications; phase-change materials

1. Introduction

In the construction industry, the diverse impacts of petroleum products on climate
change, the environment, and human well-being have created a compelling need for inno-
vative solutions and responses [1,2]. This mandate has led the construction sector to embark
on a transformative journey towards sustainable practices that not only improve the quality
of life but also mitigate the environmental impact of construction in the face of climate
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change [3]. To strengthen these efforts, it is essential to provide quantifiable data, such
as reductions in carbon emissions (e.g., percentage decrease over a specified period), the
amount of recycled materials used, or improvements in energy efficiency achieved through
these practices. In addition, the emergence of the concept of “sustainable construction”
has led to significant paradigm shifts in various areas, covering the production of building
materials, the construction process, building use, demolition, and final disposal [4—6]. The
goal of sustainable construction is to minimize a building’s ecological footprint throughout
its lifecycle, promote a harmonious connection with the environment, and prioritize the
well-being of its occupants [7].

Against this backdrop, numerous countries have enacted policies and established gov-
ernment or private entities to regulate, guide, and certify construction practices according to
precise and defined standards [8]. The European Union Construction Products Regulation
(CPR) sets harmonized standards for building materials to ensure safety, performance, and
sustainability [9]. In the United States, the Leadership in Energy and Environmental Design
(LEED) certification system promotes sustainable building practices [10], while the Inter-
national Code Council (ICC) provides building codes that include energy efficiency and
environmental guidelines [11]. In addition, countries such as Japan have specific seismic
design standards that address the resilience of structures in earthquake-prone areas.

The overall goal of these efforts is to reduce environmental impact and increase the
energy efficiency of buildings. This comprehensive approach considers the entire lifecycle of a
building, including an assessment of the environmental impact of the inputs and materials
used in construction, from their origin and processing to their influence and impact during
use and dismantling. In addition, the energy savings achieved in both manufacturing and
use are considered, as well as their impact during demolition and the potential for reuse of
these inputs and materials [5,6]. The fundamental concept of resource-conscious design in
material use is at the heart of “sustainable construction”, which ultimately aims to uphold the
fundamental principles of transitioning towards a circular economy [12,13].

In this study, a keyword analysis of studies related to the circular economy was employed
to yield a reproducible and comprehensible analysis of this research domain [14]. VOSviewer
1.6 software was used to construct the keyword co-occurrence network [15], as depicted in
Figure 1. The node size in the network graph corresponds to keyword frequency, while the
spatial arrangement of terms on the map indicates their relative associations. This bibliometric
map was generated with a minimum threshold of 40 keyword occurrences, resulting in
5903 links (4600 links for the period 2013-2023). The map reveals four distinct clusters:
(1) energy conservation and energy; (2) efficiency in buildings, recycling, waste management,
and alternative building materials; (3) sustainable development; and (4) green buildings and
green supply chain in the construction industry, as well as the circular economy in urban areas.

Group #1, marked in red on Figure 1, is the most significant cluster, comprising 20 key-
words. This group primary focus revolves around energy and energy efficiency, along
with associated environmental concerns, as indicated by terms such as “energy conserva-
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tion”, “energy”, “energy efficiency”, “renewable energy”, “energy consumption”, “energy
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energy saving”, “energy performance”, and “embodied energy”. Paying
close attention to energy usage in buildings is essential, as the residential and industrial
building sectors collectively account for over one-third of global energy consumption, as
reported by the International Energy Agency (IEA). The building sectors are collectively
responsible for more than 30% of global energy consumption and nearly 40% of total direct
and indirect carbon dioxide (CO,) emissions [16]. A significant portion of this energy goes
into maintaining thermal comfort in air-conditioned spaces [17-19]. In light of the energy
consumption challenges, implementing energy-saving measures, such as enhancing the
thermal performance of building elements through thermal insulation, has become a neces-
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sity [20-22]. Furthermore, the ongoing increase in energy demand within the construction
industry and buildings underscores the urgency of energy efficiency measures. Notably,
the COVID-19 pandemic has posed challenges to these endeavors, jeopardizing progress on
multiple fronts, including energy consumption policies [23,24]. A high-performance build-
ing envelope remains a prerequisite for curbing energy consumption, further underscoring
the significance of implementing thermal insulation to mitigate energy losses [20,25].
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Figure 1. Co-occurrence of research keywords related to circular economy in buildings (2013-2024).

Group #2, depicted in blue on Figure 1, also represents a large cluster consisting of
17 keywords. This group primarily focuses on building efficiency. This focus is repre-
sented by terms such as: “building energy”, “cement mortar”, “concrete”, “retrofitting”,
“refurbishment”. “green buildings”, “green supply chain”, “construction industry”, “sus-
tainable design”, and “environmental sustainability”. This suggests that carrying out
energy-efficient renovations of existing buildings, as well as the renovation and rehabilita-
tion of structures, can help address the group’s concerns. Improving energy efficiency is
probably the most appropriate strategy for extending the lifespan of buildings, resulting in
improved living conditions, lower energy costs for occupants [26], and a reduction in the
environmental impacts associated with the construction and operation of buildings [27].
This cluster of articles centers on the concept of buildings and a sustainable supply chain
within the construction industry, with an emphasis on their ecological principles, resource
efficiency, and positive effects on occupant well-being [28]. They typically consume signifi-
cantly fewer resources than traditional buildings while promoting productivity, comfort,
and occupant satisfaction by providing high-quality thermal comfort [29,30].

Group #3, shown in green, includes 13 nodes. This cluster mainly focuses on recy-
cling, waste management, and alternative building materials in the construction industry,

VT Va7

indicated by the presence of terms such as: “recycling”, “waste management”, “recycling
materials”, “recycling and reuse”, “wastes”, and “building materials”. Numerous studies
focusing on recycling and waste reduction argue for significantly reducing the environ-

mental impact associated with waste by producing long-lasting products and encouraging
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greater use of reused or recycled materials/systems rather than relying on natural re-
sources during the production phase [31]. These recycledmaterials can serve as substitutes
for traditional aggregates in construction materials, such as cement and sand. Notably,
cement production accounts for an estimated 5 to 7% of CO, emissions generated by
human activities. Substituting cement with materials like fly ash or other pozzolanic sub-
stances in concrete or mortar production can significantly reduce its carbon footprint [32].
According to Nunez et al. [33], waste management is a pivotal aspect for assessing the
circular economy in the construction sector and can be quantified through reduced pro-
duction of hazardous waste, efficient waste management, and the utilization of a solid
waste inventory for the manufacturing process. In the context of mitigating heat loss, the
integration of fibers into building materials has demonstrated its effectiveness in reducing
thermal conductivity. This approach proves to be a valuable solution for diminishing heat
loss [34]. Several studies have been carried out to develop new cementitious composites
containing reinforcing materials to improve the overall thermal performance, such as re-
cycled concrete aggregate [35], rubber [36,37], rice mill plant [38], polyethylene [39], lime
mud [40], foam [41], vegetable synthetic sponge [42], diatomite [43], glass-ceramic [44]
waste bagasse [45], plastic waste [46], silica aerogel [47], cork [48], waste glass [49], and
vermiculite [50-52]. Fayed et al. [53,54] have examined the impact of block size on the
bearing strength of steel fiber-reinforced recycled aggregate concrete, illustrating how these
factors influence the structural integrity of concrete in various applications. Additionally,
innovative approaches, like the inclusion of rubber fibers from waste tires in reinforced con-
crete beams, have demonstrated improved bending and shear performance, providing the
dual benefits of enhancing concrete’s mechanical properties while contributing to waste tire
recycling, as shown by Ecemis et al. [55]. Similarly, advancements in improving the bond
performance between ribbed steel bars and recycled aggregate concrete have revealed that
confinement with steel mesh fabrics can significantly enhance the mechanical properties of
these materials, according to Zhu et al. [56].

Group #4, highlighted in yellow in Figure 1, includes 15 key terms. The main goal of this
cluster is sustainability by offering solutions to reduce environmental impacts. The circular
economy model is considered a means of achieving sustainability, as the terms state: “envi-
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climate change”, “green economy”, “low carbon”, “circular economy”, “material
flow analysis”, “sustainable cities”, and “industrial ecology.” Industrial ecology examines
industrial systems and aims to identify and implement strategies for reducing their environ-
mental impacts. A sustainable building should adopt a three-fold approach that takes into
account the economic, social, and environmental aspects throughout the building lifecycle [57].
Constructing sustainable buildings with high performance and low environmental impact
can be achieved at various levels, including sustainable materials, sustainable operations,
sustainable services, and sustainable consumption. It is important to highlight the importance
of two controversial topics, namely technology and innovation, in achieving sustainability.
By linking economic growth with cutting-edge technology, innovation plays a central role,
as it can provide solutions to push the boundaries of economic growth while considering
the finite availability of resources [58]. The main goal of this cluster is green buildings and a
green supply chain applied to the construction industry, as indicated by terms such as “green
buildings”, “green supply chain”, “construction industry”, “sustainable design”, and “envi-
ronmental sustainability”. Green buildings are designed and constructed based on ecological
principles and have minimal impact on the natural environment and human health. They
typically consume fewer resources than traditional buildings and enhance the productivity,
comfort, and satisfaction of occupants by providing high-quality thermal comfort.

Overall, the key research areas were primarily related to the measures of adopting the

circular economy, policies, and frameworks at various levels such as countries, regions, etc.,
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as well as the environmental aspects of the circular economy [12,13,33,59]. Subsequently,
researchers shifted their focus to the challenges of circular economy-driven design as an
early measure to promote circularity, such as using design for disassembly and decon-
struction with design tools [36,60-62]. Recently, researchers have primarily focused on
material selection, aiming to choose or substitute building materials with circular materials,
the development of circular economic models, and the relationship between the circular
economy and new technologies. The development and use of alternative construction
materials in the building and construction industry are at the forefront of current litera-
ture [63,64]. The use of various types of aggregates, such as solid waste, plastics, foams, and
recycled concrete from demolished buildings, as reinforcement materials in cement-based
construction composites, asphalt, or geo-polymers can be interpreted in the context of the
circular economy [59,65]. This approach aims to promote the recycling of these materials
and/or reduce the use of matrix constituents, such as cement and sand, to reduce waste
and promote a more sustainable and responsible use of resources. Thus, their use can make
a significant contribution to the transition to a circular economy:.

Promoting the use of post-industrial waste in the production of thermally enhanced
building materials represents a promising approach to reduce the overall cost of the compos-
ite, minimize energy consumption, and reduce CO; emissions [66—-69]. Therefore, there is a
growing need to develop new, cost-effective insulation materials for building envelopes [70],
with particular emphasis on integrating reinforcing materials into a cement matrix, such
as concrete, as shown in Figure 2a [71-77]. The traditional approach to improving the
insulation properties of walls is to incorporate the insulation layer into the constructed
foundation wall, resulting in increased wall thickness and longer construction time [78].
To address these design deficiencies, several researchers are currently investigating the
incorporation of insulating materials into various building components such as plaster [79],
concrete [80,81], mortar [40,51,66], and building bricks [82-84]. Fibers are one of the most
extensively researched insulation materials for their use in cementitious materials and
have proven to be an effective solution for minimizing heat loss. In fact, numerous studies
have been carried out in this research area to investigate new cement-based composites
reinforced with a variety of fibers, including banana fiber [85], coconut fiber waste [86],
wool fiber [87] and Acai [88], palm fiber [89,90], agricultural fiber waste [73], coconut
fiber [77], rice straw fiber [91], recycled brass fiber [92], and basalt fiber [93].

Therefore, converting textile waste into construction materials represents a sustainable
approach to reducing the environmental impact of the textile industry [94-96]. Textile fibers
in particular can serve as an efficient material for thermal insulation and can effectively
reduce heat transfer due to their relatively low thermal conductivity compared to other
insulation materials [97]. In Figure 2b, the findings of a bibliometric analysis that visually
presents the keyword trends related to “textile fiber waste” can be observed. The clusters in
the figure illustrate the connections between textile fiber waste and various related topics
such as dyeing, textile treatment, and recycling. This cluster analysis shows that there
is limited research focused on studying the effects of integrating textile fibers as thermal
reinforcement in cement concrete [98].

Textile Reinforced Mortar (TRM) as a fiber-reinforced cementitious compound is as-
sumed to represent a promising material based on the exceptional characteristics of textile
fibers. Based on a literature search, the TRM composites were rated for a limited number of
applications. In general, fabric meshes and textile yarn have been employed to enhance the
tensile strength, ductility, and durability of cementitious composites [99-108]. Neverthe-
less, there is a lack of research regarding the use of textile fibers, such as the application
of spinning waste as a thermal reinforcing material in cementitious composites. Fabric
shavings [109] have been studied by Oliveira et al., for instance, for use in cementitious
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mortar. They reported that the fabric yarn reduced the mechanical performance of cement
mortar except for the tensile adhesion strength. Moreover, subjecting the fabric yarn mortar
to a thermal test at 60 °C reveals a difference of 12 °C between the inner surface and the
reference face owing to porosity. Other researchers [98] have evaluated the possibility of
incorporating textiles into building applications. The results showed that increasing the tex-
tile content increased the thermal stability of the cement mortar. Truong et al. demonstrated
the feasibility of using hybrid waste fishing-net textiles and fibers for retrofitting structural
concrete, achieving significant strength improvements over non-strengthened concrete,
though with lower performance than commercial glass textile composites [110]. Dinh et al.
developed sustainable textile-reinforced composites (TRCs,) incorporating lightweight ex-
panded glass aggregates, fly ash, and nylon fibers, revealing optimal material configurations
for superior tensile performance and cracking resistance, supported by a predictive analytical
model [111]. Fernandes et al. explored the reuse of calcined textile sludge as a supplemen-
tary cementitious material, showing enhanced pozzolanic activity, improved compressive
strength, and microstructural densification, providing a sustainable solution for industrial
waste [112]. Pham et al. studied the effects of dispersed fibers in lightweight carbon TRCs,
noting improved tensile behavior and multiple cracking patterns, particularly with shorter
fibers, and validated an analytical model for predicting tensile stress—strain responses [113].
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Furthermore, several studies have examined the possibility of integrating phase-
change materials (PCMs) into construction applications. Zhang et al. [114] optimized
the design of PCM-to-air heat exchangers, demonstrating significant energy savings for
residential cooling. Dallaire [115] analyzed a dual-stack air-PCM heat exchanger with an
innovative airflow design, showcasing its potential to reduce cooling loads effectively. Fur-
thermore, Frangois [116] conducted experimental and numerical studies on PCM-integrated
roofing systems, demonstrating improved thermal performance by mitigating overheating.
This work highlights the effectiveness of PCM-based technologies as alternative solutions
to summer cooling challenges. To this end, this study aims to develop a new building
material with low thermal conductivity by incorporating two types of textile waste into
cement-based mortars. Several textile fiber-reinforced composites were made by replac-
ing volume fractions of the mortar sand with different percentages of fiber waste. The
reinforced mortars produced were characterized mechanically and thermally. Moreover, a
numerical study using COMSOL Multiphysics was conducted to investigate the effect of
incorporating these thermally reinforced mortars to address building cooling challenges in
summer conditions. The optimization of the room structure was guided by an assessment
of the air-temperature fluctuations. Overall, this study highlights the crucial role of incorpo-
rating fiber waste into construction materials, which not only improves their thermal and
mechanical properties but also makes a significant contribution to energy-efficient building
solutions. This approach represents a significant advancement in textile-reinforced mortars
by integrating textile fiber waste to enhance both the thermal and mechanical properties of
building materials, contributing to sustainable and energy-efficient construction solutions.
By developing computational models using COMSOL Multiphysics, the study accurately
predicts thermal properties and introduces the innovative use of phase-change materials
(PCMs) to optimize building cooling systems under extreme summer conditions (Figure 3).

Mot . + o - - A /
L Material Selection & Preparation tfé}—L

7 N

Textile Fiber Selection <

[ Mechanical Testing

Research
Workflow

Composite Preparation > Thermal Testing

Numerical Analysis J WL Model Development

Building Performance Assessment < > Simulations

Figure 3. A schematic diagram of the research methodology.

2. Sample Preparation

To produce the cementitious mortars, Portland cement, according to the EN-197-1
standard [117], was used as a binding agent and natural sand as a fine aggregate. Two
distinct types of textile waste were also utilized as reinforcing materials. Type I textile fibers
(TE_I) included a variety of fibers, including those derived from materials such as linen,
cotton, and polyester. These fibers were selected for their special characteristics and their
combination provided a diverse reinforcing component. On the other hand, Type II textile
fibers (TF_II) include exclusively cotton fibers, offering a more homogeneous and unique
fiber composition. This dichotomy between textile types enabled a comparative analysis
of how the diversity of materials within Type I, compared to the uniformity of Type II,
influenced the performance and characteristics of textile-reinforced composites. Table 1
provides a comprehensive overview of the thermal characteristics of the textile fibers used
in this study along with the other mortar components.
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Table 1. Thermal properties of textile-reinforced mortar components [69].

Materials Thermal Conductivity Thermal Diffusivity Volumetric Heat Capacity

[W/m-K] [mm?/s] [M]/m3-K]
Cement 0.140 0.201 0.694
Sand 0.335 0.278 0.278
TE_I 0.082 0.418 0.196
TE_II 0.070 0.320 0.200

Before the two types of textile fibers were added to the mixture, they were injected
with compressed air. This step was crucial to ensure the uniform distribution of the textile
fibers throughout the mortar mixture. The mortar mixes were manufactured with a cement-
to-sand volume ratio of 1:4. By replacing some of the sand in the mortar mix, cementitious
composites reinforced with textile fibers were produced. In this substitution, volume
fractions of textile fibers were incorporated in four different amounts: 10%, 20%, 30%,
and 40%. Figure 4 depicts the precise mix composition for all mortar mixes. All mixing
procedures were carried out using a mechanical mixer, following the guidelines specified
in the standard EN 1015-2 [118]. Then, the prepared slurry was carefully poured into molds
measuring 40 x 40 x 160 mm, as shown in Figure 5. The molds were then subjected to a
drying period of 24 h at a controlled temperature of 20 °C, allowing for the initial setting
and hardening of the samples. After the air-drying phase and the removal of the molds,
part of the samples were immersed in water for 7 days, while the rest were left in water for
an extended curing period of 28 days. These different curing conditions were established
to examine the effects of short- and long-term water exposure on sample properties.

Il Cement[ ] Sand ] Water TF_ICJTF_ I}

100

90 —
80 —
70 —

60
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20+
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40 30 20 10 0 10 20 30 40
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Figure 4. Formulation of the composite material with reinforced materials.
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Figure 5. (a) TF_I-, (b) TF_II-, and (c) textile-reinforced mortars after water curing.

3. Characterization of Samples
3.1. Assessment of Workability and Density

To thoroughly evaluate the properties of the mixtures, the workability and density of
each mixture were evaluated. This analysis focused on both the fresh and hardened states
of the materials. A flow table test was carried out to assess the workability of the mixtures
according to the nomenclature described in the European standard EN 1015-3 [119]. This
test allows us to accurately evaluate the extent to which mixtures can be manipulated and
shaped in the earliest stages of the construction process. On the other hand, bulk density
is a crucial parameter that can significantly influence the performance of construction
materials. To comprehensively evaluate the bulk density, tests were conducted in both
fresh and cured states. These tests comply with the European standards EN 1015-6 [120]
and EN 1015-10 [121], respectively.

3.2. Mechanical Evaluation

To analyze the mechanical properties of cured cementitious composites, a mechanical
characterization was performed. This assessment required the performance of flexural and
compressive strength tests, following the guidelines of the EN 1015-11 standard [122]. These
tests were performed using a mechanical testing machine with a double-head, as shown in
Figure 6a. This machine provided precise and controlled testing conditions. The evaluation
began with a three-point bending test in which each sample was subjected to a controlled
loading rate of 50 £ 10 N/s. This test allowed us to evaluate the material resistance
to bending forces, providing valuable information about its flexibility and resistance to
deformation. Subsequently, one of the two fragments from the bending test was chosen for
the compressive strength test, which was carried out at a loading rate of 2400 4= 200 N/s.
This test allowed us to determine the material ability to resist compressive forces and its
overall resistance under pressure. The tests were carried out until the specimen reached its
breaking point, and the recorded breaking load provided essential data about the structural
integrity of the material and its ability to withstand stress. Then, the mechanical strengths
of all cementitious mortars were determined using mathematical expressions.

For maximum flexural strength Sy estimation, the following equation is utilized:

St = (3FuuxL) / (2bd?) 1)

where Fj;u is the maximum load exerted during the bending test, L denotes the span
length between support points, while b and d correspond to the width and depth of the
sample, respectively.



Buildings 2025, 15, 425 10 of 37

Similarly, the compressive strength S. can be ascertained employing the subse-
quent equation:
Sc =F max/ A (2)

In this context, Fyy stands for the maximum load experienced during the compression
test, and A represents the cross-sectional area of the sample.

Figure 6. Thermal and mechanical machines in the GREiA research center, Spain: (a) mechanical
testing machine; and (b) analyzer of thermal properties.

3.3. Thermal Evaluation

For the thermal characterization of the samples, an analyzer of thermal properties,
as shown in Figure 6b, was used. This particular instrument works on the principle of a
transient linear heat-source method to evaluate the thermal conductivity. The key element
of this setup is the probe, a sophisticated device that combines a needle equipped with
an integrated heating element and a temperature sensor. This dual functionality is crucial
for capturing the complex dynamics of the thermal conductivity of the samples. First, the
second residual fragment obtained from the bending test was perforated using a hammer
drill. A key preparatory measure was used to thoroughly clean the hole in each sample
with compressed air and then fill these dimples with thermal paste. This step ensured an
optimal thermal interface for accurate readings. The process begins with an activation of the
heating element, which is achieved by passing an electric current through it. This activation
initiates the complex interaction of heat transfer within the material. At the same time, the
system records the temporal evolution of the sensor temperature, providing insight about
how the material reacts to different heat inputs. All the samples were placed in a controlled
climatic chamber during the data collection. The temperature was meticulously maintained
at approximately 20 °C to ensure the consistency and accuracy of the measurements.
The evaluation of the experimentally determined thermal conductivity involves a rigorous
analytical comparison process. This comparison involves the use of various models, namely
the series and parallel model [123-125], the Maxwell model [124], the Rayleigh model [126],
the Hashin and Shtrikman model [123], the Hatta and Taya model [123,127,128], and the
Nielsen and Lewis model [129-131]. These models rely on a set of equations thoughtfully
organized in Figure 7.

Since the analyzer of thermal properties does not provide all the thermal properties of
a sample, a numerical model developed with COMSOL Multiphysics software was used to
predict the thermal diffusivity and volumetric heat capacity of textile-reinforced mortars.

A comprehensive three-dimensional model was developed consisting of a rectangular
block defining the matrix of the mortar. Within this block, spherical units were inserted to
represent the reinforcing material. To tackle the thermal properties, the simulation focused
on a steady-state heat-conduction scenario and was based on several key assumptions:

e Heat transfer was confined solely to the x-axis.



Buildings 2025, 15, 425

11 of 37

e  Surfaces perpendicular to the heat-flow direction were assumed to be isothermal.
Specifically, one surface was set at a fixed temperature of 15 °C, while the other surface
was maintained at 40 °C.

e  All other surfaces parallel to the x-axis were treated as adiabatic, meaning that no heat
exchange occurred through these surfaces.

The model accuracy was verified by comparing the predicted thermal conductivities
with the experimental results. After validating the model, it was then employed to calculate
the thermal diffusivity and volumetric heat capacity for all the samples.
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Figure 7. Thermal analysis of reinforced-mortar composites.

4. Modeling the Impact of Integrating Textile-Reinforced Composites

This section is dedicated to the numerical modeling of the combined effects of textile-
reinforced mortar and phase-change material (PCM) microcapsules (DS5001X: Microtek
Labs, Dayton, OH, USA) on the thermal performance of a building structure, particularly
in summer conditions. The modeling is conducted using the COMSOL software. This
numerical investigation conducted upon a previous experimental study performed within a
1-m? cabin, as shown in Figure 8a, located at the Research and Technology Center of Energy
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M 3-cn PCM panel
B 4-cm PCM panel

(CRTEn) at Borj Cedria, Tunisia. The cabin is constructed primarily with brick walls, with
both sides covered by a 20 mm thick layer of cement mortar. The roof, on the other hand,
consists of a 100 mm thick concrete layer. The methodology followed in this section involves
altering the roof and the wall configurations to assess the impact of various materials. The
assessment of the thermal environment within this segment involved the development of
a 3D geometry, considering the transient nature of the problem. The study incorporated
the key aspects of heat transfer, phase-change material characteristics, and laminar flow
characteristics to comprehensively analyze the transient temperature distribution in the
3D structure. Furthermore, the influence of solar radiation on temperature variations was
accounted for by employing the surface-to-surface radiation module within COMSOL. The
model also considered the actual location of the reference room in Borj Cedria, Tunisia,
ensuring it was exposed to the same meteorological and boundary conditions, includ-
ing heat convection on its surfaces. The study also explored the impact of variations in
room configuration by evaluating changes in air temperature of the room, as indicated in
Figure 8b,c. This comprehensive investigation aims to provide valuable insights into how
these combined materials and configurations affect the thermal performance of building
enclosures, particularly in hot weather conditions. The thermal properties of the used
materials are given in Table 2.

Case Roof configuration Wall configuration

Case 1 | |

Case 2 —

Case 3 —

Cased l —————— ]

Case 5 ——— |

Case 6 [ —

Case7 [ — |

Case 8 b

Case © e |

Case 10 | | asm
e

Case 11 1
e

Case 12 [ —— | e
o=t

Concrse e || i
P Texule remforced mortar {C]

Figure 8. (a) Experimental room; (b) 3D geometry designed with COMSOL; and (c) studied configurations.

Table 2. The thermal properties of the used materials.

Material PCM DS5001X Concrete
Thermal conductivity of solid [W/m-K] 0.2 1.8
Thermal conductivity of liquid [W/m-K] 0.13 -
Specific heat capacity of solid [J/kg-K] 1700 880
Specific heat capacity of liquid [J/kg-K] 2153 -
Latent heat [k] /kg] 130 -

Density [kg/m?] 995 2300
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5. Analysis of Physico-Thermo-Mechanical Properties of
Developed Composites

5.1. Workability and Density Results

The amount of water added to the dry mix was adjusted differently for each textile
type and fiber content to achieve acceptable workability. The changed proportions of
the cement mortar mixture are summarized in Figure 4. The water—cement ratio (W/C)
values for different fiber contents are shown in Figure 9. The measured flow diameter
of the control mixture (CM) was 145 mm. In this test program, the flow diameter of all
mortar mixes was maintained at a specified value of 145 + 5 mm to achieve a fluid and
usable consistency. It can be observed that the water requirement of fiber mortars was
significantly higher than that of normal mortars. For mixtures with the same fiber content
but different textile types, TF_II-reinforced mortars showed a higher water requirement to
achieve the same workability than TF_I mortars. This may be related to the different nature
of the TF_I and TF_II fibers. Despite the higher water requirement, the addition of higher
textile contents slightly reduced the workability. For the lower percentages of 10% for both
TFE_I and TF_II, the water-to-cement ratio (W/C) remained constant at 1.2. However, at
higher reinforcement levels of 30% and 40%, the W /C ratio was optimized and increased
to 1.45. Interestingly, when higher proportions of TF_I were added to the cement mixture, a
reduction in the W/C ratio to 0.1 was observed compared to TF_II at the same percentage.
It is noteworthy that these fibers display exceptional water absorption, emphasizing the
importance of the careful selection of the water—cement ratio.
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Figure 9. Workability testing of two types of textile-reinforced mortars.

Figure 10 illustrates the variation in density of the samples in both the fresh and
dry states. The control cement mortar (CM) had the highest density in both the fresh
and dry states, recording a value of 1900 kg/m? and 1840 kg/m?, respectively. For TF_I
mortars, as the percentage of reinforcement material increases, the fresh density shows
a decreasing trend. At a replacement rate of 10%, the density drops to 1653 kg/m3, and
it continues to decrease progressively to 1620 kg/m3, 1540 kg/m3, and 1485 kg/m> with
percentages of 20%, 30% and 40% of fibers. For the dry density, the mortar reinforced with
10% of TF_I fibers shows a value of 1745 kg/m3 at 10%, and then slightly decreases to
1626 kg/m?3 at 20%, and finally follows a more consistent downward trend and reaches
1538 kg/m? at a replacement level of 40%. For the TF_II composites, the fresh density
decreases steadily as the proportion of reinforcing material increases, showing a value
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of 1.810 kg/m?, 1.785 kg/m?3, 1.742 kg/m> and 1.698 kg/m3 at a replacement content of
10%, 20%, 30% and 40%, respectively. Concerning the dry density, the TF_II enhanced
mortars show a value of 1816 kg/m? with a textile content of 10% that decreases for high
proportions, reaching a value of 1690 kg/m? with a replacement level of 40%. The addition
of both TE_I and TF_II fibers to the cement mortar led to a reduction in density. However,
the mortars incorporating TF_I fibers show lower densities than those reinforced with TF_IL
When compared to the reference mortar, the inclusion of 40% textile resulted in a decrease in
dry-state density, with a reduction of approximately 300 kg/m?3 for the TF_I and 150 kg/m?
for the TF_II These results illustrate the influence of textile reinforcement on the density of
the mortar and show clear differences between the two types of fibers and their respective
effects on the material properties. The reduction in density in fiber-reinforced mortars
can have practical implications. While lower density generally contributes to improved
thermal insulation and reduced weight, which can be advantageous in applications such
as energy-efficient buildings or situations requiring lightweight materials, it may also
lead to potential drawbacks. One such drawback is the possible reduction in structural
stability. A decrease in density could result in lower compressive strength, potentially
affecting the overall load-bearing capacity of the mortar. In structural applications, this
reduction in stability may require careful consideration of the material’s suitability or the
need for additional reinforcement to ensure performance requirements are met without
compromising safety or durability.
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Figure 10. Density of two types of textile mortars in fresh and dry states.

5.2. Mechanical Characterization

Coating mortars must possess sufficient mechanical strength to withstand the multiple
impacts they may encounter during their lifespan. Consequently, the mechanical perfor-
mance of textile waste-reinforced mortars (compressive strength and flexural strength)
was studied after 7 and 28 days of curing. Figure 11 illustrates the failure mode of the
mortars with textiles during mechanical testing. The examination of curing duration re-
vealed its impact on the interaction between textile fibers and the cementitious matrix.
Factors such as hydration progress, fiber—-matrix bonding, and potential changes in material
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properties over time were thoroughly analyzed. A visual inspection of defective samples
showed that increasing the proportion of textile reinforcement did not negatively affect
compressive or flexural strength. In fact, samples with higher textile content demonstrated
satisfactory performance, with strength levels comparable to the reference mortar. These
results indicate that the incorporation of textile fibers not only maintains structural integrity
but also enhances the mortar’s ability to withstand mechanical stresses. When textile
reinforcement is evenly distributed and adequately bonded within the matrix, it positively
contributes to overall performance, making it a promising solution for sustainable and
durable construction materials.

TF 1 0 TF II

Figure 11. Fracture behavior of textile-reinforced mortars: (a) compressive and (b) flexural strength.

The results of compressive and flexural strength for all types of mortars after 7 and
28 days of water curing are presented in Figures 12 and 13, respectively. According to the
graphs, the mechanical performance of all cementitious mixes improves with the duration
of curing. Comparing the compressive strength at the 7th day, the ordinary mortar shows
an approximate 13% increase in strength after 28 days of curing. Regarding the bending
test, the flexural strength of the control sample increases by 34% between the 7th and 28th
days. After 7 days, the mortars reinforced with TF_I fibers show a gradual decrease in
compressive strength as the proportion of reinforcing material increases. The values range
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from 10.5 MPa for the reference sample to 7.03 MPa for the highest percentage of 40%.
Meanwhile, TF_II samples exhibit a lower reduction in compressive strength, reaching a
value of 12.5 MPa with a fiber content of 40%.
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Figure 12. Compressive strength of mortars reinforced with textile waste after 7 and 28 days of
water curing.

However, when the curing time was extended to 28 days, the control mortar showed
an increase in compressive strength, with a difference of 14% compared to the 7-day
compressive strength. The TF_I and TF_II mortars show a similar trend with a steady
increase in compressive strength, with a difference of 55% (40% of TF_I) and 22% (40% of
TF_II), compared to the 7-day compressive strength. These results highlight the importance
of curing time and the specific textile reinforcement type, with TF_II outperforming TF_I
in terms of compressive strength. In particular, Figure 12 shows that the TF_II in cement
mortar leads to a slight increase in compressive strength compared to conventional mortar.
For the mixture with 40% TF_II, the compressive strength increases by 16% on the 7th day,
while on the 28th day a significant increase in the compressive strength of 21% is observed
compared to the mixture without textiles. The results of the mechanical compression
tests show that both types of fibers have superior mechanical performance compared to
expanded polystyrene and other materials found in the literature such as rice husk ash [38],
synthetic plant sponges [42], and ground rubber [132]. These findings provide valuable
insights for builders and engineers seeking to optimize their materials and construction
processes for improved structural integrity.

Figure 13 provides a comprehensive overview of the bending test results for all fiber-
reinforced cement composites. Similarly to the trends observed in compressive strength,
mortars reinforced with Type II textiles show better mechanical performance compared
to mortars reinforced with Type I textiles after both 7 and 28 days of curing. However, a
notable finding is that increasing the proportion of both fiber types continuously increases
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the flexural strength regardless of the curing time. After 7 days of curing, the flexural
strength experiences an increase, with an improvement of about 34% and 55% for the mortar
containing 40% TF_I and the mortar containing 40% TF_II, respectively, compared to the
control sample. This highlights the important role that fiber types and their proportions play
in improving flexural strength. After a 28-day curing period, the results remain positive,
with an increase of approximately 22% for the sample with 40% TF_I and a notable increase
of 36% for the sample with TF_II, both compared to the regular sample. Comparing the
flexural strength of TE_I- and TF_II-reinforced mortars after 7 and 28 days of water curing,
we observe clear patterns in their mechanical performance. After 7 days of curing, the
flexural strength of TF_I shows an upward trend with increasing proportion of reinforcing
material, ranging from 1.91 MPa (0%) to 2.899 MPa (40%). In contrast, TF_II has varying
flexural strength in different percentages, ranging from 1.91 MPa (0%) to 4.2 MPa (30%).
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Figure 13. Flexural strength of mortars reinforced with textile waste after 7 and 28 days of water curing.

As the curing period extends to 28 days, TF_I reinforcement continues to demonstrate
an increase in flexural strength, with values ranging from 1.9 MPa (0%) to 3.7 MPa (40%).
Likewise, TF_II reinforcement exhibits a consistent rise in flexural strength, ranging from
2.9 MPa (0%) to 4.5 MPa (40%).

5.3. Thermal Characterization

Figure 14 provides a comprehensive overview of the thermal conductivity data for
textile-reinforced composites after 7 and 28 days of curing. Notably, the impact of varying
textile percentages on thermal conductivity is quite pronounced. Across both TF_I and
TF_II composites, as the proportion of reinforcement material increases, there is a consistent
decrease in thermal conductivity. The 40% reinforced mix of each grade had the lowest
thermal conductivity of all mortars of the same grade. Comparing ordinary mortar and
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composite reinforced with 40% TF_II, a decrease in thermal conductivity is observed on day
7 with an increasing addition of fibers, reaching a difference of about 46%. Furthermore,
the mortar reinforced with 10% TF_II shows a greater decrease in thermal conductivity on
day 7 compared to the sample with 10% TF_I, reaching a value of 1.08 W/m K. The results
of incorporating TE_II from 10% to 40% show a slightly reduced thermal conductivity, with
a difference of 16%. Regarding thermal conductivity after 28 days, both types of textiles
show a similar result, reaching values of 0.75 W/m K and 0.8 W/m K for mortar with 40%
TF_I and mortar with 40% TF_II. The influence of short- vs. long-term curing conditions on
thermal properties is significant, as the curing duration impacts the development of the
material microstructure and, consequently, its thermal performance. Longer curing periods
allow for a more complete hydration process, enhancing the bond between the cementitious
matrix and the textile fibers, thereby improving the insulation properties of the composite.
This suggests that both short and long-term curing conditions can effectively enhance the
thermal insulation properties of textile-reinforced mortars, with long-term curing providing
more stable and improved thermal performance. The addition of textile fibers improves
thermal insulation by reducing thermal conductivity, which is consistent with previous
research. These fibers not only serve as reinforcing agents for mechanical strength but
also reduce the material’s density, contributing to better heat resistance. The improvement
in thermal conductivity observed with the incorporation of textile fibers emphasizes the
importance of fiber content. A higher fiber material content results in greater resistance to
heat transfer, thereby improving overall thermal insulation. This relationship between fiber
content and thermal performance aligns with previous findings, reinforcing the idea that
optimizing the proportion of textile fibers can significantly contribute to energy-efficient
building materials.

Bl T[] TF_Il =O—Polynominal Fit of TF_| —[1— Polynominal Fit of TF_lI

1.8
1|7 days 28 days
1.6
€ 14-
2 5]
z |
2 1.0
o
S |
2 08-
[e]
8 |
© 0.6
£ |
2 044
~ |
0.2 1
0.0 - . . . . . . . . L]
0 10 20 30 40 0 10 20 30 40
Reinforcement material percentage (%)
Equation y= Intercept + B1*x*1 + B2*x"2 + B3*x"3
Plot 7-day thermal conductivity 28-day thermal conductivity
TF_I TF_Il TF_I TF_I
Intercept 1.44653 +0.03563 1.45487 +0.03363 1.20035+0.00293 1.18857 +0.09492
B1 -0.02569 + 0.00906 -0.06153 +0.00856 —0.03014 £0.0007 -0.01673 +0.02415
B2 0.001 +0.0006 0.00259 £0.0005 0.00115+0.00005 0.0001 +£0.00153
B3 —0.00001 £ 0.00001 -0.0003 +0.000008 -0.0002 +0.0000007 0.000002 +0.00003
R? 0.99496 0.99384 0.99992 0.91355

Figure 14. Thermal conductivity and thermal resistance of mortars reinforced with textile waste.
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Figures 15 and 16 provide a graphical representation of the comparison between the
experimentally measured thermal conductivities of reinforced mortars by the two types of
textile fibers and the values predicted by the analytical models, which are detailed in Section 3.3
and illustrated in Figure 7. These figures offer a visual means to assess the alignment or
divergence between the actual data and the model forecasts, facilitating a comprehensive
understanding of the thermal behavior of the reinforced mortars. The observed trend in
both experimental and theoretical data consistently shows that an increase in the quantity
of reinforcing material leads to a decrease in the thermal conductivity of the cementitious
mortar. These findings underscore the agreement between the empirical data and the forecasts
generated by the series and parallel models, along with the Hashin-Strikman model. This
alignment between experimental results and theoretical predictions emphasizes the reliability of
these models in explaining the variations in thermal conductivity as a function of the reinforcing
material’s concentration. In the context of mortars enhanced with TF_I, Figure 15 clearly
illustrates that the Rayleigh model stands out as the most accurate predictor, showing just a
5% deviation from the experimental results. This remarkable concordance can be attributed
to the inherent characteristics of the reinforcing materials, which possess a fibrous structure.
The fibrous nature of these materials plays a crucial role in establishing a correlation between
the Rayleigh model and the observed thermal behaviors. The model’s ability to consider
the thermal properties of individual fibers within the composite proves highly effective in
predicting the overall thermal conductivity of the reinforced mortars. This outcome highlights
the importance of recognizing the specific attributes of the reinforcing materials when selecting
an appropriate predictive model. These fibers can be seen as resembling cylinders that are
distributed throughout the cement matrix. The underlying principles of the Rayleigh model are,
in many ways, analogous to this configuration, which helps explain the model’s remarkable
performance in predicting the thermal behavior of these reinforced mortars. This insight is
significant as it highlights the suitability of the Rayleigh model in the context of fiber-reinforced
mortars, shedding light on the behavior of such materials in real-world applications.
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Figure 15. Thermal conductivity of TF_I-reinforced mortars predicted by analytical models: (a) Paral-
lel and serie model, (b) Hashin-Strikman model, (c) Maxwel model, (d) Rayleigh model, (e) Nielsen-
Lewis model and (f) Hatta-Taya model in comparison with experimental results.
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Figure 16. Thermal conductivity of TF_II-reinforced mortars predicted by analytical models: (a) Par-
allel and serie model, (b) Hashin-Strikman model, (¢) Maxwel model, (d) Rayleigh model, (e) Nielsen-
Lewis model and (f) Hatta-Taya model in comparison with experimental results.

In the examination of TF_II-reinforced mortars, the insights derived from Figure 16 re-
veal an interesting pattern. They indicate that the Rayleigh model, while generally effective
in predicting the thermal behavior of these fortified mortars, exhibits a slight divergence
from the experimental data. This variance is particularly noticeable when dealing with
mortars containing lower proportions of reinforcing elements. This discrepancy can be
attributed to the Rayleigh model’s exclusive focus on the thermal conductivity of the indi-
vidual materials within the composite. Conversely, when examining samples with higher
concentrations of reinforcing materials, the experimental results more closely correspond
with the predictions of the serial model. This alignment suggests that the textile fibers were
adeptly and uniformly distributed throughout the cement matrix. This even dispersion
of fibers within the matrix is a key factor contributing to the enhancement of the mortars’
thermal characteristics.

5.4. Estimation of Thermal Diffusivity and Volumetric Heat Capacity of Various Samples

In the quest to ascertain the thermal parameters, including diffusivity and thermal
capacity, for the different samples under investigation, we initiate the process with an
analytical examination aimed at confirming the experimental results for thermal conduc-
tivity, as presented in the preceding section. Following this step, we proceed to develop
a numerical COMSOL model, which enables us to derive the diffusivity and thermal
capacity values for the samples. This integrated approach ensures a comprehensive under-
standing of the thermal characteristics of the materials in question. Figure 17 provides a
visual representation that allows us to compare the thermal conductivity results of textile
fiber-reinforced mortars obtained through numerical simulations with those derived from
experimental measurements. This comparative analysis serves to assess the agreement
or divergence between the modeled and observed thermal behaviors of these materials,
shedding light on their thermal performance and the accuracy of our predictions. This
visual representation provides insights into the relationship between the measured and
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predicted results, taking into account the textile content of the samples. It underscores
a coherent pattern and notes a marginal increase in error for samples with higher textile
content. To delve deeper into this observation, it is essential to consider the implications of
this error fluctuation and explore potential contributing factors that might elucidate these
variations. The thermal conductivity values obtained through experimental measurements
consistently appear to be lower than the values predicted by the model. This ongoing
discrepancy can be ascribed to various uncontrolled variables that can manifest during the
sample preparation process, variables that the model does not account for. These factors
encompass elements such as porosity within the material and contact resistance between
its components. These observations serve to underscore the resilience and precision of the
numerical model. Despite these discrepancies, the model continues to provide valuable
insights, emphasizing its overall effectiveness in approximating and understanding the
thermal behavior of the materials under study.
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Figure 17. Thermal conductivity of (a) TF_I and (b) TF_II reinforced mortars predicted by the
numerical model in comparison with experimental results.

Figure 18 offers a representation of the numerically predicted thermal diffusivities and
volumetric thermal capacities for reinforced mortars, reinforced with TF_I and TF_II. The
addition of fibers to the cementitious mortar appears to result in a reduction in both thermal
diffusivity and volumetric heat capacity. In the case of low TE_I content, we observe a
gradual decline in both thermal diffusivity and volumetric heat capacity for the mortars
with textiles. This decline continues until reaching values of 1.13 mm? /s and 1.12 MJ/m3 K,
respectively. These findings highlight the impact of textile content on the thermal properties
of the mortars and provide valuable insights into how different fiber concentrations influ-
ence the heat transfer and heat-storage characteristics of the materials. Furthermore, as the
proportion of textile fibers is increased to 40%, we observe a notable reduction in both ther-
mal diffusivity and volumetric heat capacity. Specifically, the thermal diffusivity decreases
to 0.97 mm? /s, and the volumetric heat capacity drops to 0.91 MJ/m?-K. When examining
mortars reinforced with 40% TF_II, we similarly observe a decrease in thermal diffusivity
and volumetric thermal capacity, reaching values of 1.11 mm?/s and 1.05 MJ/m3 K, re-
spectively. The incorporation of textile fiber waste into cementitious mortar consistently
leads to reductions in thermal diffusivity and volumetric heat capacity, aligning with the
decrease in thermal conductivity. For instance, in comparison to the conventional mortar
(CM) sample, where there is a 40% decrease in thermal conductivity for the TF_I sample
with (40%), we see a corresponding 21% decrease in thermal diffusivity and a 23% decrease
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in volumetric heat capacity. Similarly, in the case of the TF_II sample (40%) with a 37%
decrease in thermal conductivity compared to ordinary mortar, we observe a 9% reduction
in thermal diffusivity and an 11% reduction in volumetric heat capacity for both TF_I- and
TF_II-reinforced mortars. These results highlight the intricate relationship between textile
fiber content and the thermal properties of the mortars, demonstrating how varying fiber
concentrations can significantly affect heat transfer and heat-storage characteristics.
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Figure 18. Numerically predicted thermal diffusivity and volumetric heat capacity of textile-
reinforced mortars.

5.5. Comparative Analysis of Insulation Materials

Based on the characterization results, the textile-reinforced mortars show a unique
balance of thermal, physical, and mechanical properties, making them a promising alter-
native to traditional cement mortars reinforced with other insulating materials. Table 3
provides a comparison between the current study and previous research documented in
the literature. In terms of thermal performance, the addition of the textile fibers signifi-
cantly decreases the thermal conductivity of cement mortar. The values given are between
0.75 and 1.2 W/mK for textile TF_I and between 0.82 and 1.2 W/mK for textile TF_II. This
improvement in thermal conductivity due to the addition of textile fibers is consistent with
previous studies that have identified better insulation resistance with the increase in fiber
material [74]. In addition, both types of textile fibers improved the thermal performance
of cement mortar more effectively compared to other materials such as polymer-coated
perlite [133], rubber granulate [132], bagasse or rice husks [45], expanded perlite [134], and
expanded polystyrene [50], which is an efficient thermal insulator due to its highly porous
and lightweight nature. Although these materials provide excellent thermal insulation, they
often exhibit poor mechanical properties such as low compressive and flexural strength,
which may limit their applicability in load-bearing or high-stress environments. In contrast,
textile fibers not only improve thermal insulation but also improve mechanical performance.
Studies have shown that textile fiber reinforcements can significantly improve flexural
strength and ductility by improving the post-cracking behavior of cement mortars, thereby
providing higher energy absorption and resistance to crack propagation. The results of
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the mechanical compression tests show that both types of fibers have superior mechanical
performance compared to expanded polystyrene and other materials found in the literature
such as rice husk ash [38], synthetic plant sponges [42], and ground rubber [132], which
often exhibit brittle behavior and reduced structural capacity. In addition, textile fibers
help maintain compressive strength, while other insulation materials often result in a
decrease in compressive strength due to their lower density and weaker matrix interactions.
Additionally, textile fibers promote sustainability through the use of recycled or waste
materials, aligning with the growing importance of green building practices. Overall, textile
fiber-reinforced mortars offer a comprehensive solution by combining improved thermal
insulation with superior mechanical performance, bridging this gap between energy ef-
ficiency and structural integrity. This makes them a sensible alternative to conventional
insulation materials, especially in applications that require longevity and resilience in
addition to thermal efficiency.

Table 3. Comparative analysis of insulation materials.

Replacement .. .

Reinforcement Material Perc(eo/n)tage Therm?‘llvgir.l;i;lctlvﬂy Flexul(';}ﬂ?il)‘ength Compre?;/ll;z)s trength Reference
Expanded polystyrene [135]
Rice husks [45]
Expanded perlite [133]
Juncus acutus [136]
Human hair [137]
Sheep wool [138]
Fiberglass [103]
Rubber granulate [132]
Fly ash [139]
Silica fume [140]

6. Modeling of Room Integrating Textile-Reinforced Mortar
Composites: Case Study

6.1. Climatic Conditions and Model Validation

To validate the accuracy of the numerical model, the variation in air temperature
measured in the room was compared with the temperature predicted for Case 1. The
validation of this model was carried out on a typical experimental day, as shown in
Figure 19a, which provide a detailed overview of the climatic conditions recorded at the
experimental site on 17 June 2022. The same meteorological data will be input into the
numerical model to predict the thermal behavior of the room in other cases. The fluctuations
in the outside temperature and solar radiation are remarkable. The outside temperature is
between 33 °C and 22 °C, the average value is 27.7 °C. A significant increase in outside air
temperature is observed between 11 a.m. and 3 p.m., while the minimum temperature is
recorded between 3 a.m. and 5 a.m. It is worth mentioning that a maximum solar radiation
of approx. 960 W/m? is measured around midday. Figure 19 billustrates a similar trend
between the numerical and experimental values with a root mean square error of 0.48. This
consistency of results confirms the reliability of the developed model in predicting heat
transfer in the selected room.
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Figure 19. Variations in (a) the external air temperature and and the solar radiation at the Borj Cedria
site on the day of the experiment and (b) a comparison of the experimental and numerical results.

6.2. Evaluation of the Effect of Adding Textile-Reinforced Mortar to a Building’s Roof

The simulations consider various scenarios, referred to as Cases 1 to 9, in which
modifications are made to the roof while assuming that the cabin walls are constructed
using bricks and conventional mortar. This research examines different configurations of
roof structures, each with different compositions and integrated materials. In Case 1, the
roof is made entirely of concrete. Case 2 represents a roof consisting of a concrete layer
on which a layer of standard mortar is applied. In Case 3, the roof comprises a layer of
concrete topped with a layer of TF_I-reinforced mortar. Cases 4, 5, and 6 involve a 3 cm
thick panel of phase-change material (PCM), which is integrated into the roof structure in
different ways. In Case 4, the PCM panel is included directly into a concrete roof, while
in Case 5, it is inserted between a layer of concrete and a layer of standard mortar. Case
6 examines a similar structure, but with the PCM board sandwiched between a layer
of concrete and a layer of fiber-reinforced mortar. Similarly, Cases 7, 8 and 9 study the
installation of a 4 cm thick PCM board in the roof structure: directly in a concrete roof
(Case 7), sandwiched between a concrete layer and a standard mortar layer (Case 8), and
between a layer of concrete and a layer of fiber-reinforced mortar (Case 9). Figure 20 shows
the temperature distribution in each case along a plane perpendicular to the south side of
the cabin. The time frame shown is from 6:00 a.m. to 7:00 p.m., with data provided at hourly
intervals. Regions with warm and hot temperatures are represented in the visualization
by shades of orange and red, respectively. Conversely, colder areas are characterized by
blue shades. The profile temperature prominently demonstrates that the integration of a
thermally reinforced mortar and a phase-change material into the roof structure mitigates
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heat transfer, resulting in a significant reduction in the overall temperature distribution
within the cabin. As shown in Figure 20 and the enlargement in Figure 21a at 12 p.m., the
reinforced composite material integrated into Case 3 actually acted as a robust barrier to
heat transfer and reduced the flow of thermal energy between the indoor and outdoor
environments. In addition, Figure 21b, which shows the temperature profile in a plane at
the center of the roof, shows that the use of PCM panels helped to reduce heat transfer in the
roof. The temperature variation observed when comparing Cases 4 and 7 to Case 1 clearly
demonstrates the beneficial effects of integrating phase-change materials. This integration
improves thermal regulation by effectively absorbing and releasing thermal energy during
phase transitions, thus stabilizing internal temperatures. Furthermore, Cases 6 and 9 clearly
show that the inclusion of thermal insulation and PCM in the roof structure leads to the
most significant reduction in the temperature profile.
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Figure 20. Daily air-temperature profile in each configuration studied inside the cabin.
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(a)

(b)

Figure 21. Instantaneous air-temperature profile in the 13 configurations studied: (a) transversal
cross-section; (b) longitudinal cross-section.

Figure 22 shows a comparative analysis of the air-temperature fluctuations between
the nine scenarios investigated. Since changes were made in the architectural composition
of the roof, the assessment of temperature variations was carried out in close proximity to
the roof, as shown in Figure 8b. Figure 22a provides an expanded view of the temperature
variation from 10 a.m. to 2 p.m., specifically focusing on the effects of integrating the 40%
TF_I-fiber-reinforced composite. As the graphic shows, a temperature of around 45 °C
was measured at midday in the cabin with a roof made of 10 cm thick concrete (Case 1).
When replacing a 3 cm thick concrete roof layer with a layer of ordinary mortar, there was a
temperature drop of 0.5 °C compared to Case 1. Replacing a 3 cm thick concrete roof layer
with a layer of ordinary mortar resulted in a temperature drop of 0.5 °C compared to Case
1. An additional temperature reduction occurred when the 3 cm thick concrete roof layer
was replaced with a layer of fiber-reinforced mortar, resulting in a temperature decrease
of 1 °C compared to Case 1. These results demonstrate the influence of integrating the
textile-reinforced mortar on mitigating heat transfer and regulating thermal fluctuations
within the structure. Figure 22b shows the effects of incorporating phase-change material
into concrete roof in both Case 4, featuring a 3 cm PCM panel, and Case 7, featuring
a 4 cm PCM panel. When comparing the results to those of Case 1, which depicts a
scenario with solely concrete roof, a reduction in temperature of 3% was observed. These
results highlight the importance of integrating PCM into building materials, even in small
amounts, to improve thermal performance and ensure more reliable indoor comfort. As
depicted in Figure 22c¢, replacing a 5 cm thick concrete layer with thermally reinforced
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mortar resulted in a comparable temperature reduction as installing a 4 cm thick PCM panel
on the concrete roof. Specifically, both Cases 3 and 7 show a 3% reduction in maximum
temperature compared to Case 1. Nevertheless, these two cases present different time
periods, a factor influenced by the thermal properties of phase-change materials. Moreover,
Figure 22d,e show the combined effects of incorporating phase-change materials along with
thermal insulation. In fact, the integration of a PCM panel between a concrete layer and
a mortar layer resulted in a temperature drop that reached 43.3 °C in Case 5 and 43.2 °C
in Case 8. A further improvement in thermal behavior was observed by installing the
PCM panel embedded between a 5 cm thick layer of concrete and a 5 cm thick layer of
textile-reinforced mortar. This integration resulted in significantly lower fluctuations in air
temperature and showed a notable maximum reduction of about 4% and 5% for Case 6
and Case 9, respectively, compared to the baseline scenario. These results emphasize the
collaborative effect of incorporating thermal insulation and phase-change materials into
the roof structure. This synergy significantly reduces temperature fluctuations, increasing
energy efficiency and therefore reducing the reliance on mechanical heating and cooling
systems within buildings.
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Figure 22. Comparison of air-temperature changes in all cases studied: (a) in Cases 1, 2 and 3, (b) in
Cases 1,4and 7, (c) in Cases 1,3 and 7, (d) in Cases 1,4, 5 and 6, (e) in Cases 1, 7, 8 and 9.

6.3. Evaluation of the Effect of Adding Textile-Reinforced Mortar to the Structure of Roof and Walls

Following the examination of the effect of insulating the roof structure, this section
focuses on investigating the influence of incorporating textile-reinforced mortar into the
walls adjoining the roof structure. First, the changes in the effective thermal conductivity
and resistance of the wall were investigated subsequent to applying textile-enhanced
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Effective thermal resistance ( W/mk)
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mortar on both sides. Figure 23 shows the change in the effective thermal resistance and
the effective thermal conductivity of the walls with increasing proportions of the two types
of textile fibers in the mortar. It is clear that in both cases, effective thermal resistance
increases and effective thermal conductivity decreases with increasing fiber content. As
expected, TF_I mortar consistently outperforms TF_II mortar, providing a higher effective
thermal resistance for a given fiber content. This is likely due to the different properties
of the two fibers. TF_I is a denser fiber with a higher specific heat capacity, which makes
it more effective at trapping heat and preventing it from transferring through the mortar.
The results of this figure suggest that TF_I is the preferred textile fiber for use in textile
fiber-reinforced mortars applications where high thermal performance is required. This is
supported by the fact that TF_I was selected for use in the subsequent numerical analysis.
In brief, a wall coated on both sides with a mortar reinforced with 40% TF_I fibers exhibits
a thermal resistance of 0.21 W/mK and a thermal conductivity of 0.45 W/mK, showing
improvements of 29% and 22%, respectively, compared to a wall coated with regular mortar.
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Figure 23. Variation in effective thermal resistance and effective thermal conductivity with increasing
percentages of two types of textile fibers.

Furthermore, four additional scenarios were studied in which the cabin consisted
of brick walls coated on both sides with 40% TF_I mortar and each with a different roof
structure. In Case 10, the roof is made entirely of concrete. Case 11 represents a roof
consisting of a concrete layer on which a layer of TF_I reinforced mortar is applied. Case 12
involves a 4 cm thick PCM panel that is integrated directly into a concrete roof. In the last
scenario (Case 13), the cabin roof contains a PCM panel sandwiched between a concrete
layer and a layer of TF_I reinforced mortar. Figures 20 and 24 show the synergetic effect
of insulating the roof and the walls with the reinforced textile mortar. Figure 20, which
shows the temperature distribution of the cabin in a plane perpendicular to the south side,
reveals that the integration of thermally reinforced mortar in the walls adjacent to the
roof structure effectively reduces heat transfer, resulting in a substantial decrease in the
overall temperature distribution within the cabin. Figure 24 offers a detailed overview of
the spatial temperature change observed among the studied cases at four different time
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periods throughout the day: 10 a.m., 12 p.m., 2 p.m., and 4 p.m. This figure provides
unique insights into how changing coating materials along the roof configuration affect
temperature propagation within the walls and indoor air.
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Figure 24. Spatial temperature change observed among the studied cases: (a) Cases 1 and 10;

(b) Cases 3 and 11; (c) Cases 7 and 12; and (d) Cases 9 and 13, at four different time periods
throughout the day.

In Figure 24a, the temperature variation across the thickness of the cabin is visualized
for both Case 1 and Case 10. In both scenarios, the cabin roofs are predominantly made of
concrete, but the walls are covered with different coating materials. Similarly, Figure 24b-d
show the comparison of temperature change within the cabin, each time maintaining the
same roof configuration but varying the wall composition. It is noteworthy that in Cases
10, 11, 12 and 13, where the wall is coated with thermally enhanced mortar, the rate of
temperature propagation is slower than in the cabin with walls coated with conventional
mortar. This is attributed to the fact that a wall coated with enhanced composite displays a
reduced effective thermal conductivity compared to that covered by plain mortar, thereby
decelerating the heat transfer process. Interestingly, the use of textile mortar as a coating
material leads to favorable results in terms of attenuating temperature spread. This suggests
that a balanced application of textile-enhanced composite on the entire wall surface and roof
structure can effectively regulate temperature fluctuations and improve thermal efficiency.
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7. Conclusions

The incorporation of recycled materials into building elements is a growing trend,
driven by both ecological and technical considerations. Waste textile fibers constitute a
particularly promising material for this purpose, because they make it possible to pro-
duce cement-based mortars with improved thermal properties and acceptable mechanical
strength. This study investigated the potential of two types of textile fiber-reinforced
mortars (TF_I and TF_II) as cladding mortars, used to cover the exterior of buildings and
protect them from the elements.

Mechanical characterization tests carried out on TF_I and TF_II also indicated im-
proved flexural strength, while compressive strength slightly decreased while meeting the
requirements of the coating mortars. This suggests that textile fiber-reinforced mortars
provide a viable alternative to traditional cladding mortars, with the added benefit of
environmental sustainability.

A thermal analysis is carried out by the analyzer of thermal properties to determine
the thermal conductivity. An analytical analysis is carried out to validate the experimen-
tally measured thermal conductivities of the mortars reinforced with the two types of
textile fibers and the values predicted by the analytical models. Then, we proceed to the
development of a COMSOL numerical model, which allows us to derive the diffusivity and
heat-capacity values. for the various samples. The results showed that TF_I with 40% sand
replacement exhibited significant reductions in thermal conductivity, thermal diffusivity,
and volumetric heat capacity, by approximately 40%, 21%, and 23%, respectively, compared
with ordinary cement mortar. These improvements in thermal performance can lead to
significant energy savings in buildings, particularly in hot climates.

To study in more detail the potential of TF_I fibers in building applications, a numerical
study was carried out to evaluate their impact on the thermal behavior of a cabin. The study
explored the potential of combining TF_I with phase-change materials (PCMs) to further
improve the thermal performance of buildings. PCMs are materials capable of absorbing
and releasing heat at a specific temperature, the temperature fluctuations in the cabin are
determined under different conditions (from Case 1 to Case 9). The results of a numerical
study showed that the combined use of TF_I and PCM on the roof of a building can reduce
the maximum indoor temperature by up to 5% in summer conditions. This suggests that
the combination of TF_I and PCM constitutes a promising strategy to improve the energy
efficiency of buildings and reduce their dependence on air conditioning. Finally, four other
cases are simulated by adding composite in the wall. The cabin walls were covered on both
sides with TF_I-reinforced mortar. The results showed that covering the wall with a 20 mm
layer of TF_I on both sides improved the overall thermal performance by approximately
10%. This demonstrates that TF_I can be used to effectively reduce heat transfer through
building walls, thereby leading to more comfortable and energy-efficient buildings.

Overall, the results of this study suggest that textile fiber-reinforced mortars are a
promising sustainable building material that can improve the thermal performance and
energy efficiency of buildings. Further research is needed to optimize the formulations and
applications of TF_I, but the results of this study provide a solid basis for the development
of this new class of construction materials.

The study findings offer a foundation for contextualizing the potential of textile fiber-
reinforced mortars (TF_I and TF_II) relative to industry benchmarks and standards in terms
of both waste reduction and energy efficiency. The use of used textile fibers directly ad-
dresses the global challenge of textile waste management, which aligns with sustainability
objectives outlined in frameworks such as the European Green Deal or the United Nations
Sustainable Development Goals (e.g., Goal 12: responsible consumption and production).
By incorporating a 40% replacement of sand with textile fibers in TF_I, the material demon-
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strates significant resource conservation compared to traditional cement mortars. Industry
benchmarks such as ISO 14001 [141] for environmental management could be used to
quantify reductions in raw material consumption and waste generation. The thermal
performance improvements achieved with TF_I, including the 40% reduction in thermal
conductivity, directly contribute to energy savings in buildings. Compared to traditional
building materials, this reduction is significant and could be contextualized using standards
such as ASHRAE 90.1 [142] (energy standard for buildings) or ISO 13790:2008 [143], which
guide the design of energy-efficient buildings. The 5% reduction in maximum indoor
temperatures in summer achieved with TF_I and the integration of PCM highlights its
potential to reduce cooling energy requirements, a critical factor in hot-climate regions. To
fully integrate textile fiber-reinforced mortars into mainstream construction practices, it
will be necessary to establish industry standards for their use, including performance, dura-
bility, and environmental impact. Future work could include comparing these materials
to existing industry standards such as ISO 14001 [141] for environmental sustainability to
highlight their benefits and broaden their application.

The lifecycle of textile-reinforced mortars shows significant environmental impacts
during the production of textile fibers and the cement matrix due to high energy use and
emissions. However, TRMs’ excellent durability reduces the need for frequent repairs,
lowering resource consumption and waste over time. Recycling remains a major challenge,
as separating textiles from the cement matrix is difficult, often resulting in landfilling.
Advancements in recycling technologies and the use of more sustainable materials could
improve end-of-life solutions, reducing embodied carbon and maintenance costs while
enhancing their overall environmental performance.
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