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ABSTRACT

The optimization of structural and thermal performance in building components remains a key challenge in sustainable
construction, particularly in hot climate regions like Libya. Hollow clay bricks are widely used due to their local
availability and affordability; however, their internal geometry is rarely optimized for thermal resistance or mechanical
integrity. This study addresses this gap through a numerical investigation considering the effect of cavity geometry on
the load-bearing capacity and thermal insulation performance of hollow clay bricks. Three configurations were analyzed,
including two commercial designs from the Libyan market and a newly proposed arched cavity design. Finite Element
Method (FEM) simulations were performed using ANSYS to evaluate both structural and thermal behavior under realistic
boundary conditions. The results showed that the arched cavity design significantly reduced stress concentrations and
improved mechanical performance compared to traditional models. Thermally, the optimized design achieved lower
heat transfer rates, especially when combined with insulation materials such as polyisocyanurate (PIR). The proposed
design improved both structural efficiency and energy performance. These findings contribute to the development of
energy-efficient, structurally sound wall systems using local materials, and offer practical insights for sustainable building
design in arid climates.

Keywords: Hollow clay bricks, Finite element analysis, Load-bearing capacity, Arched cavity design, Thermal performance,
Thermal insulation, Sustainable construction

1. Introduction

Hollow clay bricks are among the most widely
used construction materials due to their favorable
combination of mechanical strength, thermal
insulation, and sustainability. Produced from natural
clay and fired at high temperatures, these bricks
contain internal cavities that reduce weight and
enhance energy performance. Their use lowers
structural loads and minimizes the consumption of
complementary materials such as concrete and steel,
particularly in floor systems [1]. In addition to their
mechanical and economic benefits hollow clay bricks

are cost-effective and environmentally friendly,
making them a practical solution for construction in
both hot and cold climates, including Libya. Owing
to these advantages, their structural and thermal
performance has been extensively studied, especially
in the context of sustainable building construction.
Recent research highlights the importance of material
selection and design parameters in reducing the
energy demand of residential buildings through the
use of innovative materials, advanced technologies,
and modern construction techniques [2]. While one
such study was conducted in Nigeria, its conclusions
underline a broader principle: the adoption of
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sustainable and optimized materials—such as the
hollow clay bricks investigated in the present
work—can significantly reduce building energy
consumption, particularly in hot-climate regions
facing acute energy challenges. In response to
increasing energy demands and sustainability
concerns, several studies have investigated methods
to enhance the thermal and structural performance
of hollow masonry units [3-11]. A recent study [3]
employed finite element analysis to investigate the
mechanical behavior of functionally graded material
(FGM) plates under various loading and boundary
conditions. The study used ANSYS Mechanical APDL,
and demonstrated that both material gradation and
mesh resolution significantly affect stress distribution
and deflection behavior in functionally graded
plates. These results emphasize the importance
of accurate geometric and material modeling in
finite element-based structural assessments. While
the focus of the study was on functionally graded
material plates under mechanical loading, their
work demonstrates the versatility of finite element
modeling in analyzing the performance of complex
building materials. This modeling approach is
similarly employed in the current study to assess
hollow clay bricks with varying cavity configurations.

As shown in the study by Al-Tamimi et al. [4], it
explored optimal cavity configurations in concrete
blocks using numerical simulation to minimize heat
transfer, emphasizing the role of cavity ratio and
thermal bridges. Similarly, Sassine et al. [5] analyzed
ten cavity arrangements in clay bricks and found that
longitudinal barriers improve thermal performance,
while transverse barriers may form unwanted ther-
mal bridges. Other researchers, such as del Coz Diaz
et al. [6] have optimized lightweight floor blocks
by adjusting the number and orientation of inter-
nal walls, showing that increased partitioning and
lower material conductivity improved thermal effi-
ciency. Sustainable material integration has also been
a focus. For example, the study by Sutcu et al. [7]
demonstrated that incorporating paper waste into
clay bricks significantly reduces thermal conductiv-
ity, while Ahmadi et al. [8] showed that filling hollow
bricks with compressed wheat straw enhances in-
sulation by reducing heat flow. From a mechanical
perspective, the work of Cavaco et al. [9] validated
the feasibility of recycling aluminum sludge into clay
bricks without compromising structural performance.
Likewise, the study [10] showed that firing and in-
troducing cavities into clay bricks markedly improve
both strength and thermal resistance. These studies
collectively highlight the importance of cavity ge-
ometry, material innovation, and thermal design in
improving brick performance. In a related numerical

investigation, Kumar et al. [11] analyzed the dy-
namic response of hollow and cavity-type clay brick
masonry infill panels subjected to blast loading us-
ing nonlinear finite element methods. Their study
demonstrated that cavity design significantly influ-
ences the energy absorption and failure mechanisms
of masonry systems under high-strain-rate conditions.
Although their study addressed dynamic loading
scenarios such as blast impacts, their findings em-
phasize the critical role of internal cavity geometry
in influencing structural performance. The current
study explores this same principle under static com-
pressive and thermal conditions representative of
conventional building applications. Recent research
has increasingly focused on improving the perfor-
mance and sustainability of hollow masonry units. As
shown in [12], investigated the use of superabsorbent
polymer (SAP) waste as an admixture in hollow
concrete blocks. The study demonstrated that opti-
mized mixtures significantly enhanced compressive
strength (up to 8.20 MPa), reduced water absorption
(5.28%), and achieved suitable density (1900 kg/m?),
thereby exceeding international standards for non-
loadbearing concrete blocks. While their research
emphasizes concrete-based units and the benefits of
chemical admixtures, it underscores a broader trend
of enhancing the performance and sustainability of
hollow masonry systems. Building on this direction,
the present study shifts the focus to hollow clay
bricks used in Libya, aiming to evaluate their thermal
performance and load-bearing capacity, aspects that
remain less explored in comparison to the mechanical
improvements observed in hollow concrete blocks. In
line with growing interest in material efficiency and
sustainability, Senay Atabay [13] applied the Value
Engineering (VE) method to determine the most suit-
able exterior wall material based on Leadership in
Energy and Environmental Design (LEED) criteria.
The study evaluated eight alternative cladding ma-
terials using functional performance metrics such as
thermal insulation, recyclability, and local sourcing.
Although the focus was not on numerical simulation,
the structured approach toward material optimiza-
tion demonstrates the interdisciplinary link between
engineering functionality and environmental design.
This aligns with the current study’s objective to en-
hance both structural integrity and thermal insulation
in hollow clay bricks through cavity redesign and
material treatment.

Despite significant advancements in the global
analysis of hollow masonry units, there remains a
lack of focused research on the structural and thermal
performance of hollow clay bricks specifically used
in Libya—particularly under the country’s unique
climatic conditions, construction practices, and
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locally available materials. In this context, the present
study evaluates two hollow clay block configurations
commonly used in the Libyan market and introduces
anovel arched-cavity design aimed at improving both
mechanical and thermal performance. Accordingly,
this study aims to conduct a finite element-based
numerical investigation to optimize the mechanical
strength and thermal efficiency of hollow clay bricks
used in Libyan buildings, by redesigning cavity
structures and exploring insulation strategies tailored
to regional needs. The scope is limited to clay-based
hollow bricks manufactured from locally available
raw materials, excluding other types such as solid or
aerated bricks. The investigated bricks are primarily
used in residential and commercial buildings across
Libya. The study particularly emphasizes the impact
of internal cavity geometry, material composition,
and insulation strategies on both load-bearing capac-
ity and thermal performance. Numerical simulations
using the free student version of ANSYS platform [14]
are employed to analyze heat transfer and mechanical
stress under conditions representative of real-world
applications. While the primary analysis relies on
numerical modeling, limited experimental data are
incorporated for validation purposes. Environmental
degradation factors such as corrosion or seismic
effects are not considered; the focus remains on
performance under Libyan environmental conditions.

Table 1. Comparative summary of related studies and current work.
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Sustainable construction practices are gaining
momentum in response to increasing environmental
concerns, energy demands, and cost-efficiency needs.
Hollow clay bricks, particularly those produced
locally in Libya, offer significant potential due
to their low-carbon footprint, affordability, and
thermal mass. However, their structural and thermal
performance varies greatly dependent on internal
cavity geometry and material composition. The
present study contributes to advancing sustainable
masonry systems by introducing an optimized hollow
clay brick design tailored to hot climate conditions.
This research holds scientific, economic, and
environmental relevance. Scientifically, it employs
validated finite element modeling to assess and
optimize stress distribution and thermal conductivity
in masonry units. Economically, improved insulation
can reduce operational energy demands and
construction costs. Environmentally, the use of
locally sourced materials and passive insulation
strategies supports carbon reduction and aligns with
the UN Sustainable Development Goals—particularly
Goal 11 (Sustainable Cities) and Goal 13 (Climate
Action).

Finally, a comparative summary of key recent
studies is presented in Table 1, highlighting the
methodologies, research focus, outcomes, and their
alignment with the current work.

Reference Methodology Main Focus

Key Findings

Relation to Current Study

Optimized geometry improved
insulation by 71%; insulation
materials reduced conductivity by

Supports cavity redesign and
insulation impact

Longitudinal bulkheads improved
thermal resistance; transversal ones
enhanced lateral strength

New hollow shapes-maintained strength
while reducing weight for better

Conductivity reduced from 0.68 to 0.39
Heat flow reduced by up to 69.2%);
U-value decreased, R-value increased

No significant strength loss; improved
thermal performance

Up to 27.6% strength gain; reduced
absorption and weight

[4] FEM + Optimizing cavity and
Experimental insulation in
concrete blocks
40%
[5] Numerical (FEM) Effect of bulkhead
layout on
thermal/mechanical
performance
[6] FEM + Topological Reducing block
Optimization weight while
preserving strength handling
[7]1 Experimental + Paper waste in clay
FEM bricks to improve W/m-K
insulation
[8] Experimental (Wall Wheat straw
Models) insulation in fired
bricks
[9] Experimental Aluminum sludge in
(Mechanical clay bricks
Testing)
[10] Experimental Fly ash and silica
fume in clay bricks
[11] FEM (Dynamic) Blast response of

[12] Value Engineering

+ LEED

hollow bricks
Sustainable material
selection

Reinforced bricks enhanced blast
resistance; validated numerically

LEED-based evaluation yielded optimal
exterior material via VE method

Relates to cavity geometry
influence

Supports FEM use and geometry
impact

Demonstrates material
modification benefits

Aligns with insulation strategy

Validates eco-friendly additives
without compromising
structure

Shows additive impact on
strength and durability

Reinforces FEM use and hollow
configuration relevance

Supports sustainability and
material efficiency framework
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2. Methodology

The aim of this study is to improve the structural
and thermal performance of hollow clay bricks used
in Libyan buildings by optimizing internal cavity ge-
ometry and evaluating the impact of insulation strate-
gies. The research is guided by three core questions:

(i) How does cavity geometry influence thermal
insulation?
(ii) What is the load-bearing capacity of current
market bricks versus optimized designs?
(iii) How can insulation and geometric modifications
be combined to enhance overall performance?

To address these questions, finite element sim-
ulations were conducted using ANSYS platform to
assess the mechanical and thermal behavior of three
hollow clay brick models: two commonly available
designs from the Libyan market, and a newly pro-
posed arched-cavity design. Each model was analyzed
under consistent loading and boundary conditions.
The simulation results were then used to develop
design recommendations for energy-efficient and
structurally robust masonry components tailored to
hot climates conditions.

The structural load-bearing analysis focused on
hollow clay blocks used in floor slab systems, while
the thermal performance assessment targeted blocks
intended for wall applications. This division reflects
their respective roles in structural stability and
thermal insulation within typical Libyan building
systems.

Numerical modeling is a powerful computational
technique for simulating complex physical and me-
chanical behaviors through numerical methods. It is
particularly useful when analytical solutions are im-
practical or unattainable, as it leverages advanced
computing systems to approximate responses under
varying conditions. In this study, numerical modeling
was employed to simulate the structural and thermal
performance of hollow clay blocks under different
loading and environmental conditions. This method
approach enables extensive parametric studies by
varying cavity geometry, material properties, and
load distributions, thereby generating valuable in-
sights without the need for costly and time-intensive

laboratory experiments. Furthermore, it supports
early-stage design decisions by facilitating the eval-
uation and optimization of both mechanical strength
and thermal insulation performance. The material
properties assigned in the simulations were based on
experimentally validated data and literature relevant
to construction materials used in Libya. For the struc-
tural analysis, the hollow clay bricks were modeled
with a density of 2000 kg/m3, Young’s modulus of
2300 MPa, Poisson’s ratio of 0.2, and a compressive
strength of 2.256 MPa. These parameters were ap-
plied uniformly across all structural models.

In the thermal analysis, key properties included
thermal conductivity, specific heat capacity, and
density for each material used (clay brick, concrete,
PIR insulation, and air). These values are summarized
in Table 2.

Boundary conditions for the structural simulations
included a uniform vertical load of 4000 N applied
on the upper surface of the block, while the base
surface was fixed to prevent displacement, simulating
floor system behavior. For thermal simulations, a
temperature difference of 30°C was applied between
the exterior (50°C) and interior (20°C) surfaces of the
wall blocks. The internal face was thermally insulated
to prevent heat loss, and only conductive heat transfer
was considered, neglecting convection and radiation.
The inner side was thermally insulated to prevent
heat exchange with the surrounding environment.
The total simulation time was set to 5400 seconds,
sufficient to capture full thermal equilibrium while
remaining within realistic operational ranges for
building energy simulations. Meshing for the thermal
analysis followed similar strategies as in the mechan-
ical case, ensuring refinement in critical areas. Mesh
generation was performed using ANSYS automatic
meshing with advanced element control to ensure
accuracy and efficiency. The models were discretized
using SOLID186 3D high-order elements, suitable for
capturing nonlinear structural and thermal gradients.
Mesh smoothing and refinement were applied
particularly at internal cavity interfaces. The element
quality remained above 0.75, and convergence was
achieved at a residual of 1e-4. The number of nodes
and elements per model, ranging from 5484 to 6020
elements, and 15682 to 40338 nodes, depending on
cavity complexity and insulation layout.

Table 2. Thermal properties of materials used in the study.

Thermal Conductivity  Specific Heat Capacity = Density
Material (W/m-K) (J/kg-K) (kg/m3)
Hollow Clay Brick 1.26 800 2000
Hollow Cement Brick 1.40 880 2300
Polyurethane Insulation (PIR)  0.019 1500 40
Air 0.029 1005 1.2
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[ Define problem and objectivess ]

.

[Create 3D geometry of hollow clay bIocks]
v
Assign material properties
(clay, insulation, air)
v

Set up boundary conditions
(loading, thermal inputs)

'
Select analysis type
— Static Structural
— Transient Thermal
v
| Run simulation (ANSYS Workbencch) }
v

Compare configurations ]

v

‘ Interpret results and validate with experimental ’
data

v

t Interpret results ]

Fig. 1. Simulation workflow overview.

Overall, the adopted methodology enabled a
comprehensive evaluation of hollow clay brick
performance under both structural and thermal
considerations. The combined use of validated finite
element simulations and optimized geometrical and
material configurations provides a robust basis for
practical design recommendations in sustainable
construction.

Flowchart summarizing the simulation work-
flow for evaluating the structural and thermal
performance of hollow clay blocks using ANSYS is
provided in Fig. 1. This diagram summarizes the
key steps of the finite element analysis, including
geometry creation, material assignment, meshing,
boundary conditions, simulation setup, and post-
processing.
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2.1. Structural modeling of floor hollow clay blocks

To ensure the reliability of the numerical simula-
tions, a calibration process was carried out by com-
paring simulation results with conducted experimen-
tal data. These experiments involved compressive
strength tests on five cubic clay block samples of vary-
ing dimensions. A uniform vertical load was applied
to the top surface while the bottom surface remained
fixed. The setup includes a universal testing machine
with vertical loading applied to the specimens under
fixed bottom support conditions. The results of this
experimental are demonstrated in Table 3.

The comparison showed a high level of agreement
between numerical predictions and experimental ob-
servations. The calibration results across all five
samples showed less than 1% deviation between
simulation and experimental results, confirming the
reliability of the numerical model for structural simu-
lations. For instance, the fifth sample recorded a max-
imum principal stress of approximately 21.15 N/mm?
in the simulation, whereas the measured experimen-
tal value was 21.04 N/mm?2. This close alignment
confirms the validity and accuracy of the numerical
models used in this study.

Hollow clay blocks commonly used in flooring sys-
tems were selected from the local market in Libya.
All samples had consistent external dimensions:
400 mm x 250 mm x 160 mm (length x
width x height). However, internal cavity configu-
rations varied among three distinct designs:

* Model 1: Internal cavities with square cross-
sections.

» Model 2: Hexagonal-shaped cavities with an inter-
nal wall thickness of 8 mm.

* Model 3: Arched cavity design aimed at more
uniform load distribution and reduced stress
concentration.

These variations allowed for a comparative analysis
of how cavity geometry affects structural and thermal
performance. The geometric configurations and
dimensions of the four analyzed models—including

Table 3. Experimental and predictions of calibration tests data.

Air-dry-compressive strength

2
Length Width Height Mass Load (N/mm”) Net density
Sample (mm) (mm) (mm) (€9) N) Experimental  Predictions (g/cm3 )
1 46.01 46.01 45.00 194.58 53180 25.12 25.10 2.00
2 45.64 45.83 46.52 194.4 39025 18.66 18.70 2.00
3 46.01 45.81 46.34 194.40 51727 24.54 27.70 1.99
4 47.88 47.34 48.11 216.23 50961 22.48 22.50 1.98
5 47.88 48.01 48.11 220.04 48357 21.04 21.15 1.99
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Fig. 4. Model 3 dimensions.

the two commercial types, the modified variant,
and the newly proposed arched-cavity design—are
illustrated in Figs. 2 to 4, which present a comparative
view of their internal cavity layouts and overall
block dimensions. The developed model was
designed with arched-shaped cavities, based on
the principle that arches distribute loads more
evenly across all supporting walls and edges, thereby
reducing stress concentration at any single point
and enhancing overall structural stability. The arch
geometry enables materials to effectively withstand

compressive forces—an advantage that is not easily
achieved with conventional cavity configurations.

The base of each block was constrained to prevent
displacement, mimicking fixed boundary conditions.
Finite element meshing was performed using ANSYS
Meshing tools. Automatic mesh generation was uti-
lized, focusing on regions with sharp edges and high
curvature to enhance accuracy. The number of ele-
ments and nodes varied depending on the complexity
of the cavity shape, ranging from approximately 2145
elements and 14,699 nodes for the simplest model to
3685 elements and 22,705 nodes for the most com-
plex configuration.

The structural analysis focused on three key out-
puts: Equivalent Stress (von Mises), Equivalent Strain,
and Total Deformation. These indicators were used to
evaluate the effect of cavity geometry on mechanical
integrity and overall stability.

2.2. Thermal modeling of wall hollow clay blocks

Key thermal outputs included:

» Heat Transfer Rate: Indicates how quickly heat
moves through the block.

 Heat Flux: Measures the amount of thermal energy
passing through a unit area.

» Surface Temperature Probes: Used to monitor
temperature changes across predefined points on
the block’s surface during the simulation.

These results enabled a comprehensive evaluation
of the thermal efficiency of different cavity con-
figurations and insulation strategies. A comparative
thermal analysis was conducted between hollow clay
blocks and conventional concrete blocks used in
building walls. Based on previous findings, hollow
clay blocks demonstrated superior thermal insulation
capabilities due to their lower thermal conductivity.
Therefore, further improvements focused exclusively
on enhancing the thermal properties of clay blocks.
Sample dimensions were standardized to a thick-
ness of 150 mm. The outer dimensions for hollow
clay blocks were set at 300 mm x 150 mm x
200 mm, while those for concrete blocks (hollow
cement blocks) were 400 mm x 150 mm x 200 mm
as shown in the Fig. 5.

Heat tends to transfer through building elements
along the path of least thermal resistance. This path
typically corresponds to regions with higher ther-
mal conductivity compared to surrounding materials.
When such high-conductivity paths exist—commonly
referred to as thermal bridges—they facilitate unde-
sirable heat transfer through structural components.
As illustrated in the previously presented hollow
clay block configuration, the internal cavity design
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[l

Polyurethane insulation

Fig. 6. Hollow bricks air gap configurations.

was modified to minimize the formation of hori-
zontal thermal bridges. The new design introduces
a central air gap that acts as a thermal break,
effectively interrupting direct heat flow and en-
hancing overall thermal resistance and insulation
performance, consistent with findings reported in
prior studies. In addition to the geometric mod-
ification, a 14 mm thick layer of insulation was
applied both inside the cavity and on the external
surface of the block as shown in Fig. 6. The material
used was polyurethane/polyisocyanurate (PUR/PIR).
Polyurethane (PUR) is an organic polymer composed
of repeating urethane (carbamate) linkages, while
polyisocyanurate (PIR), a thermoset plastic typically
manufactured as rigid foam, is widely used as a
high-performance thermal insulator in roofs and wall
assemblies across the construction industry.

In all three configurations, the clay blocks were
modeled with a uniform width of 150 mm. For the
case involving external PIR insulation, a 14 mm thick
insulation layer was added to the outer surface of
the block. As a result, the centrally located air gap
used in earlier configurations was eliminated in this
model, since the external PIR layer provided superior

thermal resistance. Although this slightly increases
the total wall thickness, the trade-off is offset by the
enhanced thermal performance and the simplifica-
tion of internal cavity geometry. From a construction
standpoint, this approach is logistically feasible and
does not require significant changes to conventional
masonry workflows. Furthermore, external insulation
can be applied post-structurally, offering flexibility in
phased construction or retrofitting scenarios.

3. Results and discussion

This section presents the outcomes obtained from
numerical simulations conducted on hollow clay
blocks used in floor and wall systems. The analysis
focused on both structural behavior—such as stress
distribution, strain, and deformation—and thermal
performance, including heat transfer and thermal flux
across different block configurations. All results were
visualized using color gradient maps, where red indi-
cates maximum values (high stress or temperature),
and blue represents minimum values.

3.1. Structural performance of floor blocks

Three cavity geometries were analyzed under a
uniform vertical compressive load. Three hollow
clay block configurations were analyzed under a
uniform vertical compressive load of 4000 N using
ANSYS. In the Libyan construction context, the use of
manual wheelbarrows for transporting and pouring
fresh concrete—particularly during slab casting—is
still widely practiced on building sites. This common
construction method informed the selection of the ap-
plied load in the structural simulations, ensuring the
numerical model reflects realistic operational stresses
encountered during conventional building activities.
A uniform compressive load of approximately 4000 N
was applied to the top surface of each brick model in
the structural simulation. This value is based on the
estimated weight of a wheelbarrow carrying 0.15 m>
of fresh concrete, with a total static weight of about
4700 N. Since the load is typically distributed over
two wheels, each brick beneath a single wheel sup-
ports approximately 2350 N. To account for dynamic
construction effects—such as vibration, impact, and
movement—a Dynamic Amplification Factor (DAF)
of 1.7 was applied to the per-wheel load. This value
was rounded to 4000 N to serve as a conservative and
practical estimate of the transient loads experienced
by hollow bricks during real-world construction
operations. The base was fixed to simulate real-world
boundary conditions in floor applications. It is
important to note that Model 1 and Model 2 represent
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commercially available hollow clay blocks widely
used in the Libyan construction market, featuring
square and hexagonal cavities, respectively. Model
3, by contrast, is a novel design proposed in this
study, featuring arched internal cavities aimed
at optimizing stress distribution and enhancing
load-bearing capacity.

« Stress Distribution

Figs. 7 and 8 demonstrate the equivalent von Mises
stress distribution for Models 1 and 2, respectively,
under a 4000 N compressive load. The color scale
ranges from the minimum stress that occurs at the
base edges (dark blue) to the maximum stress that is
observed at the upper load application points (dark
red) in MPa.

Fig. 9 presents images of damaged hollow clay floor
blocks, highlighting actual failure zones observed in
real-world conditions. Notably, the failure patterns
observed in these blocks closely align with the numer-

Fig. 7. Stress distribution - Model 1.
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Fig. 9. Damaged hollow clay floor blocks.
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Fig. 10. Stress distribution - Model 3.

ical results presented in the preceding figures. This
observation motivated the development of a new de-
sign, represented by Model 3, as shown in Fig. 10. In
this modified model, the internal cavity geometry was
redesigned using arched shapes, which are known to
distribute stresses more efficiently. This configuration
aims to reduce peak stress concentrations compared
to the previous models, thereby enhancing structural
performance.

Compared to Model 1, which experienced the
highest stress concentration at 2.22 MPa, Model 2
exhibited a 29% reduction in peak stress. Model 3
further improved performance, reducing peak stress
by over 41.7% relative to the commercial baseline as
demonstrated in Fig. 10.

The figures clearly show a transition from concen-
trated stress zones in square and hexagonal cavities
toward a more uniform distribution in the arched cav-
ity design, validating the structural advantage of arch
geometry. These results confirm that the arched cav-
ity configuration offers a clear structural advantage
by effectively distributing applied loads and limit-
ing stress concentration zones, thereby improving the
load-bearing performance of the block.

« Strain and Deformation Analysis

Strain and total deformation results are presented
in Figs. 11 to 16; strain results followed the stress
trends, model 1 recorded the highest strain value at

ax: 0.00096467
in: 3164107

M.
M
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000082691
000075802
000068914
000062026

Tom

000055138
000048249
000041361
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000027585
00002069
000013808
691995
3164107

Fig. 11. Strain distribution - Model 1.
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Fig. 16. Total deformation distribution - Model 3.

(dark blue) to the maximum value that is observed at
the upper load application points (dark red).

Deformation patterns also favored Model 3, which
exhibited the least total displacement, indicating
better stability and stiffness. These findings were con-
sistent with real-world observations of damaged floor
blocks, lending credibility to the numerical approach.

From a practical perspective, the arched cavity
design proposed in this study not only enhances struc-
tural stress distribution but also remains feasible for
Fig. 13. Strain distribution - Model 2. real-world application. The Libyan clay brick man-
ufacturing sector has witnessed rapid advancements
in recent years, with increasing interest in innovative
and energy-efficient designs. Several local producers
are already exploring alternative cavity configura-
tions using flexible extrusion molds and automated
forming machines. Thus, adopting the arched cav-
ity structure would require minimal adaptation to
current production systems and can serve as a com-
petitive, structurally efficient, and thermally superior
alternative in the local market.
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3.2. Thermal performance of wall blocks

Thermal simulations evaluated the effect of block
material and cavity modifications on heat transfer
under Libyan climate conditions. Figs. 17 to 20 il-
lustrate the heat transfer in Celsius and heat flux in
W/m? for standard concert blocks and hollow clay

x
000 5000 10000 () L4
— —

200 7500 z

Fig. 15. Strain distribution - Model 3.

0.000964. Model 2 (8 mm and 10 mm), nearly identi- E
cal strains (0.0006901 and 0.0006893, respectively). |
Model 3 presents lowest strain (0.000587), confirm-

ing improved resistance to deformation. The strain e

and deformation gradient at the color scale ranges

from the minimum value that occurs at the base edges Fig. 17. Concrete blocks heat transfer results.
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Fig. 18. Concrete blocks heat flux results.
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Fig. 19. Hollow bricks heat transfer results.
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Fig. 20. Hollow bricks heat flux results.

bricks, respectively. The color scale ranges from the
minimum value that occurs at the base edges (dark
blue) to the maximum stress that is observed at the
upper point (dark red)”.

Concrete blocks displayed the highest heat flux due
to their high thermal conductivity (~1.4 W/m-K).
Standard hollow clay blocks showed better insula-
tion (~1.26 W/m-K), making them more suitable for
energy-efficient applications.

As previously observed, horizontal thermal bridges
significantly contribute to heat transfer and thermal
flux through the block. To mitigate this effect, the

&
0000 0050 o100 r
Fig. 21. Hollow bricks’ air gap heat transfer results.
s
.-—
000 0.050 0,100 {m) | A

Fig. 22. Hollow bricks’ air gap heat flux results.

internal cavity of the clay block was redesigned to
include a central air gap as shown in Figs. 21 and 22.
This air-filled void acts as a natural insulator, ef-
fectively interrupting the direct path of heat flow
through the block and enhancing its overall thermal
resistance.

Furthermore, by incorporating polyurethane (PIR)
insulation within the central air gap, the results indi-
cated a reduction in interior surface temperature rise
by approximately 43%-57% compared to concrete
blocks. This improvement highlights the effectiveness
of PIR as a low-conductivity thermal barrier in clay
masonry units.

This enhancement is attributed to the very low
thermal conductivity of the insulation material, as
illustrated in Fig. 23. Additionally, the thermal flux
across the insulated block was significantly reduced
compared to the block with only an air gap, as shown
in Fig. 24.

The final configuration shown in Figs. 25 and 26
involved the application of a 14 mm thick insulation
layer on the exterior surface of the clay block, in order
to obtain results for comparison with the previously
analyzed cases.

Air Gap Integration: Introducing an internal air
layer disrupted conductive pathways and reduced
thermal bridging. Internal PIR Insulation: Filling
the cavities with polyisocyanurate (PIR) significantly
enhanced resistance due to its low conductivity
(~0.019 W/m-K). External PIR Insulation: Apply-
ing a 14 mm PIR layer externally achieved the
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Fig. 23. Hollow bricks’ internal polyurethane (PIR) insulation heat
transfer results.
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Fig. 24. Hollow bricks’ internal polyurethane (PIR) insulation heat
flux results.
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Fig. 25. Hollow bricks’ external polyurethane (PIR) insulation heat
transfer results.

best thermal insulation and minimized indoor sur-
face temperatures. The external insulation approach
not only offered the best thermal performance but
also allowed for the removal of the internal air gap,
optimizing both heat transfer resistance and con-
structability. The resulting system maintained the
standard block width of 150 mm, with insulation
integrated externally. The Fig. 27 illustrates the
variation in the interior surface temperature of the
wall over a period of ninety minutes for the five
previously discussed cases. Thus, blocks with insu-
lation demonstrated markedly lower heat fluxes. In
addition, surface temperature probes showed that ex-
ternal insulation was most effective in reducing inner
wall heating, which contributes to better thermal
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Fig. 26. Hollow bricks’ external polyurethane (PIR) insulation heat
transfer results.
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Fig. 27. Temperature over time for the internal surfaces of the differ-
ent brick configurations.

comfort and lower HVAC loads. Thermal performance
findings are reported in Table 4.

Time-dependent temperature rise on the internal
surface of different wall configurations over a 90-
minute simulation period. The externally insulated
clay brick exhibited the lowest temperature increase
(from 20°C to 20.3°C), demonstrating superior ther-
mal resistance. In contrast, cement bricks showed the
highest temperature rise (up to 24.6°C), indicating the
least insulation performance.

The results indicate that modifying the cavity
geometry and integrating insulation materials—
particularly on the outer surface—can significantly
enhance the thermal efficiency of hollow clay blocks.
Among the tested configurations, the arched cavity
design (Model 3) demonstrated the best structural
performance, exhibiting the lowest stress concentra-
tions, strain, and total deformation. While increasing
wall thickness showed a marginal improvement
in mechanical strength, it was less effective than
optimizing cavity geometry. Observations from
damaged floor blocks in actual buildings further
supported the simulation results, particularly in
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Table 4. Summary of thermal performance results.
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Block type

Thermal conductivity (W/m-K)

Observations

Concrete Block 1.4
Standard Clay Block 1.26
Clay Block with Air Gap
Clay Block with Internal PIR
Clay Block with External PIR

~0.019
~0.019 (surface)

~0.029 (air effect)

Highest heat transfer

Moderate thermal resistance
Reduced thermal bridging
Significantly improved insulation
Best thermal performance

terms of stress distribution and deformation patterns.
In terms of thermal behavior, hollow clay bricks
outperformed conventional concrete blocks due
to their lower thermal conductivity. Moreover,
the introduction of air gaps and the application
of polyisocyanurate (PIR) insulation—especially
when applied externally—substantially reduced heat
transfer. These findings collectively underscore the
potential of using optimized cavity geometries in
combination with passive insulation strategies to
develop building units that enhance both structural
integrity and energy efficiency, particularly in hot
climate regions such as Libya.

4. Conclusion and recommendations
4.1. Conclusions

To validate the numerical model, compressive
strength tests were performed on five hollow
clay block samples with varying geometries.
The experimental setup, loading conditions, and
boundary constraints were replicated in the finite
element simulations using ANSYS. The results showed
strong agreement between the experimental and
numerical predictions, confirming the reliability of
the model for further parametric studies. Therefore,
only the baseline geometry was physically tested,
while optimized designs was evaluated numerically.

This study presented a numerical investigation into
the structural and thermal performance of three hol-
low clay brick configurations under Libyan climatic
conditions. Two of the models (Model 1 and Model
2) represent commercially available clay bricks in
the local construction market, while Model 3 in-
troduces a novel arched-cavity geometry designed
specifically for this research. The arched cavity design
(Model 3) demonstrated superior structural perfor-
mance compared to the existing market options.
Model 1 exhibited the highest stress concentration
at 2.22 MPa, Model 2 showed a 29% reduction.
Model 3 further enhanced performance, achieving
a 41.7% reduction. Similarly, Model 3 recorded
the lowest strain value (0.000587), representing a
39.1% reduction relative to Model 1, while Model
2 achieved a 28.5% reduction. These findings con-
firm that optimizing cavity geometry—particularly

through an arched configuration—has a greater influ-
ence on structural efficiency than simply increasing
wall thickness.

From a thermal perspective, hollow clay bricks
exhibited approximately 10% lower thermal conduc-
tivity than hollow concrete blocks. Modifying cavity
layout to include an air gap reduced heat transfer,
while the incorporation of PIR insulation further en-
hanced thermal resistance. Internal PIR integration
decreased heat flux, whereas external application of
PIR insulation yielded the most significant improve-
ment, minimizing overall heat transmission.

Overall, the results highlight the effectiveness of
combining cavity geometry optimization with tar-
geted insulation strategies to improve both structural
integrity and energy efficiency. This approach con-
tributes to the development of sustainable masonry
systems suitable for hot-climate regions such as Libya.

4.2. Recommendations

To build upon the findings of this study and
improve its practical relevance, several technical,
experimental, and sustainability-oriented recommen-
dations are proposed:

*Enhanced Numerical Resolution:

Future studies should employ finer mesh config-
urations to increase the accuracy of finite element
simulations and better capture localized stress and
heat transfer phenomena.

*Experimental Validation:

Laboratory testing of both structural and thermal
behavior is essential to validate simulation outcomes
and confirm their applicability in real-world
construction.

*Material Property Characterization:

Precise measurement of the physical and thermal
properties of locally produced clay bricks—including
thermal conductivity, density, and specific heat—is
crucial to refine simulation models and ensuring
realism.

*Advanced Heat Transfer Modeling:

Incorporating radiative and convective heat trans-
fer mechanisms into thermal simulations would
provide a more holistic understanding of energy dy-
namics within and around hollow brick systems.
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*Field Trials and Environmental Exposure Testing:

Future work should test optimized block designs
under real climatic conditions (e.g., solar radiation,
wind, humidity) to evaluate long-term durability,
structural integrity and thermal efficiency.

Full-Scale Wall Application Studies:

Applying the proposed block configurations to
full-scale wall systems would enable assessment of
thermal bridging, overall structural stability, and con-
structability at the building envelope level.

sLife-Cycle Assessment (LCA):

To fully capture the environmental benefits of
optimized clay bricks, future work should include
a life-cycle analysis comparing embodied energy,
emissions, and operational energy savings with con-
ventional masonry materials.
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