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Abstract

Concrete, as a primary construction material, faces significant environmental and performance challenges, including high carbon
emissions and limited thermal comfort, particularly in structural applications. This study investigates the integration of waste-derived
glass nanopowder (GNP) as a sustainable additive to enhance the thermal and mechanical performance of eco-concrete. The research
aims to optimize thermal comfort and structural efficiency for wall applications while promoting environmental sustainability.
Using analytical homogenization models, the elasto-thermo-mechanical behavior of nano-reinforced concrete (RC) is evaluated.
The Maxwell-Eucken model is employed to assess thermal conductivity, while the Luo model determines the elastic properties,
accounting for the three-dimensional behavior of wall structures. The results indicate that incorporating a 30% volume fraction of
GNP enhances thermal conductivity by nearly 15%, increases thermal resistance by 25%, and significantly reduces thermal expansion

and the thermal transmittance coefficient (U, ) by 30% and 25%, respectively. Additionally, the elastic properties are shown to adjust

hom)
proportionally to the nanopowder content, ensuring compatibility with structural demands. These findings underline the potential
of GNP as an efficient and sustainable additive for advanced structural applications, particularly in energy-efficient wall systems,
contributing to the advancement of eco-friendly civil engineering practices.
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1 Introduction

Concrete is the most widely used construction mate-
rial globally due to its strength, durability, and versa-
tility [1, 2]. It forms the backbone of infrastructure,
including buildings, bridges, roads, and other essential
structures [3—5]. However, traditional concrete produc-
tion is associated with several significant challenges, most
notably its high environmental impact [6]. The cement
industry, a key ingredient in concrete, is one of the larg-
est contributors to global carbon dioxide (CO,) emissions,
accounting for approximately 7-8% of the total emissions
worldwide [7]. In addition to its environmental footprint,
concrete often exhibits limited thermal comfort, partic-
ularly in structural applications like walls, where heat
retention or dissipation can affect energy efficiency and

indoor climate control [8]. As climate change and energy
conservation become growing concerns, there is an urgent
need to address these issues by enhancing concrete's per-
formance, sustainability, and thermal efficiency.
Furthermore, the growing demand for stronger and
more functional materials in construction calls for innova-
tive solutions to enhance both the mechanical strength and
thermal comfort of concrete [9, 10]. One promising solu-
tion is the integration of waste-derived glass nanopow-
der (GNP) into concrete mixtures [11, 12]. As a byprod-
uct of glass recycling, GNP provides a sustainable way to
improve the properties of eco-concrete [13]. Its incorpo-
ration can potentially enhance both thermal conductivity
and mechanical strength, improving the durability and
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overall performance of concrete [14]. GNPs unique char-
acteristics, such as its high surface area and fine particle
size, make it an ideal candidate for reinforcing concrete,
particularly in structural applications like walls, where
thermal comfort and mechanical performance are essen-
tial [15]. This study explores the potential of waste-de-
rived GNP as a nano-reinforcement in concrete, with the
aim of optimizing its thermal and mechanical properties
for use in structural panels.

The potential of waste-derived GNP in concrete mix-
tures has been extensively explored in experimental
research. For instance, Radhi et al. [16], investigated the
use of industrial and construction waste, specifically pow-
dered glass from waste bottles and ceramic tile waste,
in reactive powder concrete (RPC). By determining the
optimal ceramic-to-glass ratio through pozzolanic activity
tests, they incorporated these materials as partial replace-
ments for silica (SiO,) fume at levels ranging from 5% to
25%. The results demonstrated significant improvements
in mechanical strength at a 15% replacement level, while
higher substitution levels resulted in slightly increased
water absorption. This study highlights the potential of
repurposing waste materials to enhance RPC properties,
contributing to more sustainable construction practices.
Similarly, Jalalinejad et al. [17], investigated the mechan-
ical and durability properties of sustainable self-compact-
ing concrete by partially substituting cement with waste
glass powder at varying levels (0-30% in 7.5% incre-
ments) and incorporating 10% micro-SiO, as a constant
additive. They assessed key performance parameters,
including workability, compressive, tensile, and bending
strengths, as well as surface and capillary water absorp-
tion, and freeze/thaw resistance. Their findings revealed
that glass powder improved the fluidity and fresh con-
crete properties. However, a slight reduction in mechan-
ical performance was observed at the highest substitution
level of 30%, highlighting the importance of finding an
optimal balance in sustainable mix designs. This study
underscores the need to carefully optimize the proportion
of GNP to achieve the best balance of sustainability and
performance in concrete mixtures. Abdelli et al. [18], fur-
ther expands on the use of industrial waste in concrete,
specifically focusing on the combined use of glass and
plastic waste. The research examined the effects of these
waste materials on workability, chloride penetration, car-
bonation resistance, and compressive strength. The study
found that the incorporation of glass and plastic waste
enhanced chloride penetration resistance by 20.5% over
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time. While glass powder increased carbonation depth,
plastic fibers helped reduce it, demonstrating a comple-
mentary effect when combining these waste materials.
This study highlights the potential of utilizing industrial
waste to not only improve concrete's mechanical and dura-
bility properties but also to promote environmental sus-
tainability in construction.

Moreover, several other experimental studies have sup-
ported the beneficial use of glass powders in concrete
mixtures, contributing to improved mechanical and ther-
mal performance. Research by Zeybek et al. [19], Elaqra
and Rustom [20], Madandoust and Ghavidel [21], Amin
et al. [22], and Jiang et al. [23], has demonstrated that glass
powders enhance concrete’s resistance to mechanical
stresses such as buckling and bending, as well as its abil-
ity to withstand thermal exposures and chemical attacks.
These findings further confirm the advantages of incorpo-
rating waste-derived GNP into concrete, for both improv-
ing its mechanical properties and increasing its durability
under various environmental and load conditions.

In contrast to the extensive experimental studies on the
use of GNP in concrete, there remains a noticeable lack
of analytical investigations addressing the thermo-me-
chanical behavior of such structures. Few studies have
utilized analytical tools to accurately describe and predict
the behavior of concrete structures reinforced with GNP.
One notable example is the work by Benfrid et al. [24],
which presented a comprehensive thermomechanical anal-
ysis of concrete incorporating glass powder as an addi-
tive. The researchers employed the efficient Eshelby's
model to determine the composite properties, taking into
account the spherical shape of the glass powder particles.
Additionally, the study utilized deformation plate theory
to theoretically simulate reinforced concrete (RC) panels
under various conditions. Their findings highlighted the
challenges of integrating glass powder into concrete for
thermomechanical applications, suggesting that alterna-
tive approaches are necessary to further optimize its effec-
tiveness in such scenarios.

The critical need to improve the mechanical perfor-
mance and resilience of concrete has become even more
apparent in the aftermath of recent devastating seismic
events, such as the 2023 Kahramanmarag earthquakes in
Tiirkiye. These twin earthquakes (moment magnitudes of
7.7 and 7.6) caused massive structural failures, resulting in
over 50,000 casualties and the collapse of hundreds of thou-
sands of RC buildings — many of which failed due to poor
material quality, inadequate seismic detailing, or outdated
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design standards [25]. Field investigations in the most
affected provinces, including Hatay, Kahramanmaras, and
Adiyaman, revealed that soft-story mechanisms, short col-
umns, and insufficient reinforcement were key contrib-
utors to structural failure, even in relatively recent con-
structions [26]. Further assessments showed that, despite
updated seismic codes, the actual ground motions far
exceeded design expectations, exposing the vulnerabili-
ties of conventional concrete under extreme loading [27].
Moreover, structural weaknesses such as low-strength con-
crete, poor workmanship, and substandard reinforcement
detailing significantly worsened the level of damage [28].
These tragic outcomes highlight the urgent necessity for
developing advanced concrete materials with improved
mechanical strength, durability, and energy dissipation
capacity — particularly in seismic zones. In this context, the
integration of nano-reinforcements such as waste-derived
GNP presents a promising strategy to not only enhance
mechanical and thermal performance but also to contrib-
ute to safer and more sustainable construction practices.

In alignment with the need for analytical investigations,
several studies have employed homogenization models to
derive the thermo-mechanical properties of nano-compos-
ite concrete structures. Harrat et al. [29], utilized Eshelby's
homogenization model to evaluate the effects of incorpo-
rating ferric oxide (Fe,O,) nanoparticles into the concrete
matrix, providing valuable results into their influence on
composite properties. Similarly, Chatbi et al. [30], applied
the Voigt homogenization model to simulate the impact
of SiO, nano-additives on concrete performance, explic-
itly accounting for the agglomeration effect of nanoparti-
cles. Furthermore, Dine Elhennani et al. [31] analyzed the
mechanical performance of concrete reinforced with vari-
ous nanoparticles, including SiO,, titanium dioxide (TiO,),
and zirconium dioxide (ZrO,), using advanced analytical
tools. These studies collectively underscore the significance
of analytical approaches, demonstrating their pertinence
and reliability in yielding valid results for understanding
and optimizing the behavior of nano-RC structures.

This study aims to analytically investigate the ther-
mo-mechanical properties of eco-concrete panels rein-
forced with waste-derived GNP, focusing on two main
aspects: thermal performance and elasto-mechanical
behavior. The novelty of this work lies in the integration
of analytical homogenization techniques to simultane-
ously assess and optimize both thermal and mechanical
characteristics of sustainable nano-RC — an approach still
limited in the existing literature.

The first stage of the study addresses the thermal
behavior of the material. Through the homogenization of
thermal conductivity (1), key thermal performance indica-
tors are derived, including the thermal resistance (R), heat
transfer coefficient (U), and heat flux (¢). These parame-
ters are evaluated using the Maxwell-Eucken model [32],
a widely accepted analytical framework for estimating
thermal behavior in multiphase composites. This model
enables a predictive understanding of how GNP inclusion
influences the thermal efficiency of concrete panels, espe-
cially in building envelope applications where tempera-
ture regulation is critical.

The second stage focuses on the mechanical behavior
of the composite. Using a 3D two-phase homogenization
model, where the concrete matrix and the GNP phase are
treated separately, we derive the effective elastic moduli (£,

Ey, E), Poisson's ratios (v v ), Coulomb shear mod-

v
xy? “xz’ Tyz

ulus (G), and compressibility modulus (K). This approach
— based on Voigt [33], Reuss [34], and Voigt—Reuss [35]
averaging schemes — allows for a more realistic prediction
of the material's directional mechanical response. Unlike
traditional isotropic assumptions, this model captures the
potential anisotropic behavior introduced by the nano-in-
clusions, which is essential for accurately evaluating com-
posite performance under practical loading conditions.
Taken together, the key contributions of this work are:
1. the dual analytical modeling of both thermal and
mechanical properties in a unified framework;
2. the use of a 3D two-phase homogenization model to
reflect anisotropic mechanical effects;
3. the promotion of a sustainable and efficient concrete
design by incorporating recycled GNP to enhance en-
ergy performance and reduce environmental impact.

2 Analytical framework for evaluating thermo-
mechanical properties

The analysis follows a two-phase homogenization process,
considering specific hypotheses and assumptions that gov-
ern the behavior of the composite material:

1. Phase I, "homogeneous concrete mixture": initially,
the concrete matrix is assumed to be homogeneous
and isotropic, representing the mono-phasic state of
traditional concrete without any reinforcement. This
serves as the baseline for evaluating the influence of
the GNP inclusions.

2. Phase II, "bi-phasic composite material”: upon the
partial incorporation of GNP as a reinforcement
material, the mixture transitions into a bi-phasic



composite material. The volume percentage (vt%) of
GNP reinforcement varies from 0% (pure concrete)
to a maximum of 30%, allowing for an investigation
of its effects at different inclusion levels.

In terms of physical assumption, the analyzed model

adopts the following considerations:
» "Spherical shape of inclusions": for simplicity and
consistency, the GNP inclusions are assumed to have
a uniform spherical shape. This hypothesis ensures
analytical tractability and allows the study to focus
on the effects of volume fraction and material prop-
erties. It is noted, however, that changes in the inclu-
sion shape could alter the composite's mechanical
response, particularly influencing the Poisson's ratio
and elastic properties.

* "Random distribution of inclusions": the GNP par-
ticles are considered to be randomly distributed
throughout the concrete matrix, with no agglomer-
ation. This ensures that the inclusions are uniformly
dispersed and separated within the matrix, mim-
icking real-world scenarios while simplifying the
homogenization procedure.

Fig. 1 illustrates the homogenization procedures and
provides a visual representation of these hypotheses.
It demonstrates the transition from a mono-phasic to
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a bi-phasic composite, the assumed spherical geometry of
the GNP inclusions, and their random, non-agglomerated
distribution within the concrete matrix.

2.1 Thermal homogenization using the Maxwell-
Eucken model

The Maxwell-Eucken homogenization model is a widely
used theoretical approach to estimate the effective ther-
mal conductivity of two-phase composite materials. It is
particularly applicable to systems where one phase is dis-
persed as small spherical inclusions (GNP) within a con-
tinuous matrix (concrete), such as particles embedded in
a solid medium.

This model is most effective in predicting the thermal
behavior of composites with a low volume fraction of inclu-
sions (vt%), assuming the inclusions are isotropic. The frame-
work provides an analytical formula for the composite's
effective thermal conductivity (4, ) based on the thermal
conductivities of the matrix (1) and the inclusion (/IGP),
as well as the volume fraction of the inclusions (v Gp) [32]:

-1

20, + 2, 24, + 2,

Xpom = 2 : (M
" =2(A, =2, Vg, | | +2(A =24, Vg,

The model assumes steady-state heat conduction and
neglects interfacial thermal resistance (thermal reflection),
which simplifies its application but limits its accuracy for
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Fig. 1 Homogenization process of a concrete matrix infused with GNP, illustrating macro- and microscale interactions
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materials with significant interfacial effects. It also pre-
sumes isotropic thermal properties and spherical geome-
try for the inclusions, as illustrated in Fig. 2.

For the representative elementary volume (REV) con-
sidered in this analysis, the volume fraction of the addi-
tives V. is defined in relation to the volume fraction of
the matrix domain V. This relationship is mathematically
expressed in Eq. (2):

v, =1-V. )

To analyze the effect of GNP content on the thermal
expansion of the concrete matrix, Eq. (3) accounts for the
interaction between thermal expansion of the concrete
matrix (a,) and the GNP inclusions (aGp). The effective

thermal expansion («, ) coefficient for the composite is

hom

expressed in Eq. (3):
ahom = V;ac + VGpaGp' (3)

The thermal resistance (R, ) of the nano-RC is then
defined in Eq. (4) as the ratio of the wall thickness (ep) to
its thermal conductivity. It is measured in square meters
per Celsius per Watt (m? x °C/W), providing an indicator
of the material's ability to resist heat transfer.

R, = ep/lh';m )

hom

Additionally, the thermal transmittance coefficient
(denoted as U, ) quantifies the amount of heat transferred
through a panel (wall) and is expressed in Eq. (5):

=R

Uhom hom * (5)
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Thermal flux (¢, , ) represents the amount of heat trans-
ferred through a builtding's wall per unit area, providing
a fundamental measure of heat flow in thermal perfor-
mance analysis, measured in Watt per square meter (W/m?)
and is expressed in Eq. (6):

¢h0m = Uhom Sp {T;m - T;xt } > (6)

where Sp is the surface area of the wall, calculated as
the product of the width and height of the wall in square
meters (m?), while interior temperature (7, ) and exterior
temperature (7

ext

) represent the interior and exterior tem-
peratures of the wall structure, respectively, measured in
degrees Celsius (°C).

By estimating the 4, , R, ~and U,  of a concrete

hom
wall infused with GNPs, its heat transfer performance
can be quantified, giving an idea of its thermal efficiency
and potential for improving energy conservation in con-

struction applications.

2.2 Elasto-mechanical homogenization using the
Reuss—Voigt—Luo model

In Section 2.2, we apply an advanced homogenization
model introduced by Luo [36], designed to estimate the
effective elastic properties of a concrete matrix infused
with GNP in three dimensions (x, y, z). This model
accounts for the Poisson ratio effect, which is crucial for
accurately characterizing the behavior of bi-phasic com-
posites. According to Luo [36], the three elastic mod-
uli (£, E, E)) (GPa) can be expressed for the bi-phasic

composite in Eq. (7):

Thermal conduction

///

“Dnom”
om

———
External environment Y Internal environment

/— Wall thickness “ep” —

Homogenization

Fig. 2 Thermal conductivity across the thickness (ep) of a concrete wall structure infused with GNP, pre- and post-homogenization
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This model accounts for the Poisson's ratio effect, which
plays a critical role in the regulation of the elastic proper-
ties of composite materials. Unlike the conventional Voigt
and Reuss formulas, which do not consider the Poisson
effect and are therefore inaccurate, this improved model
incorporates the Poisson effect by deriving a set of new
formulas based on the governing equations of elasticity.
The three Poisson's ratios are expressed as in Eq. (8):

{Vc(l—ucp)ul, }{VC(IHJGF)EC }
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Xz

, ®

where (£, v,) and (£, G
and Poisson's ratios of concrete and GNP, respectively.

z)Gp) represent the elastic moduli

In addition to elastic moduli and Poisson's ratios, cal-
culating the G (GPa) and K (GPa™') is crucial for a com-
prehensive understanding of the mechanical behavior of
nano-RC. Matos et al. [13] provide a clear definition of the
G and K. The corresponding expressions are as follows:

G = Er[201+02,)] o
Gy = Ep[2(1+02,)]

and:
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Kp, =Ep, [30-202,)]"

N (10)
Ky, =Epn[3(1-202,)]

3 Thermo-elastic properties of constituent materials
This study analytically simulates the thermo-elastic behav-
ior of a two-phase composite material, consisting of
a concrete matrix reinforced with GNPs. In our analysis,
we consider two types of GNPs: SiO, GNP and aluminosili-
cate (Al-SiO,) GNP. These two types were selected for their
distinct mechanical and thermal properties, which provide
a diverse range of parameters for the composite material.

3.1 Concrete matrix

The concrete matrix serves as the base material in this
study, characterized by its fundamental elastic and thermal
properties. Given that the analysis employs an analytical
modeling approach rather than experimental methods, the
mechanical behavior of the concrete is represented through
simplified key parameters. These include the elastic modu-
lus (£, = 20 GPa), which defines the material's stiffness and
resistance to deformation under applied stress; the Poisson's
ratio (v, = 0.3), which describes the relationship between lat-
eral and longitudinal strains under uniaxial loading; and the
thermal conductivity coefficient (A, = 1.75 W x m™! x °C™),
which reflects the material's ability to conduct heat.

This simplified representation ensures that the analyt-
ical framework is both effective and efficient in assessing
the behavior of the composite material, providing a reli-
able basis for the subsequent homogenization process.

3.2 Glass nanopowder (GNP)

Nano-sized glass powders are incorporated into the con-
crete mixture to develop a nano-composite matrix with
enhanced mechanical and thermal properties. In this
analysis, we consider two types of GNPs: SiO, GNP and
Al-Si0, GNP. These additives are selected for their dis-
tinct elasto-mechanical and thermal properties, which are
summarized in Table 1 [37].

Table 1 Thermo-elastic properties of GNPs [37]
Code name for GNP Al-SiO, GNP SiO, GNP

Elastic modulus (EGP)

Elastic ' (GPa) 81 73
properties
Poisson ratio (DG,) 0.291 0.16
Thermal eflzaonsmn (a Gp) 46 055
Thermal (107¢/°C)
properties

Thermal conductivity (AG[])

(W % ml x °C-) 115 1.15
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The properties presented in Table 1 highlight the high
stiffness and low thermal expansion of GNPs, making them
ideal for improving the performance of concrete compos-
ites. SiO, GNP is particularly notable for its low thermal
expansion and moderate stiffness, making it well suited to
applications requiring dimensional stability under thermal
loading. Al-SiO, GNP, on the other hand, offers greater
stiffness and a moderate coefficient of thermal expansion,
which significantly improves the mechanical strength of
the composite while maintaining efficient thermal perfor-
mance. By incorporating these nano-additives, the com-
posite exhibits improved elastic behavior and thermal sta-
bility, which are essential for advanced structural wall
applications. Walls are specifically addressed in this study
because of their central role in the thermal regulation and
structural integrity of buildings. Improving the thermo-
elastic properties of walls contributes to reducing energy
consumption by improving insulation and maintaining
structural efficiency, aligning with sustainability objec-
tives by minimizing the carbon footprint and optimizing
the use of materials in construction.

4 Results and discussion

Section 4 presents a comprehensive analysis and discus-
sion of the results obtained from the analytical model-
ling carried out to assess the thermo-elastic behavior of
nano-RC. The study examines the influence of incorporat-
ing SiO, glass and Al-SiO, GNPs into the concrete matrix,
focusing on their effects on the mechanical and thermal
properties of the composite.

The analysis explores the impact of these nano-rein-
forcements on key parameters such as thermal conductiv-
ity and heat flow through the concrete matrix, demonstrat-
ing the contribution of GNPs to thermal regulation and
energy efficiency. In addition, the effective elastic moduli
and Poisson’s ratio of the composite are examined in detail,
highlighting the critical role of Poisson's ratio in influ-
encing material stiffness and strain energy distribution
within the composite. Furthermore, various geometries of
wall panels are studied, with each wall having a width (a),
height (), and thickness (ep), as depicted in Fig. 3.

4.1 Validation of homogenization models

To verify the accuracy of the Maxwell-Eucken homoge-
nization model, given the lack of comprehensive studies
on the thermal properties of concrete reinforced with high
proportions of GNP up to 30% by volume, the model's
reliability was validated against an established material

Wall thickness
_€ p—

Solid concrete
wall reinforced
with GNP

Fig. 3 Schematic representation of the wall panel geometries, with
width (a), height (b), and thickness (ep), used for analyzing the thermal

and elasto-mechanical properties of GNP-infused concrete

system using experimental results from lime and hemp
concrete [38]. The validation utilized data from a study
that analyzed lime and hemp composites with hemp shiv
inclusions up to 30% by volume. Fig. 4 illustrates the com-
parison between the Maxwell-Eucken model predictions
and the experimental data for lime and hemp compos-
ites. As shown in Fig. 4, the close agreement between the
two demonstrates the reliability of the Maxwell-Eucken
homogenization model for analyzing thermal conductiv-
ity in composite materials with high-volume fractions of
inclusions. This validation provides a solid basis for apply-
ing the model to the concrete matrix infused with GNP,
guaranteeing the accuracy of subsequent analyses.

0.425 . r r r Y 0.425

—&— Maxwell-Eucken Homogenization model (Present)
0.400 1 — ® — Experimental, Pham Thanh Hung et al. (2012) — 0.400
0.375F 0.375
0.350 0.350
0.325F 0.325
0.300 0.300
0.275F 0.275

0.250 0.250

Thermal Conductivity (A,,,) [W x m™ x °C"']

0.225 L . . . ” 0.225
0% 5% 10% 15% 20% 25% 30%

Volume fraction of woodship "Vy,/"

Fig. 4 Validation of the Maxwell-Eucken homogenization model:
comparison of predicted and experimental thermal conductivity for lime
and hemp concrete with hemp shiv inclusions up to 30% by volume



4.2 Thermal behavior of concrete walls infused with
GNPs

Fig. 5 illustrates the evolution of the thermal conductiv-
ity of a concrete matrix infused with varying amounts of
GNP, ranging from 0% to 30% by volume. The results
in Fig. 5 clearly show a decreasing tendency in the ther-
mal conductivity of the concrete as the volume fraction
of GNPs increases. Notably, since SiO, GNP and Al-SiO,
GNPs exhibit the same thermal conductivity, the behavior
described in Fig. 5 applies to both types of GNP.

This observed reduction in thermal conductivity can be
attributed to the inherently lower thermal conductivity of
the GNPs compared to the concrete matrix. As the vol-
ume fraction of GNPs increases, the effective thermal con-
ductivity of the composite decreases, as the GNPs disrupt
the heat transfer pathways within the concrete. This ther-
mal resistance introduced by the GNPs reduces the overall
heat flow through the material.

To investigate the effect of GNP content on the thermal
expansion in Celsius (°C™") of the concrete matrix, Fig. 6
illustrates the relationship between the volume fraction of
GNP and the thermal expansion of the concrete matrix.
The results show that increasing the GNP content reduces
the thermal expansion for both types of GNPs, with SiO,-
based GNP exhibiting a greater reduction compared to
Al-Si0,-based GNP. This greater efficiency is attributed
to the inherently lower thermal expansion of SiO,-based
GNP, which helps to reduce thermal stress in the concrete
matrix. This reduction in thermal expansion contributes
to the durability of wall structures by improving thermal
stability, reducing the risk of cracking and improving the
energy efficiency of building envelopes.

Fig. 7 illustrates the evolution of the thermal resistance
of a concrete matrix infused with varying amounts of
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Fig. 5 Thermal conductivity (4, ) (W/m x °C) as a function of the
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GNPs from 0% to 30% by volume. In this analysis, the
wall thickness varied from e,=5cmtoe =50cmto eval-
uate the combined effects of wall geometry and material
composition on thermal resistance.

As expected, the thermal resistance increases with the
volume fraction of GNPs, directly confirming the trend
observed in Fig. 5 regarding the reduction in thermal con-
ductivity. Notably, when the volume fraction of GNP
reaches 25%, a pronounced increase in thermal resistance is
observed, marking a higher rate of change compared to lower
concentrations of GNP. This sudden trend can be attributed
to the percolation threshold of nanopowders in the concrete
matrix. At this stage, the GNP distribution probably forms
a more effective network of thermal barriers, significantly
disrupting heat transfer pathways and amplifying thermal
resistance. The variation in wall thickness further high-
lights the importance of design considerations in optimizing
thermal performance. Thicker walls combined with higher
concentrations of GNP achieve substantial improvements
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in thermal resistance, reinforcing the suitability of GNP-
infused concrete for energy-efficient wall structures.

Fig. 8 shows the variation in U, = with increasing GNP
volume fractions, for different wall thicknesses. As Fig. 8
shows, the U decreases systematically as the GNP vol-
ume fraction increases, whatever the wall thickness. This
behavior is consistent with the reduction in thermal con-
ductivity observed in Figs. 6 and 7. Since the U is inversely
related to the thermal resistance (R), the increase in thermal
resistance due to the presence of GNPs leads to a reduction
in U. Essentially, the more GNPs are incorporated into the
concrete matrix, the more the material's ability to transmit
heat decreases, helping to improve insulation performance.

Table 2 presents the ¢, in Watts, as a function of the
volume fraction of GNPs, for two types of panels (square
and rectangular).

As shown in Table 2, the negative values of thermal flux
represent energy dissipation, indicating heat loss from the
interior to the exterior environment. Although not present
in the current dataset, positive values would correspond to
energy input or heat gain. Table 2 displays results under
both summer (Sum.) conditions (7,, = 18 °C, T =43 °C)
and winter (Win.) conditions (7, , = 32 °C, T, =—6 °C).
The analysis considers three wall thicknesses: e,=20cm,
e,= 30 cm, and e,= 50 cm, with the volume fraction of
GNP varying from 0% to 30%. The data presented in
Table 2 reflect the impact of both the volume fraction
of GNPs and the wall thickness on thermal flux. As the
volume fraction of GNPs increases, the thermal flux
decreases, aligning with previous observations that higher
GNP concentrations reduce thermal conductivity and con-
sequently limit heat transfer.
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Fig. 8 The U, of a concrete matrix (W/m?* x °C) as a function of the

volume fraction of GNP, VGP

Table 2 Thermal flux (¢, ) (Watt) as a function of the volume
fraction of GNP (VGP) for two panel types (square and rectangular)
=18°C; T, =43 °C) and winter (Win.)

ext

during summer (Sum.) (7,

int

(1,,=32°C; T, ,=—6°C)
Square panel (@ x b) = (3 x 3) m?

ch e,= 50 cm e,= 30 cm e,= 20 cm

Win. Sum. Win. Sum. Win. Sum.
0% 1197 —788 1995 1313 5985 —3938
5% 1167 767 1944 1279 5833 —3837
10% 1137 748 1895 —1247 5684 —3739
15% 1108 =729 1846 -1215 5539 —3644
20% 1080 =710 1799 -1184 5398 —3551
25% 1052 -692 1753 -1153 5260 —3460
30% 942 —620 1571 -1033 4712 -3100
ch Rectangular panel (a x b) = (3 x 2.5) m?
0% 998 —656 1663 —1094 4988 —3281
5% 972 —640 1620 —-1066 4860 —-3198
10% 947 —623 1579 -1039 4737 3116
15% 923 —607 1539 -1012 4616 —3037
20% 900 =592 1499 —986 4498 —2959
25% 877 =577 1461 —961 4383 —2884
30% 785 =517 1309 —861 3926 —2583
Vo Rectangular panel (a x b) = (2 x 2.5) m?
0% 665 —438 1108 =729 3325 —2188
5% 648 —426 1080 =711 3240 —2132
10% 632 —416 1053 —692 3158 —2077
15% 615 —405 1026 —675 3077 —2024
20% 600 —-395 1000 —658 2999 -1973
25% 584 —385 974 —641 2922 —-1922
30% 524 344 872 =574 2618 -1722

Furthermore, Table 2 also illustrates how wall thick-
ness plays a significant role in the thermal flux. Thicker
walls consistently exhibit lower thermal flux values,
as they offer greater thermal resistance, which reduces the
amount of heat passing through the material.

4.3 Elasto-mechanical behavior of concrete walls
infused with GNPs

In Section 4.3, the study focuses on analyzing the elas-
to-mechanical properties of concrete walls reinforced
with different types of GNPs. Specifically, the investi-
gation considers two types of GNPs: Al-SiO, GNP and
SiO, GNP, with the results for each type presented in
Tables 3 and 4, respectively. Table 5 compares the uncer-
tainties between the two types of RC, based on the effec-
tive material properties derived from the analysis.
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Table 3 Elasto-mechanical properties of eco-concrete incorporating Al-SiO, GNP

Vg, Of AL-SIO, Epom Ejom Erom Ulom Uiom  Yiom =Viom  Giom Giom Giom Kiom Kiom Kion
0% 1.093 1.093 20.000 0.015 0.300 0.300 0.530 0.341 6.250 0.375 0.910 16.667
5% 1.075 1.075 19.422 0.013 0.298 0.331 0.524 0.337 5.843 0.368 0.889 19.152
10% 1.062 1.062 19.277 0.011 0.297 0.365 0.519 0.333 5.573 0.362 0.873 23.751
15% 1.052 1.052 19.415 0.010 0.296 0.401 0.515 0.330 5.388 0.358 0.860 32.628
20% 1.044 1.044 19.763 0.009 0.295 0.438 0.512 0.328 5.265 0.355 0.851 53.530
25% 1.037 1.037 20.289 0.008 0.295 0.476 0.510 0.326 5.195 0.352 0.843 142.747
30% 1.032 1.032 20.976 0.008 0.294 0.512 0.508 0.325 5.179 0.349 0.836  280.311
Table 4 Elasto-mechanical properties of eco-concrete incorporating SiO, GNP
Vg, of SIO, Ejom B Ejon Ulom o Yiow =Vsom  Gion Giom Giom Ko Ko Ko
0% 1.026 1.026 20.000 0.015 0.300 0.300 0.498 0.321 6.250 0.353 0.855 16.667
5% 1.022 1.022 19.617 0.013 0.277 0.324 0.498 0.329 5.954 0.350 0.765 18.550
10% 1.019 1.019 19.568 0.011 0.260 0.349 0.498 0.335 5.764 0.347 0.706 21.563
15% 1.016 1.016 19.753 0.010 0.245 0.374 0.498 0.341 5.647 0.346 0.664 26.222
20% 1.014 1.014 20.121 0.009 0.233 0.400 0.498 0.346 5.590 0.344 0.633 33.514
25% 1.012 1.012 20.649 0.008 0.223 0.424 0.498 0.350 5.587 0.343 0.609 45.230
30% 1.010 1.010 21.324 0.007 0.215 0.445 0.498 0.353 5.643 0.342 0.590 64.289
Table 5 Comparison of the elasto-mechanical properties of eco-concretes based on Al-SiO, GNP and SiO, GNP
Vs AE,,  AE,,  AE,,  Avg,  Av,,  Av,, =Av,,  AG,,  AG,,  AG,, AK;,,  AK;,,  AK,,
0% 0.066 0.066 0.000 0.000 0.000 0.000 0.032 0.021 0.000 0.023 0.055 0.000
5% 0.053 0.053 —0.195 0.000 0.021 0.007 0.026 0.008 —0.111 0.018 0.124 0.602
10% 0.043 0.043 —-0.291 0.000 0.038 0.016 0.021 -0.002  -0.191 0.015 0.167 2.188
15% 0.036 0.036 —0.338 0.000 0.051 0.026 0.017 —0.011 -0.259 0.012 0.196 6.406
20% 0.030 0.030 —0.358 0.000 0.062 0.039 0.015 -0.018  —0.325 0.011 0.218 20.015
25% 0.026 0.026  —0.360  0.000 0.072 0.052 0.012 —-0.023  —-0.392 0.009 0.234 97.517
30% 0.022 0.022  —0.349 0.001 0.080 0.068 0.010 —0.029  -0.464 0.008 0.246  216.022

From the data presented in Tables 3 and 4, it is evident
that the introduction of GNPs leads to a general trend of
decreased values for the elastic moduli (E oms E ,fgm),
G

hom ) >

and

hom >

Poisson's ratios (uﬁm), shear moduli (G"

hom > hom

compressibility moduli (K" K ), reflecting a reduc-
tion in the material's ability to resist deformation under
stress. On the other hand, the values of the elastic modu-
lus along the z-axis (Ez ), Poisson's ratios (U;jm, u,f';’m),

hom
shear moduli (GZ

hom

), and compressibility moduli (K}, ),
show an increase, indicating a greater resistance to deforma-
tion in the direction perpendicular to the plane of the wall.

From an application perspective, this behavior has sig-
nificant implications for wall structures in energy-efficient
buildings. By reducing the thermal conductivity, GNP-RC
can act as a more effective insulator, minimizing heat
transfer between the interior and exterior environments.
This property is particularly advantageous for enhancing
the thermal performance of building envelopes, reducing
energy consumption for heating and cooling, and contrib-
uting to sustainability goals.

The ability to control and fine-tune the thermal con-
ductivity of concrete through the incorporation of GNPs
makes it a promising material for constructing walls in
green buildings and other applications where thermal
insulation is a critical design consideration.

5 Conclusions
This study highlights the potential of waste-derived GNP
as a sustainable additive for improving the thermal and
mechanical properties of eco-concrete. Incorporating up
to 30% GNP by volume resulted in significant improve-
ments in the thermal conductivity, thermal resistance,
and thermal transmittance coefficient of the concrete,
suggesting GNPs role in enhancing energy efficiency and
thermal comfort in buildings. The research also demon-
strates that the elasto-mechanical properties of GNP-
infused concrete adjust proportionally to the GNP con-
tent, providing added structural benefits.

Key parameters such as the volumetric fraction of glass
powder and the geometry of the concrete panels were
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found to significantly influence the thermal and mechani-
cal characteristics of eco-concretes. In particular, Al-SiO,
and SiO, glass powders enhanced both the mechanical
strength and thermal stability of the concrete, with the
Al-SiO, reinforcement showing superior performance.
This research supports sustainable construction by
proposing a cost-effective and environmentally respon-
sible solution for enhancing the thermal performance of
concrete wall structures. The incorporation of waste-de-
rived GNP significantly improves thermal resistance and
reduces heat transfer, contributing to lower energy con-
sumption in buildings. This leads to decreased heating and
cooling demands, thereby reducing operational energy use
and associated carbon emissions. Additionally, the use of
recycled glass helps minimize waste and reduces reliance
on cement, further lowering the environmental impact.
Overall, GNP-reinforced eco-concrete offers a promis-
ing pathway toward energy-efficient, low-carbon building
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