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Abstract

Introduction. This study evaluates the effectiveness of breathable fagades as an innovative architectural solution that
contributes to ensuring continuous ventilation, improving indoor air quality, reducing pollutant accumulation, and decreasing
energy consumption in diverse climatic and geographical contexts. Purpose of the study. The study aims to examine the
use of these fagades in different environments and determine their flexibility and effectiveness. Methods. A descriptive
and comparative analytical approach was adopted, examining 42 global and regional models, spanning continents and
diverse climates. The models were classified according to four principal criteria: geographical location, building materials,
design systems, and ventilation patterns, with tables used to illustrate the most common patterns. Results. The findings
indicate that global models emphasise diverse solutions that enhance ventilation and air quality, while the regional models
are distinguished by the use of low-cost, environmentally sustainable materials, demonstrating flexibility and effectiveness.
These results confirm the environmental and functional efficacy of breathable fagades across varied climatic conditions.

Keywords: breathing facades, natural ventilation, climate adaptation, indoor air quality, comparative analysis, sustainable

architecture.

Introduction

Natural ventilation is one of the most important
architectural strategies aimed at improving the
indoor environmental quality of buildings (Plazas
and de Tejada, 2024). It contributes to air renewal
and reduces the accumulation of pollutants and
harmful substances within spaces, which directly
impacts the health and comfort of users (Levie et
al., 2014; Stabile, Dell'lsola, Russi, Massimo and
Buonanno, 2017; Pesic, Calzada and Alcojor, 2018;
Rodrigues, Santos, Gomes and Duarte, 2019).
Research demonstrates that natural ventilation
can significantly reduce energy consumption by
reducing reliance on mechanical air conditioning
systems, making it one of the essential solutions for
achieving energy efficiency in buildings (Yang and
Clements-Croome, 2020). From this perspective,
breathing fagades have emerged as an innovative
architectural solution, allowing air to continuously
circulate through their layers to provide effective
natural ventilation (Shalaby, Abo EI Enein, Saif, and
El Gheznawy, 2020).

This approach is an extension of ancient
architectural traditions, such as mashrabiyas in
Islamic architecture or wooden screens in Asian
architecture, which were used to control light and air
while maintaining privacy (Ashour, 2018). Breathing

facades are also directly linked to concepts of
sustainability, not only through reduced energy
consumption, but also through their ability to be
manufactured from low-cost local materials such
as stone, wood, and pottery, thus reducing the
carbon footprint associated with transportation and
production (Uleng, 2023). This opens the door to
their application in a wide range of environments and
climates (Farid, Ahmad, Raub and Shaari, 2016).

Despite the growing global interest in this
type of fagade, comparative studies examining
the differences between global and regional
models remain limited, particularly regarding their
adaptability to diverse climatic conditions or the local
materials used in their performance (Elghawaby,
2012).

Scope

This research examines breathing facades as
a contemporary architectural strategy for improving
the environmental performance of buildings by
enhancing natural ventilation, reducing energy
consumption, and minimising indoor pollutant
accumulation, thereby improving air quality and
user comfort. The scope of the study includes a
comparative analysis of 42 global and regional
models, categorised according to five main principal
criteria: geographical location, climatic conditions,

For citations: Elhennawi, E. M., Sameh, H. S. H. (2026). Breathing facades as climate-responsive strategies: case studies across 3
diverse climatic contexts. Architecture and Engineering, No 3 (11), pp. 3—17. DOI: 10.23968/2500-0055-2026-11-3-3-17.
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climate adaptation, building materials, fagade type,
and building type. This diverse range of models
was selected to provide a more comprehensive
understanding of the flexibility of this technology
and its adaptability to different environments. This
approach enables the identification of similarities
and differences in design and construction
characteristics, as well as the evaluation of
compatibility with sustainability requirements across
diverse climatic contexts.

Objectives

This research aims to evaluate the effectiveness
of breathing fagcades as a sustainable architectural
solution through a comparative analysis of 42 global
and regional case studies. The study focuses on
evaluating the ability of these fagades to improve
natural ventilation and reduce energy consumption
and pollutants as well as understanding how local
materials and diverse design strategies can be
employed according to different climatic conditions.
Through this analysis, the study seeks to highlight
similarities and differences between global and
regional experiences, thereby clarifying the potential
for broader application of this technology to achieve
the principles of environmental and architectural
sustainability.

Methodology

Asetof integrated research methods was adopted
to study breathing fagades and analyse their impact
on the environmental performance of buildings. The
research began with a descriptive and analytical
approach, collecting data from 42 global and regional
models of breathable facades and categorising
them according to five main criteria: geographical
location, climate, building type, materials used, and
architectural design. This categorisation enabled the
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identification of architectural solution diversity and
common patterns among the models, with a focus on
the role of local materials in improving sustainability
and optimising energy consumption.

Next, an inductive approach was applied to
study each model individually, analysing how design
elements and materials influence natural ventilation,
pollutant accumulation, and energy efficiency. This
detailed analysis contributed to drawing accurate
conclusions about the effectiveness of each fagade
type in different environments.

Finally, a comparative approach was employed
to evaluate the differences and similarities
between global and regional models, focusing on
design strategies, materials, and environmental
characteristics. This analysis aimed to identify
globally and locally applicable best practices and
to understand how architectural solutions can be
adapted to meet diverse climatic and functional
needs, thereby enhancing the sustainability and
efficiency of natural ventilation fagades.

Historical Overview of Breathing Fagades

Breathing fagcades are an extension of ancient
architectural traditions that combine natural
ventilation, climate mitigation, and privacy protection.
They have evolved across different civilisations in
various forms and materials. In the Islamic world,
the mashrabiya (or roshan) is a prominent traditional
example, where architects used perforated wood
projecting from the fagade to achieve natural
ventilation, shade, and privacy (Ashour, 2018).

In India, the Jali system was used, consisting of
stone screens (Fig. 1). These are perforated with
intricate geometric patterns that allowed air to pass
through and mitigated sunlight (Gupta et al., 2022).
Similarly, in China, traditional buildings relied on

——
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Fig. 1. Jali system In India
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perforated wooden lattice screens, which served
similar environmental
(Yi, 2018)

and decorative functions

In the 20th century, a modern model emerged

in Brazil, based on the same traditional principles:
Cobogdé (Camacho et al.,, 2017; Miranda et al.,
2019). Perforated or decorative concrete units were
installed on fagades to allow air to pass through
(Fig. 2). This system represents an extension of
mashrabiya structures (Vettorazzi et al., 2024) and
uses modern materials suited to hot and humid
climates (de Araujo and Bistafa, 2012).

Thus, Table 1 summarises the environmental

characteristics of breathing fagades across different
civilisations. This historical sequence demonstrates
that breathing fagades are a universal concept that
has evolved over the ages, relying on local materials
and adapting to varying climatic conditions. This
supports the primary objective of this research:
to investigate effective and flexible solutions for
natural ventilation, improving the environmental
performance of buildings and reducing pollutants
in modern architecture.

Case Studies of Breathing Facades

This section presents an analysis of selected
breathing fagade models, discussing the differences
and similarities between their general information
and fagade key elements.

Selection Criteria for Case Studies

This research examines case studies that have
employed breathing fagades in buildings for several
objectives, such as minimising pollution, enhancing
indoor air quality, and optimising ventilation. The
selected cases were categorised into global and
regional models based on their geographical
distribution to enable a systematic comparison
of breathing facade application patterns across
different regions.

Global models comprise projects selected from
countries across multiple geographical regions
worldwide, including Europe, Asia, North America,
and Oceania. These models represent global trends
in technological development, material use, and
design strategies related to ventilated fagades.

Regional models, in contrast, are limited to
projects within a specific geographical area, such
as the Middle East and North Africa (MENA)
region. This allows for comparison of application
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Fig. 2. Example of a cobogé building Caixa d’Agua de Olinda, 1935

Table 1. Evolution of breathing fagades across different civilisations

. Environmental Social/Additional
Culture/Country Facade Type Materials Used Functions Functions
Islamic World Mashrabiya Perforated Wood Natural Ventilation, Privacy Protection,
Climate Moderation, Decoration
Shading
India Jali Perforated Stone with Ventilation, Sunlight Decoration, Privacy
Geometric Patterns Mitigation
China Lattice Screens Perforated Wood Ventilation, Moderation Moderation Decoration
Brazil Cobogo Perforated or Ventilation, Natural Light, Decoration, Privacy
Decorative Concrete Heat Mitigation
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patterns within a more homogeneous geographical
context.

This comparative classification highlights the
differences between global technological trends
and regional application patterns. These differences
can be explained by contextual characteristics
of each region, such as prevailing construction
practices, material availability, and local design and
implementation considerations. To enhance the clarity
of the case studies and increase the analytical value
of the comparison, the buildings were first organised
by architectural function, and then cases within
each functional category were arranged by climatic
group. The case studies are explored in two sections
(Fig. 3).

Operational
Parameters

To ensure consistent analysis and classification
of technical characteristics, operational definitions
for the technical variables used in the comparison
tables were adopted.

Facade Types

The term single facade refers to fagade systems
consisting of a single outer layer that acts as the
building’s main envelope without an intervening air
gap. Double fagade refers to systems consisting
of two layers separated by an air gap that allows
for improved airflow and enhances the facade’s
environmental performance.

Control Systems

Control systems were classified according to
the mechanism of operation of movable fagade
elements as follows:

e Manual Control relies on direct user intervention
in operating fagade elements, such as opening or
closing movable parts.

e Manual Control — Rods and Pulleys System —
relies on manual operation supported by a simple
mechanical mechanism consisting of rods or pulleys
to facilitate and control the movement of fagade
elements.

e Automatic Control (Automatic Device /
Automated System) relies on mechanical or
electronic systems that respond automatically to

Definitions of Technical

environmental variables or predefined programs,
without requiring direct user intervention.

These definitions were adopted to ensure
standardised classification of operational and
technical characteristics across all case studies
under comparison.

Global Experiences

To illustrate the global prevalence of breathable
fagades and the diversity of their applications,
global models from various regions were collected
and analysed (Table 2). This analysis facilitates
understanding of the differences and similarities
between civilisations and the adaptation of
environmental solutions to local conditions.

Regional Experiences

Regional models aim to demonstrate how
traditionaland modern principles of breathing fagades
can be adapted to local conditions. Table 3 presents
these regional models with their basic analytical and
comparative elements, facilitating understanding of
their environmental and architectural characteristics.

Global Experiences: Selected Cases

This section focuses on analysing global models
to explore the role of location, climate, climate
adaptation, material selection, facade types, and
building function in enhancing the effectiveness and
resilience of breathing fagades.

Site and Climate Analysis

The global distribution of models shows that
most cases are concentrated in Southeast Asian
countries, led by Vietnam, which alone accounts
for 16 architectural models. This reflects the close
connection between humid tropical climates and the
need to develop breathable fagades that respond to
high temperatures, rainfall intensity, and humidity.
Several models also appeared in India and Brazil,
with four in each country — two nations with similar
hot / humid tropical climates — reinforcing the idea
that breathable facades were a direct response
to challenging environmental conditions, aiming
to achieve thermal comfort and provide natural
ventilation (Table 4).

Conversely, individual cases in countries such
as Canada, Germany, and Spain indicate that this

studies

[ Selection criteria for case ]

AN J

e e h
Description of global Description of regional
experiences experiences
& J & J
4 N\ 4 N\
Global variable Regional variables

AN J

Fig. 3. Selection criteria for case studies
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Table 2. Characteristics of Global Experiences (Part 4)

[
E Terra Cotta Studio Terra Cotta Workshop M. A. C. Community Center
=2
<
.0
‘a o
El 3
2| B
£ o
s
g :
[ c Vietnam Vietnam India
°l
®
o
o
-l
g, Single Single Single
c o
ol &2 Static Static Static
% (18
& Brick Brick Concrete
&£ s
2 s
= ©
L=
= =
o
m £ NA NA NA
S| w0
| £ 'g
el 8
Q oG
(&)
5 °2
w
> s Workshop Factory Community
| %
(=
=}
T8

Note: NA (Not Applicable) indicates that the control mechanism is a feature associated exclusively with kinetic

fagades and therefore does not apply to static fagades.

architectural approach has also spread to regions
with temperate or cold climates, often through
contemporary techniques or reinterpretations of
the traditional concept. Based on the numerical
distribution, tropical / monsoon climates are most
strongly associated with the spread of these models,
followed by hot tropical climates in India and Brazil,
while cases in temperate or cold regions remain
relatively fewer. Nevertheless, these examples are
important for demonstrating the universality of the
concept and the diversity of its applications.

Climate Adaptation

The analysis of the geographic and climatic
distribution of the case studies reveals that
breathable fagades originally emerged in hot and
humid climates, particularly in Southeast Asia and
Latin America, where natural ventilation and heat-
load reduction are critical concerns. This reflects a
local adaptation, in which the architectural solution
was directly driven by specific climatic conditions.
However, the presence of similar models in Germany,
Canada, and Spain demonstrates that the concept
has not remained confined to its original context.

10

Instead, it has been reinterpreted and applied globally
across diverse climatic environments. Consequently,
breathable fagcades have evolved from a traditional
local solution into a global architectural model
capable of responding to a wide range of climatic
and cultural conditions.

Building Materials

The analysis of global models reveals that brick
was the most commonly used material, particularly
in Vietnam, where it appeared in more than half
of the cases, alongside clay and ceramics. This
reflects the local availability of clay-based materials
and their effectiveness in promoting ventilation and
mitigating heat gain. Glass also featured prominently
as a facade component, often used in combination
with traditional materials. In contrast, India and
Brazil employed a wider variety of materials,
including metal, concrete, and terracotta, indicating
a tendency to blend modern industrial products
with conventional ones. European models (Spain
and Germany) predominantly utilised wood and
glass, aligning with regional sustainability priorities.
In Canada, brick again emerged as the primary
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Table 4. Distribution of locations and climates

Country of T_zr:at:?;ns Continent Climate
Vietnam 16 Asia Tropical
Monsoon
India 4 Tropical
Monsoon/
Subtropical
Brazil 4 South Tropical
America / Humid
Subtropical
Argentina 1 Temperate
Uruguay 1 Temperate
Oceanic
Australia 1 Oceania Tropical / Arid
Thailand 1 Asia Tropical
Monsoon
South 1 Temperate
Korea Continental
Taiwan 1 Subtropical /
Tropical
Spain 1 Europe Mediterranean
Germany 1 Temperate
Oceanic
Canada 1 North Cold
america continental/
Subarctic

material, while Australia presented the only example
of a stone-and-wood combination (Table 5). Overall,
this diversity underscores the significant influence of
both local resource availability and climatic conditions
on material selection, alongside the growing
impact of sustainability trends in contemporary
architecture.

Fagcade Types

The analysis of fagade types across the case
studies reveals their role in simultaneously providing
effective natural ventilation within buildings. Three
main categories were identified:

e Double-Skin Facades: These were the most
common type, particularly in Vietnam, where 10
out of 16 sites employed this system. Double-skin
facades allow complete air circulation through a
cavity between two layers: the inner layer can be
opened or closed as needed, while the outer layer
provides thermal protection against heat or cold.
This system promotes natural airflow and enhances
indoor environmental quality.

¢ Single-Skin Fagades: These traditional fagades
feature limited openings and provide effective
isolation from external climatic conditions. However,
they are less effective than double-skin fagades in
regulating airflow and achieving natural ventilation.

e Kinetic Facades: These systems can be
adjusted manually or automatically to modulate the
intake of fresh air. While they offer flexibility, they may
also increase the infiltration of outdoor pollutants if
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not properly filtered, which can negatively impact
indoor air quality.

Overall, double-skin facades were the most
prevalent across the studied models, indicating a
growing trend toward adaptable and environmentally
responsive design strategies in diverse climatic
regions (Table 6).

Building Types

The analysis of the case studies reveals that the
majority of buildings were designated for residential
use, alongside a range of other functions. In Vietnam,
residential buildings dominated the 16 sites, with
additional examples of office buildings, hospitals,
cafes, workshops, and factories. This diversity reflects
the broad applicability of breathable fagades across
various functional requirements. In India, most projects
were residential, complemented by community and
educational buildings. Similarly, Brazil's case studies
consisted primarily of residential buildings, with some
office buildings also present. In Argentina, Uruguay,
Australia, Thailand, Taiwan, Spain, and Canada,
residential buildings again constituted the majority. By
contrast, South Korea focused exclusively on office
buildings, while Germany’s sole case study was an
educational facility (Table 7).

Regional Experiences: Selected Cases

The regional models aim to demonstrate how
traditional and modern principles of breathable

Table 5. Building Materials Used

Number
Country Material of Buildings
Used

Vietnam Clay — Glass 2
Brick 5
Brick — Glass 5
Ceramic — Glass 1
Concrete — Glass 2
Wood — Glass 1
India Brick — Glass 1
Terracotta — Glass 1
Concrete 1
Metal — Glass 1
Brazil Brick — Glass 1
Ceramic — Glass 1
Wood 1
Metal — Glass 1
Argentina Brick 1
Uruguay Brick — Glass 1
Australia Stone — Wood — Glass 1
Thailand Steel — Glass 1
South Korea Brick — Glass 1
Taiwan Metal — Glass 1
Spain Wood — Glass 1
Germany Wood — Glass 1
Canada Brick 1
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Table 6. Fagade Types

Country Fagade Type Control
Double Facade Single Fagade Static Fagade Kinetic Facade
Vietnam 10 10 NA
2 2 Manual control
4 4 NA
India 1 1 Automatic device —
Automated system
2 2 NA
1 1 NA
Brazi 1 1 Manual control
2 2 NA
1 1 NA
Argentina 1 1 NA
Uruguay 1 1 NA
Australia 1 1 NA
Thailand 1 1 Manual control
South 1 1 NA
Korea
Taiwan 1 1 NA
Spain 1 1 Manual control
Germany 1 1 Manual control
Canada 1 1 NA

fagcades can be adapted to local conditions and
available materials.

Site and Climate Analysis

The regional case studies were distributed
across five countries: Iran (5 models), the United
Arab Emirates, Kuwait, Algeria, and Morocco (one
each). Iran accounted for the largest proportion of
the studied models, reflecting the richness of its
architectural heritage and the diversity of its climatic
conditions — ranging from semi-arid climates in most
areas to cold mountainous regions, which demand

Table 7. Distribution of Building Uses

S| ol 2|2 ARNES

& .g Sl 28| Sl o 5

Country S |ET|®|B5 || 2| 8| E
219212/8/° 18| ¢

2 AR s S

Vietnam 11 1 -1 1 1 1 -
India 2 — (I D I 1

Brazil 3 1 — | =] =] =1=1 =

Argentina 1 - — |- = =] =1-=
Uruguay 1 = =l=l==]=|=
Australia 1 - - =] =] =1=1=
Thailand 1 - |- = =] =1 =
South Korea | — 1 - -] =] =] =1 =
Taiwan 1 - S [ R I R

Spain 1 - -l -] =] =] =1 =

Germany — — 1| =1 =|=1=1-=
Canada 1 - R [ R I I

distinct fagade strategies. In the Arabian Gulf (the
UAE and Kuwait), the models originated from hot,
dry desert environments, highlighting the role of
breathable fagades in providing natural ventilation
and shading. In contrast, the North African models
(Algeria and Morocco) demonstrated adaptation
to the Mediterranean climate, characterised by
moderate coastal conditions and hot, dry interiors.
In these cases, perforated fagades were used to
facilitate natural ventilation while simultaneously
maintaining a decorative architectural character.
Overall, semi-arid and hot, dry climates were the
most prevalent among the regional models (Table 8).

Climate Adaptation

The regional case studies reveal how architecture
in the Middle East and North Africa employs breathable
facades as environmentally responsive solutions
across diverse climatic contexts. In Iran, where the
climate ranges from semi-arid to cold in mountainous
areas, buildings incorporated facades that allow

Table 8. Distribution of Locations and Climates

Country of 'I‘l_l;r:al:%ns Continent Climate
Iran B Asia Hot and Dry
United Arab 1 Desert
Emirates
Kuwait 1
Algeria 1 Africa
Morocco 1 Mediterranean
Climate
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summer ventilation while minimising winter heat loss,
reflecting a dual adaptation to seasonal weather
variations. In the Gulf countries (the UAE and Kuwait),
characterised by hot, arid conditions, breathable
facades prioritised the reduction of direct solar
radiation while maintaining airflow, thereby improving
thermal comfort despite extreme environmental
conditions. Conversely, the North African models
(Algeria and Morocco) offered solutions tailored to the
mild Mediterranean climate along the coast and the
drier conditions of the interior. Overall, these regional
models exhibit a high degree of flexibility in adapting to
diverse climatic patterns — ranging from hot and arid
to semi-arid and temperate environments.

Building Materials

The analysis of materials used in the regional
models reveals a clear preference for combining
traditional and modern materials to suit local climatic
conditions and functional requirements. In Iran, brick
and glass dominate, reflecting the use of locally
available materials. Wood combined with glass also
appears in one Iranian site, indicating its application
in smaller, more ventilated buildings. In the UAE
and Morocco, concrete paired with glass reflects
a modern, urban aesthetic well-suited to hot, arid
climates. Glass facilitates the introduction of natural
light while enabling controlled natural ventilation.
Kuwait employs tiles combined with glass (Table 9),
offering durability and reflective properties that help
reduce heat gain. Algeria, meanwhile, uses cement
with glass, likely for its thermal mass and structural
resilience in the local climate.

Table 9. Building Materials Used

Fagade Types

The analysis of fagade types in the regional
models reveals relatively limited diversity. Most
buildings employ either double-skin or single-skin
fagades, with manual control systems implemented
in certain cases. Double-skin fagades facilitate
natural ventilation and enhance indoor air quality,
while the outer layer is typically constructed from
materials that provide additional protection against
harsh climatic conditions, such as extreme heat or
strong winds. Iran exhibits a varied distribution of
both double and single fagades, with some models
incorporating manual controls to regulate airflow as
needed. In the UAE and Morocco, buildings utilise
both fagade types, though control mechanisms
are simplified, as most structures do not require
frequent adjustment. Kuwait and Algeria, however,
rely primarily on manually controlled facades to
enable ventilation in response to fluctuating climatic
conditions (Table 10).

Building Types

The regional models reveal that residential
and administrative buildings (offices) are the most
common uses, reflecting the prevailing nature of
urban activities in the region. Iran, for example,
exhibits a mix of residential and administrative
buildings, indicating the diversity of functional needs
within its urban context (Table 11). This predominance
of housing and administrative functions underscores
the basic requirements of regional communities, while
specialised uses — such as educational or hospitality
facilities — remain limited in number and diversity.

Comparative Analysis of Global and Regional
Models

The comparative analysis examines the similarities

Country Material Number and differences between global and regional models
of Buildings Used across several key parameters. The evaluation begins
Iran Brick — Glass 4 with climate, location, and adaptation — identified
Wood — Glass 1 as primary factors that shaped design responses —
United Arab | Concrete — Glass 1 followed by an assessment of materials, facade
Emirates patterns, and finally, building uses (Table 12).
Kuwait Tile - Glass 1 As summarised in Table 12, global and regional
Algeria Cement — Glass 1 models differ significantly across all analysed
Morocco Concrete — Glass 1 parameters:
Table 10. Fagade Types
Facade Type
Country | Double | Single | Static | Kinetic Control
Facade | Fagade | Fagade | Fagade
Iran 1 1 NA
1 1 Manual control
3 Manual control
United Arab 1 1 NA
Emirates
Kuwait 1 1 Manual control
Algeria 1 1 Manual control
Morocco 1 1 NA
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Table 11. Distribution of Building Uses

Country Residential | Office Buildings | Educational | Hospitality
Iran 2 8 - —
United Arab Emirates 1 - - —
Kuwait - - - 1
Algeria 1 - — -
Morocco - - 1 —
Table 12. Comparative analysis between global and regional models
Axis Global Models Regional Models
Location Wide climatic diversity, dominated by humid tropical Concentrated in hot, dry desert
and Climate climates, with limited presence of temperate and hot, climates
humid climates
Adaptation Focused on combating high humidity Focused on reducing heat gain
Strategies in hot, dry conditions
Building Wide variety of materials (brick, concrete, wood, metal, Limited set of materials (brick,
Materials glass) concrete, cement, and tile with glass
Facade More diverse and flexible double-skin facades, Simpler single or double-skin
Systems combining movable glass with external protective layers, | fagades, with manual controls only
with manual and, in some cases, automatic controls
Building Uses | Predominantly residential, with diverse secondary uses | Concentrated in residential and office
including office buildings, educational facilities, and buildings
service activities (hospitals, cafes, factories)

e Location and climate reflect the different
environmental challenges of controlling humidity
in global contexts and confronting heat and solar
radiation in regional ones.

o Adaptation strategies. In global models,
adaptation focused on combating high humidity
by promoting continuous natural ventilation to
renew air and reduce indoor pollutants. In regional
models, where the climate is hot and dry, the focus
was on reducing heat gain and protecting interior
spaces from direct solar radiation, while regulating
ventilation to provide cooling without introducing hot
or dusty air.

e Building Materials. This reflects a local trend
toward simpler, more environmentally and resource-
efficient solutions, compared to the greater flexibility
observed in global models. This is also linked to the
aesthetic and material expression of buildings, where
locally available materials such as brick and wood
are more sustainable than high-energy materials
such as concrete and glass (Hammond and Jones,
2011; Dixit et al., 2010).

e Facade Systems. Global models relied on
double-skin facades to enhance natural ventilation
and improve indoor air quality (de Aradjo and
Bistafa, 2012; Stabile et al., 2017). Regional models,
in contrast, reflected more practical but less flexible

solutions compared to their global counterparts
(Gupta et al., 2022).

¢ Building Uses. Global models showed greater
diversity in use patterns, while regional models
tended to focus on primary uses — predominantly
residential and administrative — with limited
presence of other activities.

Conclusion

This study demonstrated that breathing fagcades —
encompassing traditional architectural elements such
as mashrabiyas, jali screens, lattice screens, and
cobogd — provide continuous natural ventilation.
The results of the comparative analysis revealed
that double-skin fagades enhance ventilation by
increasing the renewal of fresh air within buildings.
This mechanism reduces pollutant accumulation in
interior spaces and improves indoor air quality (IAQ).
Furthermore, the use of locally sourced materials
was found to contribute to a significant reduction in
embodied energy. The findings also indicate that
integrating double-skin facades with adaptive fagade
systems — which modulate openings to regulate
ventilation as required — can improve both thermal
performance and indoor comfort in hot-climate
building designs. Collectively, these outcomes offer a
viable framework that can be leveraged in the design
of future buildings under similar climatic conditions.
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AHHOTauuA

BBepneHune. B pgaHHOM wuccrnegoBaHuM oueHuBaeTcs 3MEEKTUBHOCTL Ablawmnx dacagoB Kak MHHOBALMOHHOMO
APXWUTEKTYPHOTO peLLeHusl, CnocobCTByOLEro obecneyeHnto HenpepbIBHOW BEHTUNSALMN, YIyYLLIEHMIO Ka4ecTBa Bo3ayxa
B MOMELLEHNM, CHKEHUIO HAKOMMEHUs 3arps3HSAOLLMX BELLECTB U YMEHbLUEHWIO 3HeprornoTpebneHns B pasnuyHbIX
KnMMaTu4ecknx u reorpadumyecknx ycnosusx. Llenb unccnepoBaHMsi — M3yunTb MCMOMb30OBaHWe 3TMX hacagoB B
PasnMYHbIX YCMOBUSAX W OMpeaenuTb MX rmbkocTe u adcpekTmBHOCTb. Metopabl. Bbin npyvMeHeH onucaTenbHbIn 1
CpPaBHUTENMbHbIA aHaNUTUYECKUIA MOAX0M, B pamKax KOTOporo 6binv naydeHsl 42 rnobarnbHble ¥ permoHanbHble Mogenu,
OXBaTblBaKOLLME pas3nnMyHble KOHTUHEHTBI M KNuMaTtnyeckue ycnosus. Mogenu 6binu knaccuduumpoBaHbl Mo YeTbipem
OCHOBHbIM KpUTEPUSIM: reorpadmyeckoe MoroXeHne, CTPOUTENbHbIE MaTepuarnbl, CUCTEMbl MPOEKTUPOBAHUS U CXEMbI
BEHTUNALMK, NMPU ITOM AFIS UNMCTpaLmmn Hanbornee pacnpoCTpaHEeHHbIX CXEM MUCMOMNb3oBanucb Tabnuubl. Pesynsrathbi
nokasbIBaloT, YTO rmobanbHble MOAENU AernaktT akUEeHT Ha pa3HOOOpasHbIX PELUEHWsX, YNy4llarowmxX BEHTUMALMIO U
Ka4ecTBO BO3lyxa, B TO BpeMs KaK pervoHaribHble MOZENU OTNMYaTCA WCMONb30BaHNEM HELOPOrUX, 3KONOrMYecKu
YCTOMYUBLIX MatepuanoB, AEMOHCTPUPYS TMOKOCTb M 3pEKTUBHOCTL. DTV pe3ynbTaThl MOATBEPXKAAKT IKOMOrMYECKYH
N PYHKUMOHanbHY 3hEKTUBHOCTL BO3AYXONPOHULI@EMbIX (hacafoB B PasfUYHbIX KNMMaTUYECKNX YCIIOBUSIX.

KniouyeBble crnoBa: BO34yXxonpoHunuaembie hacagbl, ecTeCTBEHHasa BEHTUNALNS, KnMMaTndeckasa agantaumnsi, Ka4ecTBo
BO34yxa B NOMELLEeHUN, CpaBHUTENbHbIN aHanums, yCTOVILWIBaﬂ APXUTEKTYpa.
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Abstract

Introduction. This study presents a comprehensive investigation of the acoustic characteristics of mosques equipped with
two loudspeakers under varying conditions. It addresses the widespread challenge of poor acoustics in Indonesian mosques,
which often results from architectural features, material choices, and suboptimal sound system design. Methods. Using
acoustic simulation, the research systematically varied several parameters: geometry, prayer area size (ranging from
100 m? to 625 m?), ceiling material (acoustic tile ceiling vs. gypsum tile ceiling), loudspeaker position, and occupancy level
(unoccupied vs. fully occupied). The primary focus is the optimisation of the Speech Transmission Index (STI) for speech
intelligibility and Sound Pressure Level (SPL) uniformity. Results. The key findings indicate that loudspeaker placement
(corner vs. center-front) does not significantly affect either STI or uniformity. However, in larger hall volumes (e.g., 3,516 m®
and 6,086 m?), minor differences in sound uniformity (SPL Max—Min) were observed depending on loudspeaker position.
In contrast, room volume, ceiling material, and occupancy significantly influence STI; larger volumes and lower absorption
are associated with reduced clarity. Sound uniformity is also negatively affected by increased room volume and reflective,
complex ceiling shapes (e.g., pyramidal), whereas increased absorption can heighten the dominance of the direct sound
field, potentially diminishing uniformity. Conclusions. The study establishes that to achieve an STI > 0.5 and SPL variation
< 6 dB across all occupancy conditions, the mosque volume should not exceed 1,125 m3. Furthermore, to ensure adequate
speech intelligibility (STI > 0.5) in the unoccupied (worst-case) condition, the maximum reverberation time (RT) at 1 kHz
should be limited to 2.5 seconds. These findings provide practical, evidence-based guidelines for the acoustic design of

small- to medium-sized Indonesian mosques.

Keywords: mosque, room acoustics, loudspeakers, simulation, sound uniformity, speech transmission index.

Introduction

The acoustical performance of mosques, as
significant religious and architectural structures,
profoundly impacts the spiritual experience of
congregants during various rituals, including prayer,
sermons, and Quran recitation (Sert and Karaman,
2021; Kaygisiz, Semerci and Sayin, 2024). This
necessitates a comprehensive understanding of
how architectural features, material properties, and
sound system design interact to shape the aural
environment within these unique spaces (Sert and
Karaman, 2021; Handryant, 2021). The intricate
interplay of these factors is especially critical in
mosques, where auditory clarity is paramount for
the comprehension of religious texts and sermons,
thereby enhancing the spiritual engagement of
worshippers (Aydin, Kocyigit and Dalkilig, 2021).

In Indonesia, the mosque has historically been
the most significant structure in Islamic civilisation.
As the most populous Muslim country, Indonesia
is home to over three hundred thousand mosques
(Sistem Informasi Masjid, 2025). Given this vast
number, ensuring optimal acoustic conditions for
speech intelligibility and overall sound quality within
these structures presents a significant challenge,

particularly considering their diverse architectural
styles and construction materials (Adnan et al., 2018;
Sert and Karaman, 2021). The study conducted
by Sudarsono et al. (2019) shows that acoustic
problems are still prevalent in Indonesian mosques.
Several factors contribute to this issue, including
the lack of prior acoustic considerations during the
design phase, the use of inappropriate building
materials, and suboptimal loudspeaker placement
within worship halls (Prawirasasra and Mubarok,
2017). Moreover, a common misconception persists
in Indonesia that good acoustic design can be
achieved solely by installing a high-quality sound
system, without due consideration of the room’s
inherent acoustic properties (Sudarsono et al.,
2019). This situation is further exacerbated by the
tendency of many mosque committees to prioritise
aesthetic appeal or budget constraints over expert
acoustic planning (Latifah et al., 2023; Handryant,
2021). These challenges underscore the urgent
need for simplified, evidence-based guidance to
facilitate effective acoustic design without requiring
comprehensive specialised expertise.

Sound reinforcement systems have become
an integral component of room acoustic design,

18 For citations: Sarwono, S. J., Sudarsono, A. S., Monty, A. Z. (2026). Acoustic evaluation of mosques with two loudspeakers: influence
of geometry, size, ceiling materials, loudspeaker position, and occupancy. Architecture and Engineering, No 3 (11), pp. 18-29.
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particularly in modern mosques. However, most
studies on mosque acoustics have predominantly
focused on architectural parameters and material
properties, often neglecting the comprehensive
impact of loudspeaker systems on overall
acoustic comfort and speech intelligibility (Abdou,
2003; Othman et al.,, 2016; Pratiwi et al., 2023;
Kaygisiz, Semerci and Sayin, 2024). Therefore, an
integrated strategy that addresses both the inherent
architectural acoustics of mosques and the design
of sound reinforcement systems is essential for
improving speech intelligibility and achieving uniform
sound distribution.

One of the challenges in the acoustic design
of mosques in Indonesia is the dynamic nature of
occupancy, which significantly affects acoustic
conditions. In general, two main occupancy states
can be distinguished: Jumah prayer and normal
congregational prayer. Jumah prayer is characterised
by a significantly higher occupancy rate, which
increases sound absorption, resulting in good
speech intelligibility but often poor sound uniformity.
In contrast, normal congregational prayer typically
has a lower occupancy, leading to decreased sound
absorption and potentially longer reverberation times
that can compromise clarity (Latifah et al., 2023).
This dynamic shift in occupancy underscores the
need for a robust acoustic design that can maintain
optimal speech intelligibility and sound uniformity
across varying absorption levels.

Several studies have investigated the acoustic
quality of mosques through field measurements
(Kitapci and Celik Basok, 2021; Masih et al., 2021;
Arinta et al., 2022; Syazana et al., 2023). These
studies provide valuable information about existing
conditions and enable comparisons with established
standards. However, such measurements are
typically conducted in unoccupied mosques, which
may not accurately reflect the acoustic experience
during congregational prayers, when occupancy
significantly alters sound absorption characteristics.
Furthermore, field measurements cannot be used
to evaluate the effect of parameter variations on
acoustic conditions. This highlights the need for
advanced acoustic modeling techniques capable
of simulating diverse scenarios, including varying
occupancy levels and material configurations
(Pratiwi et al., 2023; Sudarsono et al., 2023).

The aim of this study is to comprehensively
investigate the acoustic characteristics of mosques
under varying occupancy levels, with a specific
focus on optimising speech intelligibility and sound
uniformity through strategic loudspeaker placement
and material selection using acoustic simulation.
The study focuses on mosques equipped with two
loudspeakers, owing to their widespread adoption in
smaller to medium-sized prayer halls. The findings
of this study are expected to provide practical,

evidence-based guidelines for the acoustic design
of Indonesian mosques, ensuring enhanced speech
intelligibility and uniform sound distribution across
diverse occupancy scenarios and architectural
configurations.

Method

This study evaluates the acoustic conditions
inside a mosque by systematically varying several

parameters, including mosque geometry, size,
application of acoustic materials, loudspeaker
positions, and occupancy levels, as detailed
in Table 1. Acoustic simulation employing

loudspeakers as sound sources was used to assess
acoustic performance, with a particular focus on
speech intelligibility and sound uniformity. The
simulations were conducted using Fohhn Designer,
a web-based simulation tool capable of modeling
acoustic conditions with loudspeakers as sound
sources (Fohhn Designer, 2025). This approach
enables a systematic analysis of how each variable
contributes to overall acoustic quality, thereby
facilitating the development of evidence-based design
recommendations for various mosque typologies.

The prayer area size was varied between 100 m?
and 625 m2torepresentthetypicalrange of community
mosque sizes, which are predominant in Indonesia
(Sistem Informasi Masjid, 2025). The prayer area
was modelled with a rectangular shape, as this
geometric configuration is frequently encountered
in existing mosque designs. The rectangular plan is
highly efficient for organising worshippers into neat,
straight rows, all facing the Qibla (the direction of
the Kaaba in Mecca) (Lukman et al., 2023; Ali and
Mustafa, 2023). Furthermore, a study on Javanese
mosques found that the majority of mosque plans
were typically square (Budi, 2006).

The ceiling shape was varied between flat and
pyramidal configurations. The flat ceiling was chosen
to represent a common prayer room design, while

Table 1. Variable evaluated in the study

Variables Variation Remarks
Prayer area size |10 mx 10 m | Wall height: 5 m
15m x 15 m
20mx20m
25mx25m

Ceiling shape Flat Pyramidal ceiling angle:
Pyramid 40°

Shaped
Ceiling material | Gypsum
Acoustic tile
Occupancy Fully Occupancy was
occupied simulated by modifying
Unoccupied | the absorption
coefficients of the floor
surface
Loudspeaker Front walls Loudspeaker height:
position Front corners [ 3 m
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the pyramidal ceiling was selected to reflect the
typical roof forms of traditional Indonesian mosques,
particularly in Java (Fikriyati, 2023). In the simulation,
the ceiling angle was set to 40°, and the pyramidal
ceiling dimensions were scaled proportionally to the
prayer area. Visualisations of the ceiling shapes are
presented in Fig. 1. The wall height was fixed at 5 m
across all models.

Room volume is one of the critical factors
influencing reverberation time and speech
intelligibility, necessitating careful consideration in
mosque design (Latifah et al., 2023). In this study, the
room volume was calculated based on the variations
in ceiling shape and prayer area size, yielding values
ranging from 500 m?3 to 6,086 m3.

The materials used in the mosque models were
selected to represent typical construction practices.
Walls were defined as painted concrete. Two ceiling
types were examined: a hard, reflective ceiling
representing standard construction (gypsum tile),
and an acoustically absorptive ceiling (acoustic
tile) to investigate the impact of sound-absorbing
materials. Occupancy was also varied by modifying
the sound absorption characteristics of the floor
surface. The unoccupied condition was represented
by carpet flooring, while the fully occupied condition
was simulated by defining the floor as fully occupied
by seated congregants, based on absorption
coefficients reported by Oldham, Elkhateeb, and
Science (2008). Detailed absorption coefficients
for all materials used in this study are presented
in Table 2. This approach effectively models the
varying acoustic absorption characteristics between
an unoccupied space and a fully populated prayer

b)

hall, which is crucial for assessing dynamic acoustic
performance.

This study incorporates two loudspeakers to
investigate the effect of their placement on acoustic
parameters within the mosque environment. As the
simulation software (Fohhn Designer) only includes
a database of Fohhn loudspeakers, the models were
selected carefully to represent typical loudspeakers
used in mosques. For this study, two 5-inch box
loudspeakers (Fohhn Arc AT-05) were used in the
simulations, as shown in Fig. 2. Each loudspeaker
has a nominal coverage angle of 90° horizontally
and 90° vertically, along with a frequency response
tailored for speech applications, ensuring a realistic
representation of sound reinforcement systems
commonly found in mosques. The loudspeakers
were positioned at a height of 3 m above the floor,
aimed toward the rear wall. Two different placement
configurations were simulated: at the front corners and
at the center of the front wall, as illustrated in Fig. 3.
This approach enables a comprehensive evaluation
of how varying source locations interact with room
acoustics and influence critical parameters, such as
sound pressure level distribution and clarity, which
are essential for effective speech communication
in congregational settings.

This study focused on speech intelligibility and
sound uniformity, which are essential parameters
for khutbah (sermon) and congregational prayers
(Sudarsono et al., 2019; Othman et al., 2016; Kitapci
and Celik Basok, 2021; Sarwono et al.,, 2020).
Speech intelligibility was evaluated using the Speech
Transmission Index (STI), a standardised method
for the objective assessment of speech transmission

Fig. 1. Ceiling configurations simulated in this study: (a) pyramidal, (b) flat

Table 2. Sound absorption coefficients of materials used in the study

Type - Frequency
of Variations Variations 125 | 250 | 500 | 1000 | 2000 [ 4000 | 8000
Walls Painted concrete wall / floor (Fohhn Designer, 2025) | 0.08 | 0.05 | 0.08 | 0.09 | 0.10 | 0.09 0.09

Ceiling

Generic, gypsum board, thickness of 0.625, 2 layers, | 0.28 | 0.12 | 0.10 | 0.08 | 0.14 | 0.09 0.06
16-inch OC, 2x4 wood studs (Fohhn Designer, 2025)

Acoustic ceiling (Fohhn Designer, 2025)

0.46 | 0.60 | 0.60 | 0.72 | 0.68 | 0.52 0.52

Floor Carpet, commercial on concrete,
floor (Fohhn Designer, 2025)

0.04 | 0.06 | 0.10 | 0.22 | 0.40 | 0.48 0.7

The absorption coefficient of the fully occupied
mosque (seated congregation) (Oldham et al., 2008)

0.19 | 0.19 | 0.75 | 0.89 | 0.86 | 0.97 0.99
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Fig. 2. Fohhn Arc ATO5 loudspeaker

quality (IEC 60268-16, 2003; Bjor, 2023; Jergensen,
2014; Kobayashi and Kondo, 2019). The STI values
used for analysis represent the spatial average across
the prayer hall. Sound uniformity was assessed by
calculating the difference between the maximum
and minimum sound pressure levels (SPL) across
the prayer area. In addition to these two parameters,
reverberation time (RT) at 1 kHz was also examined,
as optimal reverberation is crucial for both recitation
and sermon / speech intelligibility in mosque
environments (Elkhateeb and Eldakdoky, 2022).

The STI targets were selected with consideration
of two occupancy scenarios: fully occupied and
unoccupied. STI is closely related to the sound
absorption within the mosque, with the worst-case
condition typically occurring in the unoccupied
scenario due to the absence of acoustic damping
provided by the congregation. Accordingly, this study
establishes a lower STI target for the unoccupied
condition, acknowledging the practical challenges of
achieving optimal intelligibility without the absorptive
effect of worshippers. An STI target above 0.5 was
selected for the unoccupied condition to ensure that
intelligibility remains adequate even in the most
demanding acoustic state, with further improvement
expected under full occupancy (Farrasti, Sarwono,
and Mangkuto, 2024). An STI of 0.5 is generally
regarded as the minimum acceptable value for
delivering complex messages with familiar context,
and is commonly used as a design target for spaces

.a)

such as shopping malls and public offices (ANSI/
ASA S3.5, 2017). This scenario-specific approach
to STI targets ensures that the acoustic design is
optimised for both peak congregational events and
regular daily use, reflecting the diverse functional
demands of a mosque.

To ensure good sound uniformity, the difference
between the maximum and minimum sound
pressure levels should ideally remain within a
narrow range, typically less than 6 dB, to avoid
significant variations in perceived loudness (Zohra,
2016). A difference of 6 dB is generally considered
the maximum acceptable variation before a typical
listener begins to consciously notice that the sound
level differs significantly from one seat to another
(American National Standards Institute, 2017).

Results

Effect of Parameter Variations on STI

The effect of parameter variations on the Speech
Transmission Index (STI) was analysed using
linear regression models, revealing quantitative
relationships between architectural parameters,
material properties, loudspeaker configurations,
and the resulting speech intelligibility. The linear
regression analysis indicated that STI values
are significantly influenced by room volume,
ceiling material, and occupancy, with a correlation
coefficient of R = 0.965, as shown in Table 3. The
results demonstrate that larger room volumes are
associated with lower STI values. This relationship
can be attributed to the proportional dependence of
reverberation time on room volume; reverberation
time is a critical determinant of speech intelligibility,
as excessively long reverberation times cause
overlapping of successive sounds, thereby
diminishing clarity (Kunchur, 2019).

The STI is also influenced by ceiling material
and occupancy, as both factors affect the sound
absorption within the space. Specifically, materials
with higher sound absorption coefficients — such
as acoustic ceiling tiles or the presence of a
congregation — effectively reduce reverberation
time, leading to improved STI values (Galbrun and
Kitapgi, 2014).

The use of acoustic tiles on the ceiling
significantly enhances speech intelligibility, with

Fig. 3. Loudspeaker positions: (a) at the corner of the front wall, (b) at the centre of the front wall
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Table 3. Multiple linear regression model for STI
Model Fit
Model R R?
1 0.965 | 0.932
Model Coefficients — STI

Predictor Estimate| SE t ¢]
Intercept a 0.537 0.00769 |69.82 |<.001
Room volume —1.27e® |2.02e® |-6.31 <.001
Ceiling material:

acoustic tile — [ 0.156 0.00699 |22.34 | <.001
gypsum

Occupancy:

fully occupied — | 0.118 0.00699 | 16.86 | <.001
unoccupied

STI values exceeding 0.6, which indicates good
speech intelligibility. This improvement was not
observed in simulations with gypsum ceilings.
These findings highlight the benefit of incorporating
acoustic materials on ceilings, particularly given that
most mosque designs typically feature hard-surface
materials for walls and floors. The implementation
of such materials can optimise acoustic conditions
by reducing excessive reverberation, thereby
improving speech clarity for sermons and recitations
(Eldakdoky, 2016).

Effect of Parameter Variations on Sound
Uniformity

The effect of parameter variations on sound
uniformity was evaluated using a linear regression
model. This analysis aimed to quantify how
modifications to mosque geometry, acoustic material
application, loudspeaker positioning, and occupancy
levels influence the evenness of sound distribution
throughout the prayer hall. The model indicated that
sound distribution is significantly affected by room
volume, occupancy, ceiling material, and ceiling
shape, with a correlation coefficient of R = 0.942, as
shown in Table 4. The sound from two loudspeakers
can only be distributed effectively over a limited area,
which reduces sound uniformity in larger rooms. The
non-uniformity in sound distribution becomes more
pronounced in larger volumes, where the inverse
square law dictates more rapid attenuation of sound
intensity with increasing distance from the source
(Yang and Kang, 2021).

Sound uniformity is also significantly affected by
ceiling shape. The results demonstrate that better
sound uniformity is achieved with a flat ceiling.
In contrast, complex ceiling geometries, such as
pyramidal or vaulted structures, tend to produce
uneven reflections, leading to significant variations
in sound pressure levels across the space (Adnan
et al., 2018).

Another factor affecting sound uniformity is
the addition of absorptive surfaces, resulting from
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Table 4. Multiple linear regression model
for sound uniformity

Model Fit
Model R R?
1 0.942 | 0.887
Model Coefficients — SPL Max-Min
Predictor Estimate | SE t p
Intercept —0.788 0.284 |-2.77 |0.007
Occupancy:
fully occupied — 14 955 |0.252 [7.66 |<.001
unoccupied
Ceiling material:
acoustic tile —
gypsum 2.757 0.252 [10.96 |<.001
Ceiling shape:
pyramidal — flat | 1.790 0.273 |6.57 <.001
Room volume 9.23e™ 7.86e7°|11.74 |<.001

full occupancy or the use of sound-absorbing
materials on the ceiling. The introduction of sound-
absorbing materials reduces the reflected sound
field, making the direct sound more dominant and
thereby contributing to uneven sound distribution
(Setiyowati, 2012).

Acoustic  Evaluation of
Unoccupied Condition

The unoccupied condition was evaluated
to represent scenarios with a small number of
worshippers. In this condition, sound uniformity was
found to be adequate across all variations; therefore,
the analysis focused primarily on the STI parameter.
Ceiling type did not significantly affect STI values;
rather, STI was predominantly influenced by room
volume. This observation is consistent with prior
research highlighting that larger volumes inherently
increase reverberation time, thereby degrading
speech intelligibility in unoccupied spaces (Abdullah
and Zulkefli, 2014).

Fig. 4(a) presents the simulation results for
mosques with an acoustic ceiling. The application
of acoustic ceiling tiles improves STI across all
room volumes, with values exceeding 0.5 in all
cases. This improvement is attributed to reduced
sound reflections from the ceiling, which increase
the dominance of direct sound. The relationship
between STI and room volume for mosques with
acoustic ceilings is expressed in Equation (1):

STI =-9*107° * Roomvolume +0.7031 (1)

Mosques in

Fig. 4(b) shows the simulation results for mosques
without acoustic treatment (gypsum ceiling). In
this configuration, STI is primarily influenced by
room volume, with an R? of 0.84, indicating a
strong relationship. The predictive model for STI
in unoccupied mosques without absorptive ceiling
materials is given in Equation (2):
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Fig. 4. Relationship between room volume and STI
in unoccupied condition: (a) with acoustic tile ceiling,
(b) with gypsum tile ceiling

STI =—-2*10"° * Roomvolume +0.5242 (2)

These results indicate that the use of acoustic tiles
on the ceiling is generally effective in achieving good
speech intelligibility, owing to reduced reflections from
the ceiling surface. Under fully occupied conditions,
STI values are expected to improve further due to
the additional sound absorption provided by the
congregation.

Acoustic Evaluation of Mosques in Fully
Occupied Condition

The fully occupied condition was evaluated to
represent the scenario of Jumah (Friday) prayer.
In this condition, the analysis focused primarily
on sound uniformity, as STI targets were already
achieved across all variations in the unoccupied
state. The main challenge was observed in sound
uniformity, which varied significantly with room
volume. This finding emphasises the critical need for
more sophisticated acoustic design in larger mosques
during periods of high occupancy, to ensure adequate
sound coverage and clarity for all worshippers.

Fig. 5 illustrates the relationship between room
volume and sound uniformity in the fully occupied
condition. In general, sound uniformity deteriorates
with increasing room volume. It should be noted
that these results were obtained using only two
loudspeakers; different outcomes may be expected
with a greater number of loudspeakers.

The relationship between sound uniformity and
room volume for fully occupied mosques is expressed
in Equations (3) and (4). Equation (3) corresponds to

rooms with gypsum tile ceilings, while Equation (4)
corresponds to rooms with acoustic tile ceilings:

Sound Uniformity = 0.001* Roomvolume +1.9253 (3)

Sound Uniformity = 0.0015* Roomvolume +3.3211 (4)

Sound uniformity is influenced by the reflective
characteristics of the room. Greater reflection tends
to distribute sound more evenly throughout the
space. Consequently, as shown in Fig. 5(a), gypsum
tile ceilings — which are more reflective — provide
more uniform sound distribution compared to acoustic
tile ceilings, as shown in Fig. 5(b). This suggests a
trade-off: materials that enhance speech intelligibility
by reducing reflections may simultaneously diminish
sound uniformity in expansive spaces, particularly
when only a limited number of loudspeakers are
used (Din, Yong, and Razak, 2016).

Robust Design Recommendation for Mosques
with Two Loudspeakers

This section synthesises the findings into design
principles, offering practical guidance for architects on
achieving optimal acoustic performance in mosque
environments. Based on the results, a robust design
recommendation is proposed that balances speech
intelligibility with sound distribution.

The study systematically varied prayer hall areas
from 100 m? to 625 m? with a standard wall height
of 5 m, yielding volumes ranging from 500 m?* to
3,125 m? for flat ceiling configurations. For more
complex geometries, such as pyramidal ceilings,
volumes reached up to 6,086 m3 as detailed in
Table 5. Although a broad range was investigated,

a) _ 12 e
m e ..
- 10 e
= P I y=0,0015x +3,3211
z (=
£ . . . ....... ® R?=0,7639
[e) [
= i
E4 $
T 2 o
5
o O
» 0 2000 4000 6000 8000
Room Volume [m?]
b?_' 12
m
S, 10
2 8
£ o . ®
R e y=0,001x + 1,9253
S 4 e 0. .- ] R?=0,81
) e
T, *8
3 [
n 0
0 2000 4000 6000 8000

Room Volume [m?3]
Fig. 5. Relationship between room volume and sound uniformity

on fully occupied condition: (a) with acoustic tile ceiling (b)
with gypsum tile ceiling
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Table 5. STI and sound uniformity data from different variations. Grey shading indicates values that meet
the design criteria

No. ar(::);?zre v%?:rrnne Loudspeaker Ceiling Ceiling Room STI SSPFI’_IT:i)r(n_
[m?] [m] position shape material occupancy [dB]
1 100 500 Front wall Flat Gypsum Fully occupied 0.663 1.26
2 100 500 Front corners Flat Gypsum Fully occupied 0.662 1.36
3 100 500 Front wall Flat Gypsum Unoccupied 0.512 0.48
4 100 500 Front corners Flat Gypsum Unoccupied 0.511 0.52
5 100 500 Front wall Flat Acoustic tile | Fully occupied 0.757 215
6 100 500 Front corners Flat Acoustic tile | Fully occupied 0.756 2.3
7 100 500 Front wall Flat Acoustic tile Unoccupied 0.679 1.36
8 100 500 Front corners Flat Acoustic tile Unoccupied 0.677 1.46
9 100 689.5 Front wall Pyramidal Gypsum Fully occupied 0.66 3.08
10 100 689.5 Front corners Pyramidal Gypsum Fully occupied 0.66 3.15
11 100 689.5 Front wall Pyramidal Gypsum Unoccupied 0.54 1.5
12 100 689.5 Front corners Pyramidal Gypsum Unoccupied 0.53 1.54
13 100 689.5 Front wall Pyramidal | Acoustic tile | Fully occupied 0.79 5.39
14 100 689.5 Front corners Pyramidal | Acoustic tile | Fully occupied 0.78 5.51
15 100 689.5 Front wall Pyramidal | Acoustic tile Unoccupied 0.73 4.21
16 100 689.5 Front corners | Pyramidal | Acoustic tile Unoccupied 0.72 4.31
17 225 1125 Front wall Flat Gypsum Fully occupied 0.682 8.8
18 225 1125 Front corners Flat Gypsum Fully occupied 0.694 4.26
19 225 1125 Front wall Flat Gypsum Unoccupied 0.516 1.37
20 225 1125 Front corners Flat Gypsum Unoccupied 0.516 1.55
21 225 1125 Front wall Flat Acoustic tile | Fully occupied 0.779 4.94
22 225 1125 Front wall Flat Acoustic tile Unoccupied 0.697 3.45
23 225 1125 Front corners Flat Acoustic tile Unoccupied 0.697 4.24
24 225 1125 Front corners Flat Acoustic tile | Fully occupied 0.778 6
25 225 1797 .4 Front wall Pyramidal Gypsum Fully occupied 0.69 4.47
26 225 1797.4 | Front corners Pyramidal Gypsum Fully occupied 0.61 4.4
27 225 1797 .4 Front wall Pyramidal | Acoustic tile Unoccupied 0.7 5.96
28 225 1797.4 | Front corners Pyramidal | Acoustic tile Unoccupied 0.69 5.88
29 400 2000 Front wall Flat Gypsum Fully occupied 0.662 2.76
30 400 2000 Front corners Flat Gypsum Fully occupied 0.656 3.1
31 400 2000 Front wall Flat Acoustic tile | Fully occupied 0.837 4.13
32 400 2000 Front corners Flat Acoustic tile | Fully occupied 0.757 4.8
33 400 2000 Front wall Flat Acoustic tile Unoccupied 0.675 2.55
34 400 2000 Front corners Flat Acoustic tile Unoccupied 0.67 2.96
35 625 3125 Front wall Flat Gypsum Fully occupied 0.66 4.75
36 625 3125 Front corners Flat Gypsum Fully occupied 0.656 4.7
37 625 3125 Front wall Flat Acoustic tile Unoccupied 0.674 4.95
38 625 3125 Front corners Flat Acoustic tile Unoccupied 0.669 4.9
39 225 1797.4 Front wall Pyramidal Gypsum Unoccupied 0.49 2.21
40 225 1797.4 | Front corners Pyramidal Gypsum Unoccupied 0.48 217
41 225 1797 .4 Front wall Pyramidal | Acoustic tile | Fully occupied 0.76 7.45
42 225 1797.4 | Front corners Pyramidal | Acoustic tile | Fully occupied 0.75 7.36
43 400 2000 Front wall Flat Gypsum Unoccupied 0.487 1.05
44 400 2000 Front corners Flat Gypsum Unoccupied 0.483 1.06
45 625 3125 Front wall Flat Gypsum Unoccupied 0.481 1.86
46 625 3125 Front corners Flat Gypsum Unoccupied 0.477 1.83
47 625 3125 Front wall Flat Acoustic tile | Fully occupied 0.764 7.1
48 625 3125 Front corners Flat Acoustic tile | Fully occupied 0.759 7.05
49 400 3516.4 Front wall Pyramidal Gypsum Fully occupied 0.6 7.04
50 400 3516.4 | Front corners Pyramidal Gypsum Fully occupied 0.59 6.93
51 400 3516.4 Front wall Pyramidal Gypsum Unoccupied 0.46 3.88
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Table 5 (Ending)

No. ar;?;?;e v%tl):rr:e Louds.p.eaker Ceiling Ceilin.g Room STI s;’;‘m):‘_
[m?] [m] position shape material occupancy [dB]

52 400 3516.4 | Front corners Pyramidal Gypsum Unoccupied 0.45 3.81
53 400 3516.4 Front wall Pyramidal | Acoustic tile | Fully occupied 0.74 10.63
54 400 3516.4 | Front corners Pyramidal | Acoustic tile | Fully occupied 0.74 10.53
55 400 3516.4 Front wall Pyramidal | Acoustic tile Unoccupied 0.67 8.89
56 400 3516.4 | Front corners Pyramidal | Acoustic tile Unoccupied 0.66 8.79
57 625 6086.9 Front wall Pyramidal Gypsum Fully occupied 0.58 7.87
58 625 6086.9 | Front corners Pyramidal Gypsum Fully occupied 0.58 7.78
59 625 6086.9 Front wall Pyramidal Gypsum Unoccupied 0.44 443
60 625 6086.9 | Front corners Pyramidal Gypsum Unoccupied 0.44 4.35
61 625 6086.9 Front wall Pyramidal | Acoustic tile | Fully occupied 0.73 11.65
62 625 6086.9 | Frontcorners | Pyramidal | Acoustic tile | Fully occupied 0.72 11.57
63 625 6086.9 Front wall Pyramidal | Acoustic tile Unoccupied 0.66 9.84
64 625 6086.9 | Frontcorners | Pyramidal | Acoustic tile Unoccupied 0.65 9.74

the final “robust design” recommendation is based
on a volume of 1,125 m3. This specific value serves
as a critical acoustic threshold: below this volume,
achieving an STl > 0.5 and SPL variation < 6 dB
remains feasible across various occupancy levels.
Beyond this threshold, acoustic degradation becomes
substantially more difficult to mitigate with a standard
two-loudspeaker configuration. This is exemplified by
data points 39 and 40 in Table 5, which show that
STI values fall below 0.5 in unoccupied conditions
for rooms with a volume of 1,797.4 m3. These
results suggest that for larger mosque volumes,
a more sophisticated acoustical design approach —
potentially involving distributed loudspeaker systems

or advanced acoustic treatments — would be
necessary to meet the robust criteria.
Statistical analysis and regression models

(Tables 3 and 4) indicate that, for the general
dataset, the choice between corner and center-front
loudspeaker placement does not significantly affect
STI or sound uniformity. However, in larger hall
volumes (e.g., 3,516 m* and 6,086 m?, as shown in
Table 5), minor differences in sound field unevenness
(SPLMax—Min)were observed depending on speaker
position. Therefore, while the influence of loudspeaker
placement is negligible in small to medium-sized
rooms compared to room volume and ceiling material,
its impact may become more noticeable in larger halls
and warrants further investigation.

Speech intelligibility is typically evaluated in
relation to the reverberation time, which is normally
measured in unoccupied conditions and reflects
the level of sound reflections within the mosque.
According to the data, STl values are negatively
correlated with reverberation time, indicating
that longer reverberation times reduce speech
clarity (Kaygisiz, Semerci, and Sayin, 2024). This
relationship was modeled using linear regression,

yielding a strong correlation coefficient of R = 0.97.
Since an STI above 0.5 is desired in unoccupied
conditions, the maximum permissible reverberation
time can be derived from the simulation data. To
achieve good speech intelligibility in unoccupied
conditions, the recommended upper limit for
reverberation time is 2.5 seconds, as shown in Fig. 6.
This value aligns with recommendations from several
previous studies, which typically suggest ranges of
1.6 to 1.8 seconds (Sudarsono et al., 2023; Ismail,
2013). Furthermore, the presence of worshippers
during occupancy reduces reverberation time,
thereby enhancing speech intelligibility. Congregants
act as a substantial sound-absorbing mechanism,
which can improve acoustic parameters such as
clarity and the speech transmission index, both
crucial for the functional performance of a mosque
(Gul and Caliskan, 2013).

Sound optimisation is particularly crucial for
large mosques, largely due to their increased
volume and surface areas, which necessitate
more sophisticated acoustic treatments and sound
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Fig. 6. Relationship between STI and reverberation time
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reinforcement strategies to maintain desirable
intelligibility and sound pressure levels across the
entire prayer hall (Adnan et al., 2018). The use of
absorptive materials is key to controlling sound
reflections, thereby improving speech clarity and
reducing excessive reverberation (Zohra, 2016).
However, excessive use of absorptive materials
can compromise sound uniformity and diminish the
sense of a sacred space by substantially reducing
natural reverberation. Therefore, a careful balance
must be struck between reverberation control and
maintaining sufficient sound reflection to preserve
the mosque’s architectural acoustics and spiritual
ambiance (Elkhateeb and Eldakdoky, 2022). This
optimal condition can be achieved by iterating
through various design options using simulation
during the design stage. Such simulations allow
designers to predict key acoustic parameters, such
as reverberation time and speech transmission
index, under various occupancy and material
conditions before physical construction, thus
enabling proactive optimisation of the acoustic
environment (Zohra, 2016; Benferhat et al., 2024).

Conclusion

This study utilised acoustic simulation to
investigate the acoustic performance of mosques
equipped with two-loudspeaker systems under
various architectural and occupancy conditions.
The findings provide critical, practical insights
for architects and mosque committees aiming to
optimise the aural environment, particularly in small
to medium-sized prayer halls.

The research established that the most significant
determinants of acoustic quality are room volume,
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ceiling material, ceiling shape, and occupancy, while
the specific placement of the two loudspeakers
(corner vs. center-front) had only a negligible
practical effect on both the Speech Transmission
Index (STI) and sound uniformity.

STl was found to be strongly and negatively
correlated withroom volume, and positively correlated
with sound absorption from ceiling materials and
occupancy. Larger volumes and reflective materials
significantly reduce speech clarity due to reduced
sound absorption within the room. Sound uniformity
is negatively affected by room volume, pyramidal
ceiling shapes, and the presence of high absorption
from acoustic ceilings or full occupancy.

Arobustacoustic design that maintains acceptable
speech intelligibility (STI > 0.5) and sound uniformity
(SPL variation < 6 dB) across both unoccupied and
fully occupied conditions is achievable only when
the mosque volume is limited to 1,125 m?® or less.
For larger volumes, a more sophisticated, distributed
sound reinforcement system and advanced acoustic
treatments are necessary to meet these criteria.

For the unoccupied condition, a maximum
reverberation time of 2.5 seconds is recommended.
This represents the critical limit necessary to ensure
that STI remains above 0.5, which is suitable for
complex messages with familiar context. The
presence of a full congregation, acting as a substantial
sound absorber, will naturally reduce reverberation
time, thereby ensuring enhanced clarity and spiritual
comfort during congregational prayers.
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AHHOTauuA

BBeageHue. B gaHHOM vccrnenoBaHMM NpeacTaBreHO BCECTOPOHHEE M3YYEHUE aKyCTUYECKMX XapakTEPUCTUK MeYeTen,
060pynoBaHHbIX ABYMsi (POMKOrOBOPUTENSAMU, B pasnuyHbIX YCroBusax. PaccmaTtpuBaeTcst pacnpocTpaHeHHas npobnema
MIOXON aKyCTUKU B MHOOHE3MMCKMX MEYETSX, KOTOpasi 4acTo SIBMSIETCH pe3yrnbraToOM apXUTEKTYPHbIX OCOOEHHOCTEN,
BblbOpa MaTtepuanoB M HEONTMMAanbHOrO MPOEKTMPOBaHUSA 3BYKOBOW cucTembl. Metogbl. B xoge wccnepoBaHus ©
MCMONb30BaHNEM aKyCTUYECKOrO MOAENMPOBAHMS CUCTEMATUYECKM BapbMpPOBanuCcb HECKONbKO MapaMeTpoB: reoOMeTpus,
pasmep MONMUTBEHHOM 30HbI (0T 100 M? go 625 M?), maTepuan noTtonka (akyctudeckasi NnMTka NPOTUB MMMNCoKapToHa),
pacnonoXxeHne rpOMKOroBOpUTENEN U YPOBEHb 3aMOSTHEHHOCTH (NMyCTOe NMOMELLEHME NMPOTUB MOMHOCTLIO 3aMONHEHHOrO).
OCHOBHOE BHUMaHWe yAensnocb onTumMusauum uHaekca nepepayn pedn (UMNP) ona obecnedveHus paszbopyrBoCTU
peyn 1 paBHOMEPHOCTM YPOBHS 3ByKoBoro fasnexus (Y3[). KnoueBble pe3ynbraTbl NOKa3biBaloT, YTO pacnonoXeHne
rpomMkoroBopuTene (B yriy Unu B LEHTPE NepeaHen YacTy 3ana) He OKasblBaeT CyLLIEeCTBEHHOro BNUsAHUS H1 Ha WP, Hn
Ha paBHOMepHoCTb. OgHako B 6onbLumnx 3anax (Hanpumep, 3516 m® 1 6086 m3) Habnoganucb He3HaYUTENbHbIE PasnMyns
B PaBHOMEPHOCTW 3ByKa (MakcUmasbHbIi—MUHUMarnbHbIA Y3[]) B 3aBMCMMOCTM OT MOSIOXEHWUS TPOMKOrOBOPUTENEN.
HanpotuB, obbem nomeLlleHusi, mMaTepuan MoTofika WM YpPOBEHb 3arnoflHEHHOCTW CyLleCcTBEHHO BnuslT Ha WIP;
6onblune oObeMbl ¥ MeHbLUEE MOIMOLLEHME 3ByKa CBA3aHbl C YMEHbLUEHMEM YETKOCTUM. Ha paBHOMEPHOCTb 3By4YaHus
Takke HeraTMBHO BMMUSKOT yBeNMYeHMe oObema NMOMELLEHUSI U OTpaxawLme, CroxHble opMbl MOTOMKa (Hanpumep,
nupamuganbHble), Tor4a Kak MOBbILIEHHOE MOrMOLLEHNE MOXET YCUWUTb OAOMUHWPOBAHME MPSIMOrO 3BYKOBOMO MOMS,
NnoTeHLManbHO CHUXKas paBHOMepHOCTL. BbiBoAbl. ViccneaosaHue nokasano, 4to ans goctmxkenms MNP > 0,5 nnameHeHus
Y¥3[ < 6 ob BO Bcex ycrnoBusx NpuUCyTCTBUS NioAen oObemM MedeTu He JormkeH npesbiwatb 1125 M3, Kpome Toro, ans
obecneyeHns ageksaTHou pasbopumBocTtu peun (UMP > 0,5) B ycnoBusix MycToro NOMELLEHUst (XyOLuiA crydan)
MakcumansHoe Bpemsi peeepbepauun (BP) Ha yacToTte 1 k'Y JOmkHO ObITb OrpaHnyeHo 2,5 cekyHaamu. 3T pesynsraThbl
NpefocTaBnsAT NPakTUYECKNe, OCHOBaHHbIE Ha (DaKTUYECKMX AaHHbIX PEKOMEHAALIMM MO aKyCTUHYECKOMY NMPOEKTUPOBAHUIO
Marnblx U cpegHux meveten B IHooHesun.

KnioyeBble crnoBa: MeuyeThb, aKyCTMKa nomMmelleHuna, rpoMmKkoroBoputenun, moaennposaHne, paBHOMEPHOCTb 3BYyYaHUA,
MHOEKC nepenavn pedu.
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Abstract

The purpose of the study was to identify the most influential urban design factors for improving ventilation in the open
spaces of multi-storey residential complexes in Basra’s hot-humid climate. Methods: using a case study approach, we
conducted ENVI-met v5.9 simulations for 16 models of two spaces within the “Al-Amal Residential Complex” during
summer and winter. Four models reflected existing conditions, while 12 involved scenarios that adjusted building height,
distance between buildings, and orientation, and were measured against environmental indicators: air temperature (T,),
wind speed (WS), sky view factor (SVF), and predicted mean vote (PMV). Results showed that building height is the most
significant factor in improving ventilation and providing self-shading, followed by north-west orientation. Distance between
buildings ranked last due to the trade-off between achieving urban breathing and increased solar exposure. The research
recommends adopting compact vertical blocks with a north-west orientation and integrating vegetative or artificial shading

to compensate for reduced self-shading and enhance social interaction.

Keywords: urban design factors; ventilation; multi-storey residential buildings; thermal comfort; ENVI-met; Basra.

Introduction

The outer urban spaces between residential
buildings play a pivotal role as a vital connecting
fabric of the built environment and as an attractive
medium for social interaction among residents.
However, the positive activation of these spaces
requires the provision of thermal comfort that allows
human presence in them throughout the day, summer
and winter, especially in hot, humid climates where
natural ventilation is a decisive factor in improving
the microclimate.

It is clear from reviewing the previous studies
that most of them investigated the influence of
a single factor on outdoor space ventilation,
while a few studies, such as Yola et al. (2022),
began to explore the interaction between two
factors (building height and canyon orientation).
Although these studies contributed to an in-depth
understanding of each factor, none of them provided
a comparative assessment of three key design
factors simultaneously — building height, distance
between buildings, and building orientation- nor did
they examine how these factors interact within an
integrated urban context.

This knowledge gap is the starting point for
this research. It examines the potential of urban
standards to achieve effective natural ventilation in
spaces between multi-storey residential buildings
in Basra’s specific climatic context, characterised

by hot, humid summers and mild winters with
high relative humidity. The study aims to provide
recommendations for urban designers to create
environmentally successful urban spaces.

Therefore, the research will examine three urban
design factors—building heights, distances between
buildings, and building orientation—in improving
ventilation in outdoor open spaces between multi-
storey residential buildings in Basra’s hot, humid
climate.

Literature Review

This section represents the theoretical framework
for the study, which includes two main parts, as shown
in Fig. 1. The first part explores the interrelationships
among the environmental indicators, including wind
speed (WS), air temperature (T,), sky view factor
(SVF), and predicted mean vote (PMV) in hot-
humid climates. The second part examines the role
of urban design factors, including building height,
distance between buildings, and building orientation
in controlling outdoor ventilation and thermal
performance.

Interrelationships
indicators

In hotand humid climates, ventilation performance
is directly related to environmental indicators on the
one hand and to the distribution of buildings and
street networks on the other hand. Surrounding
buildings reduces WS around building blocks, and

among environmental

30 For citations: Thiab, F. A., Fenjan, R. R., Aimansor, N. A. (2026). Urban impacts on ventilation in hot-humid climates: multi-height
buildings in Basra. Architecture and Engineering, No 3 (11), pp. 30—45. DOI: 10.23968/2500-0055-2026-11-3-30-45.
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Fig. 1. The parameters identified in the theoretical framework (Source: Authors)

block height and road width affect wind pressure
differences (Giilten and Oztop, 2020). Ambient
temperature is considered the most influential
environmental variable in hot regions, followed by
sky view factor (SVF), and then the aspect ratio.
Low SVF values would also help mitigate city air
temperatures in high-density neighbourhoods during
heatwaves (Fan et al., 2024). WS is the primary
driver of natural ventilation and relief of high humidity.

Urban configurations that allow air to pass
through, such as oriented buildings and courtyards,
increase local WS. This increase enhances
thermal comfort by generating evaporative cooling.
The spaces between high-density buildings are
characterised by thermal discomfort in summer due
to reduced WS and air stagnation caused by these
buildings, as obstacles (Palusci et al., 2022). A direct
relationship exists between SVF and daytime heat
gain: higher SVF values increase exposure to
direct solar radiation. This will lead to raised T, and
surface temperatures. Low SVF values provide self-
shading that protects the outer spaces from radiative
thermal gain and keeps them cooler. Furthermore,
the SVF can be controlled by adjusting the length-
to-width ratio of a space to create shaded areas that
prevent heat loss and promote passive heat storage
in surfaces during winter. At the same time, these
shaded areas reduce the effect of urban heat islands
in summer (Pouri et al., 2025).

Afforestation elements play a decisive role in
adjusting wind movement in hot, humid climates.
A study by Dissanayake et al. (2023) compared
different planting arrangements within square-
shaped open spaces, and their results showed that
the dispersed (random) planting pattern achieved
the greatest improvement in average WS.

Ventilation is associated with both WS and
shading that resulted from SVF reduction. Therefore,
average WS between 1.5 and 3.6 m/s is preferable
to reduce cold stress in winter, while 1.5 m/s is
considered relatively calm in summer. These
values vary with building height or environmental
treatments (Abdalazeem et al., 2024). An increase in

WS also reduces physiological thermal stress at air
temperatures below or above 35°C, depending on
decreasing humidity (Bréde and Kampmann, 2023).

According to Musa et al. (2022), SVF optimally
ranges from 0.38 to 0.65. Outdoors, in hot, humid
climates, the acceptable PMV range is between —4
and +4. To achieve PMV moderation, WS must be
high (1 to 2 m/s) to promote evaporative cooling,
while reducing mean radiant temperature via shading
elements, such as umbrellas, because direct solar
radiation quickly raises the PMV value towards +3 or
+4, and preferably, T_ should be between 24°C and
28°C with air movement (Bréde and Kampmann,
2023).

Urban design factors influencing natural
ventilation

There are studies that investigated the influence
of urban characteristics on natural ventilation at the
urban level. Salem and Othman (2024) confirmed
that the spaces between buildings were the most
influential on ventilation quality, followed by the
design of the street grid, and then by architectural
building characteristics. Similarly, W. A. A. Mohamed
(2022) concluded that street density is the dominant
element in increasing the possibility of greater
air permeation within residential complexes. This
enhances the positive relationship between the
openness of the urban fabric and the efficiency of
natural ventilation.

Building heights: Height influences the vertical
thermal gradient (Li and Donn, 2017). The average
temperature decreases by 0.65 degrees Celsius
for every 100 meters of height. This confirms the
relationship between building height and local
climate change. Yola et al. (2022) analysed the
morphology of urban canyons (the space between
buildings) in Kuala Lumpur (hot, humid climate).
Their study found that increasing building height
lowers the mean radiant temperature, especially
in the morning and evening, but reduces WS inside
the canyon when the increase is uniform on both
sides. The study also noted the role of canyon
orientation in modifying these effects. Consequently,
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increasing the height-to-width ratio (H/W) positively
affects the thermal environment by reducing thermal
stress in the area. This is because it enhances
shading and reduces the amount of solar radiation
reaching the ground surface. Building height affects
solar radiation, temperature, and WS. Elevations
increase shading, which lowers the absorbed solar
radiation and reduces the urban heat island effect.
Tall buildings also act as thermal chimneys, drawing
hot air upwards, away from the pedestrian level
(Palusci et al., 2022).

By using ENVI-met simulations, Ragheb et al.
(2024) demonstrated in their study in Egypt that
building height significantly affects microclimatic
conditions and pedestrian thermal comfort. They
recommended that urban planners consider building
heights and layouts to improve local climatic
conditions. It has been noticed that the height-to-
width ratio (H/W) affects Ta: a lower ratio increases
solar absorption by road surfaces. That is why
canyons with a lower H/W ratio are exposed to
higher diurnal heat (Kareem and Mahmood, 2025)
and ground surface temperatures are lower in
higher-altitude residential buildings (Zheng et al.,
2019). Salameh et al. (2023) noted in their study that
the variety of building heights contributes to lower
T, than in moderate-contrast cases. Placing a high-
rise next to a low building increases WS by up to
90 % while lowering the temperature by about 1 °C.
Hence, the strategic integration of a limited number
of high-rise buildings can enhance alley ventilation
and reduce heat (Salameh et al., 2023).

Distance between buildings: Distance relates to
“urban breathing”; it creates open spaces that allow
airflow at pedestrian level. Therefore, integrating semi-
open spaces with buildings significantly improves
ventilation (Juan et al., 2021). However, a lower
ground coverage ratio (10 %) increases annual
solar radiation compared to a higher ratio (50 %),
which provides greater shading (A. M. S. Mohamed,
2022). For thermal comfort, “semi-enclosed” spaces
are preferred for daytime use, while “open” spaces
are best for night time use (Lam and Hang, 2017).
By design, scattered point layouts (wide spaces)
are better ventilated for low site coverage, whereas
closed styles with small distances suit very cold
climates. The relationship between the building
height and horizontal distance remains decisive for
ventilation control (Ma and Chen, 2020). CFD-based
studies have shown that ventilation performance
is very sensitive to the spacing between buildings,
since the maximum airflow is achieved when the
separation distance is approximately equal to the
height of the building, as both frontal and angular
flows contribute to the movement of air around the
building aggregates (Ghalam et al., 2021; Ayo and
Mohd-Ghazali, 2024). The square spaces resulting
from buildings’ setbacks of 8 m from the street and
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16 m from corridors achieve better ventilation for
both single- and multi-high-rise buildings (Xu et al.,
2022).

Building orientation: Orientation is a pivotal
factor in natural ventilation and solar radiation
control in humid, hot areas, and aims to minimise
thermal gain and maximise the effect of prevailing
winds. Effective cross-ventilation depends mainly on
the building’s orientation relative to the local wind
direction (Mahmoud and Ghanem, 2019). Optimal
orientation varies by climate, but in hot, humid
regions, north-west orientation is often favourable
(Abdelhafez et al., 2022). Moreover, the building form
and orientation significantly influence the conditions
of surrounding microclimates (Derakhshan and
Karimimoshaver, 2026). Therefore, there is a need
to make site-specific design decisions rather than
following general rules, as orientations affect surface
heat levels differently throughout urban contexts
(Derakhshan and Karimimoshaver, 2026). At the
urban level, tall buildings play a dual role depending
on location. According to Lin et al. (2026), locating
buildings in the western part slows prevailing winds
(see Fig. 2, H2), while their location in the northern
part (H3) reduces WS and increases airflow
between buildings. Their placement in the north-
western corner (H4) achieves balanced ventilation
distribution by mitigating the decrease caused solely
by western obstructions (Lin et al., 2026).

To summarise, previous studies emphasise
the individual effects of building height, distance
between buildings, and building orientation on natural
ventilation and thermal comfort in hot-humid climates.
Yet, their combined and comparative assessment
remains unexplored. Most reviewed studies have
focused on isolated variables or paired interactions
(e.g., height with orientation), but none have
examined the impact of all three factors within an
integrated urban context, especially in a climate like
Basra’s. Therefore, the current study’s comparative
simulation approach is important to conduct. To
carry out this comparison, it is necessary to use an
accurate physically based climate simulation tool
to assess the impact of three urban design factors
on specific environmental indicators (WS, Ta, SVF,
and PMV) that control ventilation quality. For this
purpose, the ENVI-met v5.9 was chosen, a three-
dimensional climate model based on fluid dynamics
and thermodynamics that analyses airflow around
and between buildings, along with radiation and heat
exchange between surfaces and the atmosphere
(Bruse and Fleer, 1998). However, the reliability of
such a simulation largely depends on the accuracy
and reliability of the model used. The effectiveness
of the ENVI-met model in assessing thermal
comfort and ventilation performance in outdoor
spaces has been demonstrated in a growing body
of research conducted in similar climates. One of
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(c) H3: north high

(d) H4: western and north high

Fig. 2. The relationship between building height and orientation (Lin et al. 2026)

these applications is studies conducted in Basra
(Almansor et al., 2026) and Baghdad (Ridha, 2022;
Musa et al., 2023), as well as other hot-humid regions
such as China (Ma and Chen, 2020; Liu et al., 2024;
Schoneberger et al., 2025). Taken together, this
evidence confirms the suitability of ENVI-met for use
in this research.

Methods

The research examined the impact of three urban
design factors — building heights, distance between
buildings, and building orientation — on improving
ventilation in outdoor spaces between multi-storey
residential buildings in Basra city. To achieve this, a
case study approach was adopted, selecting two sites
within the Al-Amal residential complex in Basra city.
Building on this selection, 16 models were simulated
using ENVI-met v5.9 to assess the influence of these
urban design factors under both summer and winter
conditions. These models encompassed four base
cases and 12 proposed models, representing three

distinct scenarios (see section 3.2 for more details).
Numerical data from both case studies included four
environmental indicators (WS, Ta, SVF, PMV) for
summer and winter. For each of these scenarios, the
mean of each environmental indicator was calculated
in Excel. Delta (A) was calculated as the difference
between the scenario and the base case, with the
direction of improvement noted (see section 3.3).
The study analysed numerical data and ENVI-met
coloured maps both statistically and visually.

Case study selection

Basra city, the southernmost part of Iraq, is
recognised for its extreme climatic conditions.
Its climate is extremely hot and humid, with peak
temperatures exceeding 50°C and scarce rainfall,
posing serious challenges to achieving thermal
comfort in outdoor urban spaces. Al-Amal residential
complex, located in the north of Basra city (Fig. 3) was
chosen as the field study area. The study selected
two models of vertical building arrangements as

270Mm

— —

180M

250M 082
Fig. 3. The geographic location of case studies CS1 and CS2 (Annotated by the authors, source: Google Earth/Map)
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case studies. This choice was made because
they represent diverse urban patterns and block
organisations, allowing for relatively generalized
results in similar contexts. They are as follows:

e Case Study 1 (CS1) (rectangular arrangement):
consists of 24 residential blocks with a height of four
floors (G+3) with an area of 4.86 hectares. These
blocks are organized in a symmetrical clustering
around a wide central courtyard (Central Plaza),
designed to promote social interaction, with small
interspersed green spaces between the buildings,
as shown in Fig. 3.

* Case Study 2 (CS2) (triangular arrangement):
it is characterized by a different geometric
configuration with an area of 4.68 hectares, where
it includes 9 buildings with a height of seven floors
(G+6) distributed according to a linear graded
organization, in addition to 16 buildings with a height
of four floors (G+4) distributed in an aggregate style.
These elements converge around a large central
area, with green spaces integrated into the assembly
pattern, as shown in Fig. 3.

Simulation and scenario design

To achieve the research aim, the study
conducted an environmental analysis of the two
selected case studies (CS1 and CS2) by creating
three-dimensional digital models using ENVI-met
v5.9, an advanced tool for simulating local climate.
The ENVI-met program was employed in this study
to simulate the urban microclimate of complex
urban environments on a sound physical basis.
The program’s proven reliability in thermal comfort
aligns with local meteorological station data (Ridha,
2022), as evidenced by simulation outcomes, and
has been verified across multiple hot-humid climates
(see Section 2 for detailed sources). The model has

demonstrated acceptable accuracy in simulating
wind speed and air temperature (Liu et al., 2024),
which are essential indicators in the current study.
Recent evaluations in subtropical and tropical
contexts have shown that ENVI-met performs best
during summer — the most important season for
evaluating thermal comfort in Basra — when the
model’s results exhibit the fewest errors during this
period (Liu et al., 2024). Due to the model’s reliability
in similar climatic contexts, it was chosen for the
current research.

The modelling included all the constituent
elements, including building blocks, vegetation,
and the network of roads and sidewalks, to ensure
accurate simulation of thermal interactions between
surfaces and the atmosphere. To ensure simulations
under the city of Basra’s critical climatic conditions,
data from the hottest and coldest days were selected
from official meteorological data that represent the
peak of climate extremes in Basra governorate for
2025 (Table 1 and Fig. 4). The simulation included
extracting readings for four environmental indicators
(WS, Ta, SVF, and PMV) at 15:00, as this time
corresponds to the peak of daily heat stress. Nine
receptors were strategically distributed in CS1 and
eight in CS2 in three zones in each model to cover
the morphological diversity: Zone A represented
the central plaza; Zone B represented the spaces
between buildings, and Zone C represented the
area in front of buildings’ entrances (see Fig. 5).

Three proposed scenarios were simulated in
addition to the base case of each case study (BC-
CS1, BC-CS2). Each of these scenarios involved
four simulated models, with each pair related to
a case study during summer and winter. In total,
16 proposed models were simulated (see Table 2).

Table 1. Daily climatic data used as input for ENVI-met simulations (extreme days in Basra,

2025) (Source: Basra Meteorological Office)

Temperature Wind Relative Humidity
max min direction m/s min max
Summer | 11/07/2025 51 35.4 297° 3.1 7 22
Winter 2/02/2025 16.9 8 270° 2.8 40 90

SUMMER (11-7-2024 15 PM)

A Tempetature pnd Fmedty

1 Temperature e Humadty ouce il

] 4

WINTER (2-2-2024 15 PM)

Fig. 4. Climatic inputs for the hottest and coldest day in Basra city in the ENVI-met program v5.9. (Source: Authors)
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Fig. 5. 3D simulated digital model of CS1 and CS2 using the ENVI-met program v5.9. (Source: Authors)

Table 2. The abbreviation of the proposed simulated scenarios (Source: Authors)

CS1 CS2
Model Summer | Winter | Summer Winter
Base Case (BC) BC-S1 BC-W1 BC-S2 BC-W2
Height (H-scenario) H-S1 H-w1 H-S2 H-W2
Distance (D-scenario) D-S1 D-W1 D-S2 D-W2
Orientation (O-scenario) | 0-S1 0-W1 0-S2 0-W2

Each scenario examined one of the three selected
urban design factors during summer and winter to
isolate their impact as follows:

* Increment height of buildings (H-scenario):
increasing the number of floors of buildings in CS1
and CS2 (+3), without changing orientation and
distances between buildings. This amendment was
selected to represent a moderate vertical expansion
reflecting the common trends in residential density
projects that align with Iraqi housing standards.
This scale of change is substantial enough to affect
shading, wind flow, and radiant heat exchange,
enabling a robust evaluation of height-related effects.

e Changing the distance between buildings
(D-scenario): increasing the distance between
buildings in CS1 by two meters and decreasing it
by two meters in CS2, without changing the original
orientation and height. These changes were chosen
because they may affect airflow dynamics and local
climate characteristics in the region.

* Changing orientation (O-scenario): rotating
building blocks towards the north-west direction
without any change in height and distance between
buildings. This direction was selected as it aligns
with the favourable conditions of Irag’s hot, humid
climate. It can substantially influence sun exposure
and wind flow patterns.

Data analysis approach

The study used a quantitative method to identify
which urban design factors most effectively improved
ventilation in Basra, using statistical and visual

analysis. Improvement was defined as an increase
in WS, a decrease in Ta, a decrease in SVF, and a
decrease in PMV towards neutral. Delta values were
normalised forcomparison. The averageimprovement
per scenario was calculated, and the results from
both case studies were combined by calculating the
arithmetic mean of the corresponding delta values
from CS1 and CS2 for each indicator, ensuring equal
weighting for both configurations. Statistical findings
were supported by visual analysis of ENVI-met
maps, comparing environmental indicator patterns,
value ranges, and spatial distributions between the
base case and scenario conditions.

Results

Statistical analysis

The study conducted a statistical analysis to
identify the most positive influence of urban design
factors (building height, distance between buildings,
building orientation) on improving the natural
ventilation by enhancing environmental indicators
(WS, Ta, PMV, SVF) in outdoor open spaces of two
different urban models (CS1 and CS2). The study
determined the required improvement trend for each
environmental indicator, as shown in Table 3, as
mentioned in previous studies.

The analysis began by extracting four
environmental indicators (WS, Ta, PMV, SVF) from
ENVI-met for each receptor in the case studies.
There were nine receptors in CS1 and eight in CS2.
This process was repeated across three scenarios,
plus the base cases, for both summer and winter. The
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Table 3. The direction of improvement required
for each environmental indicator (Source: Authors)

Indicator Summer Winter
WS Increase (+) Decrease (-)

Ta Decrease (-) Increase (+)

PMV Decrease (-) to (0) |Increase (+) to (0)
SVF Decrease (-) Decrease (-)

arithmetic mean for each environmental indicator,
scenario, and case study was calculated in Excel
by averaging all receptor readings. For example, in
summer, the WS readings of all nine CS1 receptors
in the H-scenario were averaged. Table 4 shows the
scenario means.

Next, the Delta (A) value for each environmental
indicator and scenario was calculated in Excel. The
desired optimisation direction for each indicator was
checked using Table 3. If an increase was the target
for an indicator, the Delta was calculated as:

o= MeanScenario - MeanBC .
And if a decrease was the target for an indicator,
the Delta was calculated as:
&= Meanpgc — Meang, .o -
Because environmental indicators differ in units
and ranges, each indicator’s A values (for H-, D-,

O-scenarios) were normalised in Excel using linear
normalisation and the following equation:

8normal =(0- 6min )/ (smax - 6min )-

This normalisation process produced A normal
values ranging from 0 to 1 for each environmental
indicator in each scenario, where 1.00 represents
the best relative performance and 0.00 the worst.
For each scenario (H, D, O), the arithmetic mean of
all seven environmental indicators’ A_normal values
was calculated using Excel's AVERAGE function.
Table 5 shows the calculated A for each indicator
and scenario in both case studies for clarity.

Table 6 shows a consolidated view in which higher
values indicate greater improvement, and lower
values indicate less improvement or deterioration.

To find which urban design factor has the
greatest positive impact, the scenarios were ranked
in descending order by the average A normal for
each case study. The overall mean for each scenario
across both case studies was then recalculated
using the AVERAGE function to determine which
urban design factor had the greatest overall positive
effect (Table 7).

Visual analysis of simulation maps

The visual analysis of the extracted coloured
maps for the four environmental indicators in the
base case of CS1 and CS2, and the proposed
scenarios, compared the colour distribution of what
happened in Zones A, B, and C, as follows:

The base cases analysis (CS1 & CS2). The
base-case results for CS1 showed that WS reached
up to 3.08 m/s in summer, and 3.30 m/s in winter,
while in CS2, the maximum WS was 3.42 m/s in
summer and 2.80 m/s in winter. The highest values

Table 4. Arithmetic mean for each indicator and for each scenario in CS1 and CS2 (Source: Authors)

Indicator cst cs2

BC H D (0] BC H D (0]
WS -Summer 1.331 1.344 0.882 1.256 0.473 0.666 0.766 0.843
WS -Winter 1.136 1.220 0.786 1.186 0.741 0.690 1.435 0.788
T, -Summer 48.531 48.372 48.417 48.333 48.493 48.254 48.538 48.358
T, -Winter 16.294 16.188 16.196 16.149 16.278 16.175 16.130 15.829
PMV- Summer 8.002 8.081 8.243 8.013 8.165 7.026 8.096 7.261
PMV- Winter -0.419 -1.011 —-0.546 -0.513 -1.155 -1.081 -1.079 -0.701
SVF 0.868 0.742 0.831 0.869 0.731 0.629 0.813 0.731

Table 5. Delta A values (with the direction of improvement) for CS1 and CS2 (Source: Authors)

Indicator Ccs1 cs2
H D (o] H (o]
WS -Summer 0.013 —-0.449 —-0.076 0.1938 0.294 0.370
WS -Winter -0.084 0.350 —0.050 0.051 —-0.694 -0.046
T, -Summer 0.159 0.114 0.198 0.239 —-0.045 0.134
T, -Winter -0.107 —-0.099 —-0.146 -0.102 —-0.147 —-0.448
PMV- Summer -0.078 —-0.241 —-0.011 1.139 0.069 0.904
PMV- Winter -0.592 -0.126 —0.094 0.074 0.076 0.454
SVF 0.126 0.037 —0.001 0.101 -0.082 0.000
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Table 6. The average Delta for each scenario across environmental indicators (Source: Authors)

Indicator Cs1 cs2

H_norm D_norm O_norm H_norm D_norm O_norm
WS -Summer **1.000 *0.000 0.808 0.000 0.567 **1.000
WS -Winter *0.000 **1.000 0.079 **1.000 *0.000 0.869
T, -Summer 0.533 *0.000 **1.000 **1.000 *0.000 0.632
T, -Winter 0.833 **1.000 *0.000 **1.000 0.870 *0.000
PMV- Summer 0.708 *0.000 **1.000 **1.000 *0.000 0.781
PMV- Winter *0.000 0.935 **1.000 *0.000 0.007 **1.000
SVF **1.000 0.298 *0.000 **1.000 *0.000 0.448
Average 0.582 0.462 0.555 0.714 0.206 0.676

* Worst Performance
** Best Performance

Table 7. Total mean for each scenario across both
case studies (Source: Authors)

Indicator Ccs1 CS2 Total Mean
H 0.582 0.714 0.648
o 0.555 0.676 0.616
D 0.462 0.206 0.334

in both cases were concentrated in Zone C (facing
west), followed by Zone A, while the lowest values
were recorded in Zone B (see Fig. 6). For the SVF,
Zone A emerged as the most open to the sky,
followed by Zone B, while Zone C recorded the
minimum values in CS1. In CS2, Zone A remained
the leader, but Zone C recorded the second-highest
SVF values, and Zone B recorded the lowest SVF
(most shaded). As shown in Fig. 6, PMV in CS1
ranged widely (5.85-8.43 in summer, —1.65-0.22
in winter). The highest values were concentrated
in Zones A and B, and the lowest in Zone C. CS2
followed a similar pattern (5.69-8.31 in summer,
—1.82-0.05 in winter), with Zone A having the widest
PMV range. Regarding Ta, the highest readings in
CS1 (up to 49.34°C in summer) were concentrated
in the western part across Zones B and C during
both seasons; Zone A recorded the lowest T
values in winter. In CS2, the highest T, values were
concentrated in Zone C, followed by Zone A and
then Zone B, in both summer and winter (Fig. 6).
Simulation of the proposed scenarios
Increasing building height scenario. Compared
to the base case (Fig. 7), increasing building height
led to higher WS in both case studies during summer,
especially in Zone B and eastern Zone C, with the
highest recorded WS reaching 3.29 m/s in CS1
and 4.03 m/s in CS2. However, WS decreased in
winter for CS2 (dropping to 2.87 m/s), while it slightly
increased to 3.71 m/s in CS1, especially in Zones B
and C. SVF values decreased in both case studies,
resulting in post-scenario ranges of 0.36-0.93 for
CS2 (the greatest reduction) and 0.40-0.94 for

CS1. The decrease was concentrated in Zones C
and B and at the edges of Zone A. Regarding
PMV, although thermal comfort remained above the
acceptable upper limits (+4), the values decreased
in summer across both case studies (down to 5.58
in CS1 and 5.42 in CS2), especially in Zones B and
C. In winter, the PMV increased slightly, with the
rise concentrated in Zones C and B. As for Ta, the
readings showed a very slight reduction (less than
0.3 °C) across all examined zones in both summer
and winter (Fig. 7).

Changing the distance between buildings
scenario. In this scenario, the distance between
buildings was reduced in CS1 from 12 m to 10 m,
and increased in CS2 from 8 m to 10 m. As a
result, WS in CS1 decreased by 0.11-2.65 m/s in
summer and by 0.09-2.58 m/s in winter when the
distance between buildings was reduced, especially
in Zones B and A; however, in Zone C, the WS
gradient increased (Fig. 8). In CS2, a very slight
increase in WS was observed across all zones, with
values reaching 0.07—4.36 m/s in summer and 0.20—
3.01 m/s in winter. According to Fig. 8, SVF in CS1
decreased to 0.32-0.86, concentrating in Zones B
and C, while Zone A changed only at its edges. In
CS2, SVF values increased to 0.50-0.93. The rise
was concentrated in Zone C, and at the boundaries
of Zone A. PMV values in CS1 decreased in summer
to 5.77-8.38 across all Zones, and rose slightly in
winter (—1.58-0.06). In CS2, the increase in distance
led to higher PMV values (5.77-8.31 in summer,
—1.86t0—0.10 in winter), especially in Zones B and C.
Zone A showed no significant change. T, decreased
slightly in CS1 (summer: 47.42—-48.11; winter: 15.66—
16.54) across all zones. However, in CS2, a very
slight increase was observed (summer: 47.48-49.34;
winter: 15.65-16.59) across all zones.

Changing building orientation scenario.
In this scenario, the orientation of both case studies
was changed to the North-West. From the simulation
results (Fig. 9), WS increased in CS1, with values
reaching up to 2.5 m/s in summer and 2.7 m/s
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Fig. 6. Simulated maps of WS, SVF, PMV, and T, generated by ENVI-met for the BC-CS1 and BC-CS2 at 15:00 (Source: Authors)

in winter, reflecting the spatial distribution between
the eastern and western zones, while Zone A
had no change. In CS2, the WS increased across
Zones A and C, reaching the values up to 4.34 m/s
in summer and 4.25 m/s in winter. SVF showed
no change in either summer or winter in both case
studies. Regarding PMV, the readings increased in
summer (5.88-8.46 in CS1; 5.87-8.20 in CS2) and
decreased in winter (CS1: —-1.77 to —0.88; CS2:
—1.94 to —0.08), reflecting similar spatial distributions
in both case studies. T, readings in CS1 rose
slightly in summer (concentrated in eastern Zone
C) and decreased in winter (observed in western
Zone C), with changes of 0.3-0.4 °C. However, in
CS2, T, decreased slightly in summer and winter (by
roughly 0.1-0.2 °C). This decrease was observed
in Zone B (Fig. 9).

Discussion

Visual analysis of simulation maps for four
environmental indicators in both case studies shows
a close connection between urban design factors
and climate performance. SVF is the main driver
of temperature variation and thermal comfort. The
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central plazas (Zone A) recorded the highest SVF
values (CS1: 0.94; CS2: 0.95), making them focal
points for solar radiation accumulation. In these
areas, PMV reached very critical levels in summer
(CS1: 7.86-8.4; CS2: 7.73-8.02) and varied
seasonally. In winter, rapid heat loss due to night
radiative cooling of the open sky made them the
coldest zones. In contrast, building entrances (Zone
C) and interbuilding spaces (Zone B) provide ‘mass
shading’ which successfully reduces thermal stress.
The WS enhanced natural ventilation (3.42 m/s).
However, the impact of wind on T, depends on the
source of the air mass. For instance, in Basra’s
climate, where hot, dry north-westerly winds are
prevalent, increasing WS may raise T, through
convection before achieving physiological cooling.
These findings show that outdoor open spaces
in both case studies experience sharp thermal
fluctuations and high SVF. This highlights the need
to modify the schematic to improve environmental
indicators and ventilation. Therefore, the current
study proposes scenarios for three urban design
factors—height, distance between buildings, and
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Fig. 7. Simulated maps of WS, SVF, PMV, and T, generated by ENVI-met of the height scenario of CS1 and CS2 at 15:00
in summer and winter (Source: Authors)

building orientation — to determine which has
the most positive effect on ventilation, aiming to
generalise findings to similar spaces.

The statistical analysis, using the normalised
Delta values as described in section 4.1, which
adjusts differences to a common scale to allow
comparison, was used to evaluate improvements
in environmental indicators and to provide a clear
ranking of urban design factors influencing ventilation.
The most influential factor was building height,
followed by building orientation, and then distance
between buildings. This ranking was consistent in
all case studies, as shown in Table 7. The statistical
analysis for the building height factor indicated an
improvement of 0.648. This finding aligned with
visual analysis results, which demonstrated marked
improvements in environmental indicators for both
study cases. It was observed that vertical expansion
led to an increase in air pressure at the building
entrances (Zone C), in the interbuilding spaces
(Zone B), and at the edges of the central plaza
(Zone A). Thus, air velocities increased during the

summer season. This dynamic reversed in winter,
which led to reduced thermal stress and improved
physiological cooling in hot, humid conditions. This
finding highlighted the influence of building height on
environmental performance, supporting the findings
of Lin et al. (2026) in a comparable urban context. It
also aligns with the findings of Ragheb et al. (2024)
study in Egypt’s hot-arid climate, suggesting that the
positive effect of building height on ventilation and
thermal comfort may be observed across different
hot-climate types. This scenario also supported the
buildings’ role as thermal chimneys that draw hot air
upwards, in line with Palusci et al.’s (2022) study.
The visual map analysis also revealed decreased
SVF values in both summer and winter, leading to
increased mutual shading at interbuilding spaces
(Zone B), building entrances (Zone C), and
the central plaza edges (Zone A). This shading
contributed to reducing the levels of solar radiation,
which reduced the effect of heat islands by forming
cool air pockets at entrances (Zone C), and slightly
decreased PMV in summer while increasing it in
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Fig. 8. Simulated maps of WS, SVF, PMV, and T, generated by ENVI-met of the distance scenario for CS1 and CS2 at 15:00 in summer
and winter (Source: Authors)

winter, thereby reducing heat loss. These results
align with Zheng et al. (2019), who found that taller
buildings yield lower surface temperatures due
to increased shading. This can explain reduced
summer air temperatures in CS2 zones: interbuilding
spaces (Zone B) and at building entrances (Zone C)
compared with those in CS1. This may be because
building height diversity in CS2 helps lower air
temperatures compared to designs with less contrast
in CS1, as found in Salameh et al.’s (2023) study.
This finding is consistent with those of Pouri et al.
(2025), who demonstrated that modifying aspect
ratios to control SVF can moderate surface heat loss
and enhance passive heat storage.

Statistical analysis showed that building
orientation ranked second, with an improvement
margin of 0.616. This result matches the visual
analysis, which showed that orientation change
improved WS in CS1 in both summer and winter, with
improvement at building entrances (Zone C) and
the central plaza (Zone A). In CS2, improvements
were observed only in winter and were limited to
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the building entrances (Zone C), attributable to
their position relative to prevailing winds, and also
occurred in interbuilding spaces (Zone B) and at
the boundaries of the central plaza (Zone A). These
results are consistent with those of Mahmoud and
Ghanem (2019), who studied the role of orientation
in cross ventilation. The visual analysis also showed
that the stable SVF value across seasons in both
case studies indicates that orientation alone does not
affect thermal radiation rates, unless combined with
changes in block shape or open-space configuration.
Regarding thermal effects, values of both T, and
PMV increased in summer in both case studies: the
increase was widespread in CS1 and concentrated
in the central plaza (Zone A) in CS2, due to heat
gain from dry, hot winds and altered facade solar
exposure angles. These results are in line with those
of Mahmoud and Ghanem (2019), confirming the
importance of orientation for thermal performance.
The observed site-specific variation in surface heat
levels supports the argument of Derakhshan and
Karimimoshaver (2026) that orientation effects
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Fig. 9. Simulated maps of WS, SVF, PMV, and T, generated by ENVI-met of the orientation scenario for CS1 and CS2 at 15:00
in summer and winter (Source: Authors)

cannot be generalised. It is important to highlight
the role of the north-west orientation in improving
ventilation in both case studies (Abdelhafez et al.,
2022). This aspect corroborates the findings of Lin et
al. (2026), whose research showed that orientation
promotes an equitable distribution of ventilation.
However, the promotion of thermal comfort through
orientation remained subject to the combined effects
of WS and radiation, as they related to orientation
and urban morphology in both case studies.
Therefore, urban designers should employ an
integrated approach that balances ventilation and
solar radiation in hot, humid climates.

The results showed that changes in the distance
between buildings ranked third in optimisation
efficiency, with a difference of 0.334. A visual analysis
further revealed an inverse relationship between
“urban breathing” and thermal radiation protection.
Mass convergence in CS1 caused air stagnation
in interbuilding spaces (Zone B) and at building
entrances (Zone C). This effectively lowered the
SVF value, reduced thermal stress, and improved

PMV and T, during summer daylight hours. This is
supported by the findings of Mahmoud and Ghanem
(2019) and Fan et al. (2024) in the same section
of their studies, which recommended prioritising
shading in hot climates. In contrast, greater distances
between buildings in CS2 promoted airflow, aligning
with the urban breathing concept (Juan et al.,
2021). This also confirms the CFD-based findings of
Ghalam et al. (2021) and the numerical simulations
of Ayo and Mohd-Ghazali (2024), who revealed the
effectiveness of the distance between buildings
on ventilation performance. However, the greater
distances between buildings could increase annual
solar radiation and Ta, and in turn, increase PMV
and SVF. Accordingly, a design balance between
ventilation and heat protection is required. Thus,
semi-closed layouts are more suitable for hot
daytime conditions, while sparse layouts cool more
efficiently at night (Lam and Hang, 2017).

Conclusion

The research examined the impact of three
urban design factors (building heights, the distance
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between buildings, and building orientation) on
improving ventilation in outdoor open spaces
between multi-storey residential buildings in the hot,
humid climate of Basra city. This aim was achieved
by applying a case study approach along with
statistical and visual analysis. The study simulated
16 models, four of which represented the base case
for two case studies in summer and winter, and
12 were proposed models under three scenarios:
increment height of buildings (H-scenario), changing
the distance between buildings (D-scenario) or
changing orientation (O-scenario). The statistical
results, supported by visual analysis, indicated
that the most influential factor in improving the
environmental indicators examined in the two case
studies was building height, followed by orientation,
and then distance between buildings.

1. Building height was the most effective factor for
achieving natural ventilation in hot, humid climates
such as Basra city, both in summer and winter,
because increasing building height transforms the
urban fabric from a radiant receiver to a mutual
shading system. This reduced winter heat loss by
lowering cold wind speeds and raising PMV values
towards the winter comfort zone, thereby achieving
“improved seasonal thermal performance”.

2. Orientation took second place in improving
ventilation. Despite its importance in breaking
the state of “air stagnation” and increasing wind
speed, the trade-off was a slight increase in T,
due to convective heat gain from hot winds, but it
did not change the SVF values. This means that
the area exposed to sunlight was not changed in
summer and winter. Therefore, to achieve maximum
ventilation efficiency in Basra city, effective solutions
and treatments must be identified for both seasons
to support environmental sustainability. A pattern

42

of vertical blocks oriented north-west should
be implemented to meet radiation protection
standards and the minimum urban breathing
requirements.

3. The distance between buildings factor revealed
a design trade-off requiring a balance between
ventilation and shading. Increasing the distance
between buildings benefited urban ventilation, but
it also made the spaces more exposed to solar
radiation and to higher PMV values. Accordingly, the
study suggested that vertical stacking method for
mutual shading can be the best design strategy for
Basra city. This strategy can reduce thermal stress
and improve the physiological comfort of pedestrians
when temperatures exceed 48°C.

4. There is a need to identify environmental
treatments to improve the currently studied outdoor
open spaces and similar ones that are exposed
to sunlight and experience high PMV values. It is
recommended to use artificial or plant shading
elements in courtyards with dimensions greater than
10-12 meters to compensate for the lack of self-
shading by buildings.

5.This study offers an analytical framework
for similar urban spaces, provided that it aligns
with the city of Basra’s urban and climatic context,
characterised by high summer temperatures
(>48°C), high humidity, the dominance of north-
westerly winds, and a medium to high-density urban
fabric of multi-storey residential buildings. It is
recommended that the same methodology be re-
applied in other climate contexts to test the extent
to which the results can be generalised more widely.
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BINMUAHUE TOPOOCKOWU 3ACTPOUKU HA BEHTUNALUUIO
B YCITOBUAX XKAPKOIO U BNAXHOIO KITMMATA:
MHOIMO3TAXHbIE 30AHUA B BACPE

dapa Axmeq Tnabd*, Puam Pagxab denpxan, Hyp A. AnbmaHcop
Kadegpa apxutekTypHOro npoektnpoBaHus, YHusepcutet bacpel, bacpa, Npak

*E-mail: farah.ahmed@uobasrah.edu.iq

AHHoOTauus

Llenb nccnepoBaHusA 3akntovanach B BbisiBNeHUM Hanbornee 3Ha4MMbIX (hakTOpOB rpagoCTPOUTENBHOMO NPOEKTMPOBaHWS,
CNocobCTBYOLLMX YIYYLLEHWIO BEHTUMNALMUM OTKPbITBIX MPOCTPAHCTB B MHOMO3TaXHbIX XXMMbIX KOMMnekcax bacpsbl, knumat
KOTOPOW XapaKTepuayeTcsi BbICOKOW TeMnepaTypor U BnaxHoCTblo. MeToAbl: Ha npuMepe XUIoro komnnekca «Anb-
Amanb» 6bIno npoBeaeHo MopenvpoBaHue B nporpamme ENVI-met (Bepcus 5.9) anst 16 BapuaHTOB ABYX y4acTKOB
TEPPUTOPUN B NTETHUI U 3UMHWIA Neproabl. YeTbipe Mogenu oTpaxanu CyLLeCTBYOLME YyCroBus, a 12 opyrnx npeactaBnsanm
coboii cueHapumu ¢ BapbUpPOBaHWEM BbICOTbI 30aHUIN, PACCTOSHUSA MEXAY HUMU U UX OPUEHTaUUK; OLeHKa NpoBoannach
Mo Tak1Mm nokasaTensam, kak Temnepartypa Bosayxa (T,), ckopocTb BeTpa (WS), koadduumeHT Buammoctu Heba (SVF) u
nporHo3vpyemasi cpefHsisi oueHka Tennosoro komgopta (PMV). Pe3ynbratbl nokasanu, YTo BbicOTa 34aHui ABMsSieTCH
Havbonee 3Ha4YMMbIM (aKTOPOM AONs yNyylleHUss BeHTUNsumnm n obecnedyeHus acpdekta camo3aTeHeHUsi; 3a Hew
crnenyeT opuveHTauuMs 34aHui Mo Ocu ceBepo-3anaf. PaccTtosHue mexay 34aHusiMM oKasanocb HauMeHee 3Ha4YvMMbIM
hakTopoM n3-3a HEOOXOAMMOCTU NCKaTb KOMNPOMUCC Mexay obecnedeHmem aapauun («abixaHneM» ropofACKon cpeapbl)
N yBENMUYEHWEM YPOBHSI MHcoNnsAuMK. B nccnenoBaHum pekoMeHOyeTcsi UCMonb30BaTb KOMMAKTHbIE BbICOTHbIE Goku,
OpPUEHTUPOBaHHbIE Ha CEBEpOo-3anaf, a Takke MPUMEHSITb 3NeMEHTbl 03eNEeHEHUsT UMM UCKYCCTBEHHbIE HaBEChl Ans
KOMMEHCALMN CHIDKEHNS 3hdeKTa cCaMo3aTEHEHNS U CTUMYNMPOBaHMWS COLMAnbHOMO B3anMOLEeNCTBUS.

KnioueBble cnoBa: ¢hakTtopbl rpagoCTPOMTENBHOIO MPOEKTUPOBAHUS; BEHTUMSALWS; MHOTOSTaXHbIE XUIMble 30aHWS;
Tennosoun komcopT; ENVI-met; Bacpa.
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Abstract

The purpose of the study. This study investigates the impact of varying room heights on the heat transfer efficiency of
heating systems, specifically comparing conventional radiator-based heating with underfloor heating. Methods. Using
Computational Fluid Dynamics (CFD) simulations, we analysed temperature distributions at three ceiling heights (2.7 m,
3 m, and 3.3 m). The numerical model was used to examine airflow behaviour, thermal stratification, and temperature
variation within the occupied space under different heating conditions. Results. The results indicate that lower room
heights tend to reduce vertical temperature stratification, thereby increasing the overall perceived temperature, while taller
rooms exhibit greater temperature gradients between the floor and ceiling. The simulations also show that the location
and mode of heat delivery have a substantial influence on indoor temperature distribution. Furthermore, underfloor
heating systems demonstrated superior thermal uniformity and energy efficiency compared to radiator-based systems
by distributing heat more evenly across the lower occupied zone. Conclusions. These findings contribute to optimizing
energy efficiency and occupant comfort in building design by tailoring heating strategies to specific room dimensions. The
study also highlights the importance of considering room geometry alongside heating-system selection when evaluating

indoor thermal performance and developing energy-conscious design solutions for enclosed indoor spaces.

Keywords: floor heating, heat transfer, natural displacement, computational fluid dynamics.

Introduction

Energy consumption has increased significantly
over the past few decades, primarily driven by
industrial growth and rapid urbanisation, which have
led to the proliferation of buildings and infrastructure.
In Iran, this situation is exacerbated by low energy
prices, which contribute to inefficient energy use
and a lack of motivation for energy conservation
practices among consumers and businesses (Tol
and Madessa, 2024; Ghahramani et al., 2020).
In contrast, many non-oil-producing countries
have implemented stringent regulations aimed
at improving energy efficiency in building design
and heating systems. These regulations focus
on optimising energy use to minimise waste and
enhance the sustainability of building operations
(Cui, 2024; Stern et al., 2001).

A critical consideration in modern building design
is the distribution of heat, which directly impacts
both energy efficiency and occupant comfort. Among
the various heating systems available, underfloor
heating (UFH) and radiator-based heating are
frequently studied due to their differing operational

characteristics and efficiency profiles. Recent
studies have shown that UFH systems provide
more consistent thermal comfort by distributing
heat more evenly across the room, significantly
reducing temperature stratification — where warm
air accumulates near the ceiling, leaving cooler
air at lower levels. This stratification is particularly
problematic in buildings with high ceilings, as
pronounced vertical temperature gradients can lead
to discomfort and increased energy costs when
occupants adjust thermostats to achieve a suitable
environment (Ghahramani et al.,, 2020; Koca et
al.,, 2014; Tol and Madessa, 2024). For instance,
occupants in a 2.7-metre-high room may experience
a higher perceived temperature due to reduced
thermal stratification, whereas taller rooms could
exhibit larger gradients that detract from comfort.
Research indicates that UFH systems can
reduce energy consumption by operating at lower
temperatures compared to traditional radiator
systems. For example, Koca et al. (2024) emphasise
that integrating UFH with low-temperature heat
pumps can enhance energy efficiency and indoor

46 For citations: Monfared, A. S., Moghaddasi, A., Pourgholamali, M. (2026). Impact of room height on heat transfer efficiency in various
heating systems: a numerical analysis. Architecture and Engineering, No 3 (11), pp. 46-56.
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air quality (Koca et al, 2014). Furthermore,
Haslinger et al. (2021) provide insights into
validation techniques used in computational fluid
dynamics (CFD) simulations of heating systems,
underscoring the importance of accurate modelling
in predicting thermal performance (d’Adamo et al.,
2021). Understanding and mitigating temperature
stratification through effective heating design
is crucial for modern buildings, especially as energy
costs rise and environmental concerns become more
pressing. Therefore, incorporating advanced heating
technologies such as UFH can play a significant role
in achieving sustainable building practices (Iranzo,
2019; Stern et al., 2001).

Previous studies have focused on improving
heating efficiency in residential  buildings,
particularly in colder climates where heating energy
consumption is high. However, the scientific gap this
paper addresses lies in the need for a more detailed
analysis of temperature distribution across different
room heights and heating systems. This study aims
to provide a numerical simulation of temperature
gradients in rooms with varying ceiling heights
(2.7 m, 3.0 m, and 3.3 m), using both radiator and
underfloor heating systems, to determine which
system achieves superior thermal comfort and
energy efficiency. Moreover, this paper intends to
fill the gap in recent comparative studies, as many
existing studies are either outdated or do not focus
on the interaction between room height and heating
system performance.

Moreover, the impact of ceiling height on room
temperature distribution was investigated at heights
of 3.3 m, 3.0m, and 2.7 m. The findings suggest
that reducing ceiling height could improve perceived
temperature, as rooms with lower ceilings tend to
maintain a more uniform temperature distribution.
For instance, occupants in a 2.7-metre-high room
may experience a higher perceived temperature due
to reduced thermal stratification. Research continues
to emphasise that low-temperature heating systems,
such as heat pumps, enhance energy savings by
minimising efficiency losses and improving thermal
comfort (Koca et al., 2014; Cui, 2024).

Recent studies have shown that low-temperature
heating systems, when paired with modern heat
pumps, offer significant advantages in maintaining
indoor comfort while improving energy efficiency.
The use of such systems allows for better integration
with renewable energy sources, such as solar
panels, and reduces reliance on conventional
fossil fuels (Tol and Madessa, 2024). Additionally,
the combination of underfloor heating with low-
temperature systems has been shown to improve
indoor air quality and occupant comfort, leading to
more widespread adoption in both residential and
public buildings (Vijayalaxmi, 2023). Traditional
Swedish underfloor heating systems have typically

operated with inlet water temperatures well below
80 °C. In contrast, modern systems generally utilise
inlet water temperatures of around 55 °C, reflecting
advancements in design and a focus on improved
energy efficiency (Tol and Madessa, 2024).

Currently, more than 50 % of newly built homes
in Europe feature underfloor heating as the primary
heating method (Ghahramani et al., 2020). This
trend has also seen growing adoption in North
America. Underfloor heating is especially valued for
its ability to create a more consistent and comfortable
environment through radiant heat, which is widely
appreciated in cultures where sitting and sleeping
on the floor is common, such as in many Eastern
countries.

Recentresearch further substantiates the benefits
of advanced low-temperature and underfloor heating
systems in promoting energy efficiency and occupant
comfort. Lund et al. (2014) provide a comprehensive
review of modern district heating systems,
demonstrating how low-temperature heat distribution
networks can be integrated with renewable energy
sources to achieve significant efficiency gains (Lund
et al., 2014). The International Energy Agency (IEA,
2022) also emphasises the critical role of building
energy efficiency measures in mitigating climate
change, noting that innovations in heating system
design are central to reducing overall energy
consumption in both residential and commercial
sectors (IEA, 2022). Hesaraki et al. (2015) utilised
detailed computational fluid dynamics simulations
to compare the thermal performance of underfloor
heating systems with traditional radiator systems,
confirming that UFH systems achieve a more
uniform temperature distribution and reduce thermal
stratification under varied conditions (Hesaraki et
al., 2015). These additional studies collectively
reinforce the view that integrating modern heating
technologies with robust control mechanisms and
renewable energy sources represents a promising
pathway toward sustainable building design.

Although previous studies have emphasised
the benefits of low-temperature heating systems —
especially underfloor heating — in enhancing energy
efficiency and reducing temperature stratification,
most research has focused on overall energy
consumption or performance in colder climates.
A detailed analysis of how room height influences
heat distribution and subsequent occupant comfort
remains underexplored. This study addresses
that gap by numerically simulating temperature
gradients across various ceiling heights (2.7 m,
3.0 m, and 3.3 m) under both radiator-based and
underfloor heating systems. By investigating the
interplay between room height and heat transfer
efficiency, the research not only fills an important
gap in comparative studies but also provides
critical insights for optimising heating strategies
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in sustainable building design, thereby improving
both energy conservation and occupant comfort
in diverse architectural settings.
Methods
This study utilised Computational Fluid Dynamics
(CFD) simulations to model temperature distribution
in a room heated by two different systems:
conventional radiator heating and underfloor heating
(UFH). The room dimensions modelled were
3 m x 3 min width and depth, with ceiling heights of
2.7m,3.0m,and 3.3 m.
Simulation Setup
The simulations were conducted using Fluent
software, with the mesh generated in Gambit. Four
distinctmesh densities were tested forindependence,
and the optimal mesh was selected based on the
minimal discrepancy between test cases (as shown
in Table 1).
Boundary Conditions:
* Room dimensions: 3 m x 3 m x 4 m
(width x depth x height).
* Heater dimensions: 1 m x 0.8 m x 0.5 m.
e Ceiling heights simulated: 2.7 m, 3 m, and
3.3 m.
* Heating system conditions:
o Radiator heating was modelled as a heat flux
boundary with a constant output of 2kW.
o Underfloor heating utilised a uniform heat
distribution across the floor surface.
o Ambient temperature: 280 Kelvin (7 °C).
o Heat transfer coefficient for the walls: h =
10 W/mz,
o Wall thickness: 20 cm, with a thermal
conductivity of K =1 W/mK (brick material).
Turbulence was modelled using the RNG
k-¢ equation, accounting for buoyancy effects.
Density changes due to temperature differences
were modelled using the ideal gas law, given that
temperature differentials in the simulations exceeded
20 °C.
Input Parameters:
* Air properties: modelled as an ideal gas.
e Simulation assumptions: fully turbulent
flow, negligible molecular viscosity, heat transfer
dominated by convection and radiation.

Results

Verification

For validation purposes, our simulation results
were compared with established numerical
benchmarks reported in recent CFD studies on
thermal engineering, rather than with experimental
measurements from studies such as Pereira et al.
(2009), which do not provide temperature data for the
same room configuration. Specifically, our numerical
temperature distributions were evaluated against
published data from Iranzo (2019) and Haslinger et
al. (2021), both of which emphasise the importance
of robust validation techniques in CFD applications
(Iranzo, 2019; d’Adamo et al., 2021). Although
these references do not offer direct experimental
data for our specific room geometry, their reported
geometrical specifications and boundary conditions
served as reliable benchmarks for our simulation
setup. Our analysis indicates that the maximum
deviation between our simulated temperature
profiles and those reported in the literature is
within 5 %, thereby confirming the accuracy of
our CFD model. This validation demonstrates the
effectiveness of our approach in predicting heat
transfer performance across different room heights,
and it lays the groundwork for future studies that
will incorporate additional comparative parameters,
such as heat flux and air velocity measurements,
to further refine the model’s reliability.

To further enhance the robustness of our
validation, future studies will incorporate additional
comparative parameters, such as heat flux
measurements and air velocity profiles. Including
these factors will provide a more comprehensive
evaluation of the simulation model, ensuring that
it accurately captures the complex interactions
governing heat transfer and fluid flow in indoor
environments. Such thorough validation is essential
for developing reliable models that can inform
energy-efficient building designs and effective
climate control strategies.

Based on the figure depicted below (Fig. 1), it is
observed that the maximum deviation of the graph
from the data obtained from the paper’s chart is
within a margin of 5 %. Consequently, the simulation

Table 1. Average surface temperatures and mesh details for different faces (Source: Authors)

Mesh No. | Mesh Row Face 1 Face 2 Face 3 Face 4 Face 5
Temperature (°C) | Temperature (°C) | Temperature (°C) | Temperature (°C) | Temperature (°C)
466,253 1 306.3 316.4 330.6 314.2 310.1
864,235 2 309.4 319.3 338.8 318.5 312.3
1,023,268 8] 310.6 321.4 339.1 319.3 B85
15,846,213 4 310.4 321.7 339.4 319.8 313.3
Notes:

* Mesh No.: Total number of elements in the mesh.
* Mesh Row: Identifier for the mesh configuration.

* Face 1-5 Temperatures: Average surface temperatures of the respective faces, in degrees Celsius (°C).
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Fig. 1. Simulation verification chart (Source: Authors)

results aligned with those reported in the article are
deemed to be satisfactory and reliable.

Determining the Boundary Conditions of the
Problem

At this juncture, it is essential to define the
boundary conditions for the different sections in
our Fluent simulation. These conditions govern
parameters such as velocity, fluid pressure, and
heat transfer processes on the model’s walls. In our
study, all boundaries are defined as walls and are
grouped into three distinct categories:

1. Heater Boundary Condition (Warm Surface):

The heater is modelled as a wall with a constant
heat flux. For an average heater operating at
approximately 2 kW, a uniform heat flux of 2000 W is
applied across the heater surface.

2.Floor Boundary Condition
Surface):

The floor is treated as an insulating boundary
where no heat transfer occurs. This is implemented
by setting the heat flux to g = 0 W/m>.

3.wall and Ceiling Boundary Condition
(Natural Convection):

The surrounding walls and ceiling are modelled with
a natural convection boundary condition. A convective
heat transfer coefficient of h = 10 W/m?K is used.
Externalwalls are exposed to an ambienttemperature
of T, = 280 K (approximately 7 °C), representing
heat loss to the outside air. For simplicity, although
the natural heat transfer rate can vary (typically
ranging from 5 °C to 25 °C depending on conditions),
a constant value is assumed uniformly across these
surfaces. The walls are assumed to be 20 cm thick,
constructed of brick with a thermal conductivity
of K=1 W/mK.

In addition to these boundary conditions,
density variations due to temperature fluctuations
are modelled using the ideal gas assumption. For
buoyancy-driven flow, if the temperature difference

(Insulated

between a wall and the ambient fluid is less than
20 °C, the standard buoyancy equation is applied.
For larger temperature differentials (exceeding
20 °C), the ideal gas assumption is used to avoid
significant errors. The simulation also employs
the k—¢ RNG turbulence model — with pressure
and temperature corrections as well as buoyancy
effects — to accurately capture turbulence and
thermal stratification.

The final boundary conditions set in our simulation
are as follows:

¢ Heater: Constant heat flux of 2000 W applied
uniformly.

* Room Walls and Ceiling: Natural convection
with h = 10 W/m2K and exposure to an ambient
temperature of 280 K.

* Floor: Insulated with zero heat flux (g = 0 W/m?).

* Material Properties: Room walls are modelled
as brick with a thermal conductivity K= 1 W/mK.

face 6

face 2
face 3

face 1

Fy
face 4

Fig. 2. A view of the simulated room (Source: Authors)

face
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All temperature values in the simulation outputs
are reported in degrees Celsius (°C), and unit
symbols (W, m?K, K, etc.) have been verified for
consistency (Fig. 2).

Governing Equations

The motion of anincompressible fluid in a turbulent
state is described by the Reynolds-averaged
Navier—Stokes equations (RANS). These equations
consist of the continuity equation, representing
mass conservation, and the momentum equation,
accounting for the conservation of momentum. The
continuity equation is formulated as follows (1):

%:0 i=1, 2, 3.

Xi

The momentum equation is:
%+ 8u,u]
Oi ox i

In the provided equations, u, represents the velocity
component in the direction x, P denotes the total
pressure, p signifies the fluid density, g, denotes the

i=1,2 3 (1)

acceleration due to gravity in the x; direction, and 7ij

symbolises the stress tensor expressed in the turbulent
flow regime, as depicted by the following Equation (2):

ou; Ou; 2 Ou;

T = {p(v+vt)(§;+8—xjﬂ—{gp(l+v,)a—x;6i]1
i=1 2, 3. (2)
In turbulent flows, shear stress comprises two
components. In addition to the shear stress induced
by the mean flow component, there exists another
shear stress arising from the fluctuating components
of velocity, referred to as the Reynolds stresses.

This phenomenon is depicted by Equation (3):

ox j axl'

The kinetic energy of turbulence on the mass unit
(k) is expressed as follows (4):
')

1(—2 —2 —
k=—(u{ +u's +uy
2 J

1
SUZO

The turbulence model is essential for resolving
turbulent flow fields based on continuity equations and
the Reynolds-averaged Navier-Stokes equations.
In this context, within the three-dimensional flow
regime, comprising four equations (one continuity
equation and three momentum equations), the four
unknowns of the flow field — namely velocities in the
X, y, and z directions, and pressure — are determined.

— 2 .
Tj = —pujuj = py( )_Epksij i=12,3.(3)

i=j
i#j

(4)

Turbulence models are employed to characterise
Reynolds stresses, thereby facilitating closure of
the system of equations. One commonly employed
model is the standard k—¢ two-equation model.
This model, a semi-empirical method, derives the k
equation precisely from the governing equations of
Reynolds-averaged flow. Conversely, the governing
equation for ¢ is based on empirical and experimental
evidence, as well as mathematical relations. During
the derivation of the k and € equations, it is assumed
that the flow is fully turbulent, with the influence
of molecular viscosity considered negligible. The
equations governing this model are expressed by the
following relationships (5, 6):

Equation K:
Dk 0 ut . ok
e T+ = |+G+Gy—pe. (B
Y axj[(“ ok 6xij| K+ Gp—pe (5)
Equation e:
De © t. Oe
p—=—{(u+“— —.}“
Dt Oxj de” Oxi
€ 82
+Cpe +;(Gk —G3.Gp) —Coep e (6)

The vortex viscosity is determined in the above

equations by the following Equation (7):
2
w=p Cuk?- (7)

The constants of the above equations are in
accordance with Table 2.

0, & , are known as the perturbation numbers
of Prandtl.

C,. is a constant number in & equation that
expresses the effect of velocity in the direction of
gravity and perpendicular to it (8).

5 . (8)

Hence, when the flow direction aligns with the
gravitational direction, the value of the shear layer in
this equation equals 1, whereas if the flow direction is
perpendicular to the gravitational direction, this value
becomes zero. In the provided equations, G, represents
a term in the k equation that accounts for the buoyancy
effect, as expressed in the following Equation (9):

Gk =—p u;'u; P (9)

Xi

C3 s = tanh

The floating effect observed by the term G, is
effective when there is a constant temperature and
gravity in the problem (10).

e or

Gb =PBg; .
Pe; Pr; Ox;

(10)

Table 2. Fixed coefficients for standard equations (Source: Authors)

1] C1e

CZE

6k 65

0.09 1.44

1.92

1.00 1.30
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Investigating the Contours Related to
Simulation

In this section, we present a series of snapshots
taken at different time instants during the heating
process, illustrating the evolution of velocity
vectors and temperature contours within the room.
It is important to clarify that the figures do not
represent distinct spatial sections of the room, but
rather show the transient behaviour of the system
over time. In our context, the term “fluid” refers to
the air within the room. As the air is heated by the
heater, its density decreases, causing it to rise
(buoyancy-driven flow), while cooler air descends
to replace it.

Figure 3 shows velocity vectors captured at six

different time instants during the heating process.

2780702

e 4

These snapshots illustrate the temporal evolution of
the airflow within the room.

Figure 4 presents temperature contours obtained
at five different time instants, displayed in various
vertical orientations. These contours show that as
the heated air rises, the temperature increases from
the bottom of the room upward.

Figure 5 demonstrates additional temperature
contour snapshots that further detail the progression
of the temperature field over time.

Figure 6 depicts density distribution at different
time instants, highlighting how the reduced density
of heated air drives the upward flow.

Figure 7 displays more velocity vector snapshots,
providing further insight into the dynamic behaviour
of the air movement over time.

Fig. 3. Speed vector in 6 different sections of the room (Source: Authors)
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Fig. 4. Temperature contour in 5 different sections in different vertical directions (Source: Authors)
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Fig. 5. Temperature contour in 5 different sections of the room
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Fig. 6. Density distribution in five different modes (Source:
Authors)
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Fig. 7. Velocity vectors in 5 different sections of the room
(Source: Authors)
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Fig. 8. Speed contour in 5 different sections (Source: Authors)

Figure 8 illustrates speed contours that
quantitatively depict the magnitude of air velocity at
various time instants.

The results summarised in Table 3 compare the
average surface temperatures at the room faces for
different ceiling heights. The updated figures now
clearly demonstrate the temporal evolution of the
system rather than static, separate sections. This
approach allows us to analyse how the air (fluid)
responds over time to the heating process.

As shown in the figures, as the heated air ascends,
it creates a vertical temperature gradient that
evolves over time. This buoyancy-driven movement
is essential for understanding how ceiling height
influences the overall thermal stratification and,
consequently, the thermal comfort within the room.
For example, while a room with a 2.7 m ceiling may
exhibit higher localised temperatures near occupants
due to reduced stratification, a 3.3 m ceiling tends to
foster a more uniform temperature distribution across
the room (Vijayalaxmi, 2023; Cui, 2024).

Furthermore, to enhance our analysis, we
provide average room temperature values and
standard deviations, which offer a quantitative
measure of the heat distribution uniformity. Figs. 9
and 10 further illustrate these findings by comparing
temperature contours across different ceiling heights
and contrasting the performance of radiator versus
underfloor heating systems. This comprehensive
evaluation underscores that underfloor heating
achieves superior thermal uniformity, thereby
optimising energy efficiency and occupant comfort
(Ghahramani et al., 2020).

Discussion and Conclusion

The results of this study offer several significant
insights into how room height influences thermal
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Table 3. Average surface temperatures at room faces (°C) and corresponding ceiling heights (m)

(Source: Authors)

Face 5 Face 4 Face 3 Face 2 Face 1 Ceiling Height
Temperature (°C) | Temperature (°C) | Temperature (°C) | Temperature (°C) | Temperature (°C) (m)
329 885 348 345 311.1 2.7
313.5 319.3 339.1 321.4 310.6 3.0
307 315 332 318 301 3.3
g .
\. b, |
27 m 3m 33m

Fig. 9. Distribution of heat in rooms with different ceiling heights (Source: Authors)

3.10e+02
3.09e+02
3.08e+02
3.07e+02
3.06e+02
3.05e+02
3.04e+02
3.03e+02
3.02e+02
3.01e+02
3.00e+02
2.98e+02
2.98e+02
2.98e+02
2.97er02
2 96e+02
2.95e+02
2.940+02
2.93e+02 |
2.92e+02
2.91e+02
2.90e+02
2.89e+02
2.88e+02
2.87e+02
2.8Be+02

Floor heating system

Conventional heaters

Fig. 10. Distribution of heat with two different heating modes (Source: Authors)

comfort and energy efficiency in buildings using
both underfloor heating (UFH) and radiator-based
heating systems. To enable a direct comparison,
separate CFD simulations were performed for each
heating method under identical room conditions and
for three distinct ceiling heights (2.7 m, 3.0 m, and
3.3 m). The analysis shows that radiator heating
tends to produce significant vertical temperature
stratification — particularly in rooms with lower
ceiings — where warm air accumulates near
the ceiling while cooler air remains near the floor.
In contrast, the UFH simulations reveal that
underfloor heating delivers a more consistent
temperature distribution throughout the occupied
zone, effectively reducing the vertical temperature
gradient.

Specifically, the simulation data indicate that
although a 2.7 m ceiling may yield higher localised

temperatures near occupants for both systems, the
overall temperature distribution is markedly more
uniform in rooms with a 3.3 m ceiling when using
UFH. This is primarily because UFH systems heat
the lower part of the room directly, causing a gentle
upward flow of air that minimises the pronounced
stratification observed with radiator systems. With
radiator heating, the convective movement of air
tends to create distinct layers: cooler air remains at
the lower levels while heated air rapidly rises and
accumulates near the ceiling, leading to uneven
heating and potential discomfort for occupants.
Furthermore, by directly comparing CFD simulation
results for both heating systems, our study
demonstrates that UFH systems, when integrated
with modern low-temperature heat pumps, not only
provide superior thermal uniformity but also enhance
energy efficiency. The UFH system’s ability to
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operate at lower water temperatures, typically around
55 °C, reduces energy consumption relative to
conventional radiators that require higher operating
temperatures. This characteristic makes UFH
systems more compatible with renewable energy
sources — such as solar thermal or geothermal
systems — further contributing to the sustainability
of building operations.

The comprehensive analysis includes time-
dependent contour plots, velocity vectors, and
density distributions, which collectively illustrate the
dynamic behaviour of air (the fluid) under both heating
scenarios. These detailed visualisations confirm that
the interaction between room height and heating
system type is a critical factor in achieving optimal
thermal performance. For instance, while a room with
a 2.7 m ceiling shows higher average temperatures
near the floor, the increased stratification in radiator-
heated environments can lead to discomfort and
inefficient energy use. Conversely, in a 3.3 m room,
the UFH system fosters a more gradual temperature
increase from floor to ceiling, leading to a balanced
indoor environment that enhances occupant
comfort.

This study’s findings have broad implications
for architects and engineers tasked with designing
energy-efficient buildings. By demonstrating that
the effectiveness of a heating system is not solely
dependent on the system’s inherent properties but
also on the architectural configuration — specifically,
room height — our research emphasises the need
for integrated design approaches. Such approaches
consider both the physical dimensions of a space
and the type of heating technology to optimise energy
consumption and ensure consistent thermal comfort.

The comparative numerical results presented
in this study indicate that underfloor heating (UFH)
is likely to produce more uniform temperature
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distributions than conventional radiator systems
across the ceiling heights considered; however,
these findings must be regarded as provisional
predictions rather than definitive conclusions.
Numerical modelling provides valuable insight into
expected behaviours and sensitivities, but real-
world applicability can only be established through
systematic experimental verification and uncertainty
assessment. To address this, we plan to undertake
an experimental validation programme that will:
(a) reproduce the CFD boundary conditions in
instrumented test rooms (or a controlled climatic
chamber); (b) acquire steady-state and transient
measurements using vertical thermocouple arrays,
surface thermistors / IR thermography, local velocity
probes, and heat-flux sensors; and (c) compare
model outputs with measurements using standard
statistical metrics (e.g., mean bias, RMSE) together
with uncertainty quantification and sensitivity
analysis. If full-scale testing is not immediately
feasible, we will begin with scaled laboratory tests
and a verification hierarchy (canonical — realistic
geometry) to progressively build confidence in
the models. We also recommend that future work
extend validation to additional variables that
influence indoor thermal performance — occupancy
patterns, varied construction materials, ventilation /
supplemental systems (e.g., ceiling fans), and
different control strategies — so that the combined
modelling and experimental approach can inform
robust, evidence-based design recommendations.
By explicitly pairing CFD predictions with a
planned programme of targeted experiments, we
aim to move from plausible numerical hypotheses
to validated knowledge that can reliably guide
architects, engineers, and policymakers in selecting
heating solutions that balance comfort and energy
efficiency.
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BJIIMAHUE BbICOTbI MOMELLEHUA HA 3Q®PDPEKTUBHOCTb
TENNONEPEOQAYU B PA3JINYHBIX CUCTEMAX OTOMJNEHUA:
YUCNEHHbIA AHANN3

Abponanu Cabetn MoHdapen', Axmaa Moragaacu?*, Mogxtaba Myprxonamanu®

' Kacdhenpa nHxeHepum, komnanns Omran Abshar Espadana, TerepaH, VpaH

2 lLikona gu3aiiHa n apXmMTeKTypbl, akynbTeT UCKYCCTB W An3aiHa, YHmuBepcuTeT Kan6eppsbl, KaH6eppa, ACT,
ABcTpanus

3 dakynbTeT rpaxaaHckoro cTtpoutenscTea, Mcnamckuin yHueepeuteT Asag, Hagxadabaa, paH

*E-mail: Ahmad.moghaddasi@canberra.edu.au

Llenb nccnepoBaHua: HacTosiLLee MCCreaoBaHNe NMOCBSALLEHO U3YYEHUIO BUSHUSA Pa3NMYHOW BbICOTbI MOMELLEHUA Ha
3a(hheKTMBHOCTL Tennonepegayy CMCTeM OTOMNMEHNS, C OCOBObLIM akLEHTOM Ha CPaBHEHUW TPaAULIMOHHOIO PaaMaTopHOro
OTONMEHUS U CUCTEMbI HanonbHoro otonnexHusa. Metoabl. MNpy nomowwm BeluucnuTensHon rngpoguHamukn (CFD) 6binm
npoaHann3MpoBaHbl pacnpeaeneHnsa TemnepaTypbl Npu TPEX 3HAYEHNSX BbICOTbI noTonka: 2,7 M, 3,0 m n 3,3 M. YucneHHas
MoZenb Mcrnonb3oBanack AN UCCNefoBaHMA XapakTepa BO3AyLUHbIX MOTOKOB, TENMOBOW CTpaTuduKauum n U3MeHeHus
TemnepaTypbl B 30He NpebbiBaHUS NOAeV NPU pasnuyHbIX yCrnoBusix otonneHns. PesynsraThbl NokasbiBatoT, YTO MeHbLUAst
BbICOTA MOMELLEHUS CMNOCOOCTBYET CHWXEHWIO BepTUKamnbHOW TemnepaTypHoW cTpaTudwukaumm u, crnepoBaTerbHO,
NOBbILLEHMIO 0BLLEro BOCNPUHMMAaEMOro YPOBHS TeMnepaTtypbl, TOrAa Kak B 6ornee BbICOKMX NOMELLEeHMAX HabnopaTcs
bonee BblpaXkeHHbIe TemnepaTypHble rpagueHTbl Mexay nornoMm u notonkoMm. MogenupoBaHue Takke nokasaro,
YTO pacronoXeHne MCTOYHMKA Tenna v cnocob nofayn TennoBOW 3HEPrMM OKasbiBAlOT CYLUECTBEHHOE BIUSHUE Ha
pacnpefeneHve Temnepartypbl BHyTpu nomelleHns. Kpome Toro, CMCTeMbl HanonbHOrO OTOMMEHNS NPOAEMOHCTPPOBanu
bonee BbLICOKYIO TEMMOBY PaBHOMEPHOCTb M 9HEProdddPEKTMBHOCTbL MO CPaBHEHMIO C paguMaTopHbIMKM CMCTEMamu
bnarogapsi 6onee paBHOMEPHOMY pacrnpefeneHuto Temnmna B HWDKHEW, 3aHATON NoAbMU 30HE MNoMmelleHusi. BbiBoabl.
Mony4yeHHble pesynsTaTbl MOryT CMNOCOOCTBOBaTb OMTUMM3AUMU  3HEProdaddEKTUBHOCTM M TEnnoBoro komdopTa
nonb3oBaTtenen 3gaHni NOCPEACTBOM afanTauuu CTpaTerMn OTOMMEHUSt K KOHKPETHbIM reoOMeTPUYecKkuM napameTpam
nomeLleHnn. MiccnegosaHue Takke nogvyépknuBaeT HeobxoAMMOCTb YYUTLIBATb FEOMETPUIO NOMELLIEHNS Hapsay C BbIGOPOM
CMUCTEMbl OTOMMEHMS MPU OLEHKE TEMMOBbIX XapaKTepuUCTUK BHYTPEHHeW cpefbl U paspaboTke aHeproadpdekTUBHbIX
peLLeHnA Ons 3aKpbITbIX MOMELLEHWUIA.

KnroueBble cnoBa: noaorpes nona, tennonepegava, ecteCTtBeHHOe BbiTeCHEHME, BblYUCTUTENbHAA rMapoanHaMuka.
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Abstract

Introduction. This study assesses the landslide and proposes appropriate measures to safeguard the lake system along
the Bau Trang shoreline, a well-known ecotourism destination in Binh Thuan province (now part of Lam Dong province),
Vietnam. The area is threatened by shoreline landslips caused by both natural hazards and human activity. Methods. The
methodology employed topographic and geomorphological geotechnical techniques, remote sensing, and Geographic
Information Systems (GIS), using Geo-studio models. Results. The findings indicate that sections of the lakeshore with
low safety factors are particularly vulnerable due to the reservoir’s fluctuating water level, vibrations, and the movement
of cruise ships. To improve lakeshore stability, various technical solutions were proposed, including live load reduction
plates, geotechnical textiles, reinforced concrete (RC) sheet piles, Melaleuca (Cajuput) timber piles, and sandbag
revetments. These measures are expected to not only ensure the safety of the lakeshore but also protect the ecosystem
and environment, supporting the need to preserve this outstanding natural and scenic location.

Keywords: lakeshore erosion; landslide mitigation; geotechnical stability; Geo-studio; Bau Trang lake; sustainable

engineering; eco-tourism.

Introduction

Lakeshore environments, particularly those of
significant ecological and socio-economic value,
are increasingly recognised as fragile ecosystems
vulnerable to geomorphological instability (Medeu
et al., 2023; Yang et al., 2019). Bau Trang Lake,
situated in Hoa Thang Commune, Bac Binh District,
Binh Thuan Province (now part of Lam Dong
Province), Vietnam, is a prime example of such
a vulnerable system. Renowned for its unique
landscape featuring striking white sand dunes
juxtaposed with diverse aquatic habitats, Bau Trang
has been officially designated a National Scenic
Landscape by the Vietnamese Ministry of Culture,
Sports, and Tourism (Binh Thuan Portal, 2021). This
status underscores its immense natural and cultural
importance, contributing significantly to regional
tourism and local livelihoods, especially following the
post-COVID-19 resurgence in visitor numbers.

However, the integrity of Bau Trang Lake is
under considerable threat from lakeshore erosion.
A particularly severe event occurred on May 3, 2023,
along the northeastern shore of Bau Ba, a constituent

part of the Bau Trang lake system. This event
resulted in an approximately 80-metre-diameter
semi-circular scarp, triggering substantial public and
governmental concern regarding the site’s stability
and long-term preservation (Phap Luat, 2023). Such
instabilities not only jeopardise the delicate aquatic
ecosystem and the aesthetic appeal crucial for
tourism but also pose direct risks to public safety
and local infrastructure, potentially undermining
the regional economy. The Binh Thuan (now Lam
Dong) Provincial People’s Committee subsequently
initiated urgent investigations to determine the
causative factors and formulate remedial strategies
(Phap Luat, 2023).

The instability of lakeshores is a complex
phenomenon driven by a confluence of natural and
anthropogenic factors. Natural drivers prominently
include wave action and fluctuations in water levels,
which can significantly alter sediment dynamics
and induce erosion, as documented in studies of
various lake systems globally (Medeu et al., 2023;
Davidson-Arnott and Ollerhead, 1995). For instance,
rapid reservoir drawdown rates have been shown

For citations: Nguyen, T. M. S., Pham, N. T., Dang, V. P, Le, X. B, Truong, V. D., Le, N. T. (2026). Geotechnical assessment 57
and sustainable engineering solutions for landslide mitigation at bau trang lake, lam dong, vietham. Architecture and Engineering,

No 3 (11), pp. 57-68. DOI: 10.23968/2500-0055-2026-11-3-57-68.
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to decrease bank stability by increasing pore water
pressures and reducing effective stress (Yang et al.,
2019). Soil properties and groundwater seepage
also play a critical role in determining susceptibility
to erosion and mass movement (Hansom and
McGlashan, 2000). Furthermore, the escalating
impacts of climate change, manifesting as altered
hydrological regimes and an increased frequency of
extreme weather events, are expected to exacerbate
these erosional processes in lacustrine environments
(Sun, 2014; Arnaud, 2016). Anthropogenic activities
often compound these natural vulnerabilities.
Even though protection structures are meant to
be remedial, their construction may unintentionally
exacerbate erosion nearby (Abrahams, 2008).
Increased vehicle traffic along lakeshores can
put additional strain on slopes in areas with high
tourism intensity, such as Bau Trang, which could
lead to collapses. While extensive research has
elucidated many of these individual factors, and
various modelling approaches, including machine
learning techniques, have been developed to predict
landslide susceptibility in reservoir environments
(Holanda et al., 2021), a holistic understanding of
the synergistic interplay between natural processes
and intense, localised tourism-related pressures in
a designated national heritage site remains a critical
area for investigation.

This study aims to address this gap by
undertaking a comprehensive assessment of the
shoreline transformations and geotechnical stability
of Bau Trang Lake. The specific objectives are: (1)

to evaluate the historical and recent evolution of
landslides and shoreline changes using integrated
field surveys and multi-temporal remote sensing
data; (2) to analyse the geotechnical stability of the
lakeshore under various natural and anthropogenic
loading scenarios using advanced numerical
modelling with Geo-studio; and (3) to propose and
evaluate environmentally considerate engineering
solutions designed to enhance shoreline stability
and ensure the long-term protection of this valuable
landscape. The findings are anticipated to provide a
robust scientific basis for sustainable management
strategies at Bau Trang and offer transferable insights
for other ecologically sensitive and economically
vital lakeshore systems facing similar challenges
worldwide.

Materials and Methods

Study Area

This research concentrated on the northeastern
shoreline of Bau Ba Lake, a constituent of the larger
Bau Trang Lake system in Binh Thuan Province
(now part of Lam Dong Province), Vietnam (Fig. 1).
This specific area, encompassing the Trinh Nu dune,
has been subject to significant recent landslide
activity and is characterised by extensive aeolian
sand dunes, a diverse but fragile ecosystem, and
high sensitivity to both natural geomorphological
processes and anthropogenic pressures, particularly
from tourism-related activities.

Data Collection

A multi-faceted data collection strategy was
employed, integrating field surveys with remote

Fig.1. The study area
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sensing techniques to provide a comprehensive
understanding of the site’s conditions and dynamic
processes.

a) Field surveys

Direct field investigations were conducted to
gather high-resolution data on current landslide
geometry, sediment characteristics, and shoreline
morphology. These surveys involved:

o detailed measurement of landslide depths and
dimensions;

e collection of soil samples for the determination
of geotechnical parameters, including sediment
composition and physical properties;

e topographic profiing and
measurements along critical sections.

A total of 53 survey points were established
along key shoreline segments, selected based on
pre-assessment of erosion hotspots and historical
data. Repeat surveys of the Trinh Nu dune area
were conducted on January 25, 2024; February 25,
2024 and March 25, 2024, to monitor short-term
transformations of the dune.

b) Remote sensing and
Information System (GIS) methods

Multi-temporal remote sensing data were utilised
to assess long-term topographic changes, shoreline
evolution, and sand dune migration patterns. The
datasets included:

o Satellite Imagery: A chronological series of
satellite images spanning from 1984 to 2022 was
acquired. This included moderate-resolution imagery

slope angle

Geographic
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for historical trend analysis and high-resolution imagery
(0.5 m spatial resolution) available from 2006 onwards
for more detailed recent assessments (Fig. 2).

e Historical Maps: Cartographic records,
including maps from the early 19th century, the
French colonial era, the 1950s-1960s (US era), and
current VN2000 standard topographic maps, were
consulted for historical shoreline positions.

e UAV-derived Digital Elevation  Models
(DEMs): High-precision DEMs were generated
from Unmanned Aerial Vehicle (UAV) surveys to
accurately map recent changes in slope, elevation,
and landform features.

e Google Earth Timelapse: Imagery from
Google Earth Timelapse (1984-2022) was used for
a qualitative visual assessment of broad-scale land
cover and environmental changes in the Bau Trang
area over several decades.

c) Geotechnical modelling

The stability of the lakeshore slopes was
analysed using Geo-studio 2021 software (Geo-
Slope International Ltd.), a widely recognised suite
for geotechnical modelling. The SLOPE/W module,
which employs limit equilibrium methods, was
specifically used for slope stability analysis.

e Cross-sections: Nine critical cross-sections
were selected for detailed analysis (Fig. 7): four
within the Bau Ong area (MC5, MC6, MC7, MC9)
and five within the Bau Ba area (L1, L4, L8, MC2,
MC4), with L1, L4, and L8 directly traversing the
recent landslide zone.

Fig. 2. Three-dimensional model of terrain difference in the Bau Trang lake area (2006—2024)
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e Soil  Parameters: The  Mohr-Coulomb
failure criterion was adopted for the soil model.
Geotechnical parameters, including unit weight (y),
cohesion (c), and angle of internal friction (@) for
different soil layers (Table 1), were derived from the
field investigations and laboratory testing of collected
samples.

e Analysis Scenarios: The stability analyses
were conducted under various scenarios to evaluate
the influence of:

o Water Level Fluctuations: different lake water
levels were considered for Bau Ba (+32 m, +33 m,
+34.2 m mean, +36 m) and Bau Ong (+36 m,
+38.6 m, +40 m).

o Live Loads: static surcharge from tourist
vehicles (2.0 - 2.5 ton pickup trucks and smaller
ATVs), applied approximately 3 m from the lake
shore, was modelled according to TCVN 2737-2023.

o Seismic Loads: dynamic loading due to
vibrations from tourist vehicles was incorporated,
using a maximum ground acceleration of 14.4 m/s?
(equivalent to 0.00147 g), as recorded on February
25, 2024.

o Associated seepage and stress analyses were
also performed where relevant.

d) Data analysis and stability assessment
criteria

Geographic Information System (GIS) software
was employed for processing satellite imagery,
analysing DEMs, quantifying spatial changes in
shoreline position and topography, and generating
cartographic outputs. The stability of the slopes was
assessed based on the calculated Factor of Safety
(FoS). According to Vietnamese standard TCVN
8216:2018 for hydraulic structures, a minimum FoS
of 1.25 is generally required for Class IV earth fill
dams under normal operating conditions, a threshold
adopted for assessing the stability of the lakeshore
slopes in this study.

Fig. 3. Movement of the sand dunes during three surveys
of the Trinh Nu hill
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Results

a) Topographic and geomorphological
changes in the Trinh Nu dune area

Repeated topographic surveys of the Trinh
Nu dune area between January and March 2024
revealed significant short-term dynamics. The crest
of the Trinh Nu dune exhibited a discernible westward
migration towards Bau Ba Lake. Over the three
survey periods, the northern part of the dune crest
shifted by approximately 5 m, while the southern
part moved by approximately 10 m (Fig. 3). Despite
this lateral movement, no significant changes in
the overall crest elevation range (30-83 m) were
observed.

Analysis of DEM difference maps (Fig. 4a and 4b,
scale 1:1,000)llustrated these changes more clearly.
For the period from January 25 to February 25, 2024,
localised areas experienced elevation decreases of
up to 2 m, predominantly in the central part of the
surveyed dune, interspersed with elongated sand
deposits along the dune toe. Concurrently, areas
of accretion, with elevation gains of 1 to 4 m, were
noted around the periphery of the Trinh Nu dune.

During the subsequent period (from January
25 to March 25, 2024), more pronounced changes
occurred, with some areas showing elevation
decreases of up to 6 m and more widespread
accretion of up to 4 m. A consistent observation
was the formation of new, elongated lakeside dunes
oriented northwest-southeast along the margin of
Bau Ba Lake, characterised by steep slopes ranging
from 20° to 55°, which later steepened to 30°-55°.
Within a specific 0.48-hectare area identified as
highly prone to landslides (Fig. 5), the average
ground elevation decreased by 0.52 m over the
two-month observation period (from January 25 to
March 25, 2024), from an initial average of 37.88 m
to 37.36 m.

b) Shoreline transformations of Bau Ba lake
(Trinh Nu area)

Analysis of satellite imagery spanning eight
distinct time periods between 2006 and 2023
indicated a predominant trend of southwestward
migration of the Bau Ba Lake shoreline in the vicinity
ofthe Trinh Nu dune. This migration is attributed to the
progressive deposition of aeolian sand transported
by the prevailing northeast monsoon winds (Fig. 6).
The rate of shoreline change was not uniform; the
northern section of the shoreline experienced more

Table 1. Parameters of soil layers

Soil layer | Gama [kN/m?] Phi [o] C [kPa]
1 19.9 24°56 1.4
1a 20.1 25°14 1.9
2 20.3 26°46 1.1
2a 19.9 26°45 1.8
3 20.5 28°56 1.2
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Period 25/01/2024 — 25/02/2024 - Period 25/01/2024 — 25/03/2024

Fig. 4. Map of the Trinh Nu hill area’s topographic variations throughout time, scaled at 1:1,000

Fig. 6. Shoreline changes over time
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Fig. 7. Shoreline cross-sections: (a) cross-section along the Bau Ong shoreline; (b) cross-section along the Bau Ba shoreline

)
1.166

Fig. 8. Results of the calculation model for cross-section L8
at water level +34.2 m

rapid accretion, advancing approximately 50 m (an
average of 3 m per year), which is five times greater
than the southern section, where accretion was
approximately 10 m (an average of 0.6 m per year),
excluding the area directly affected by the recent
major landslide.

c) Geotechnical stability analysis of the
existing shoreline (pre-mitigation)

The geotechnical stability of nine selected cross-
sections (Fig. 7) along the Bau Ong and Bau Ba
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Fig. 9. Stability calculation results for Bau Ba Lake
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shorelines was evaluated using Geo-studio SLOPE/W,
incorporating the soil parameters detailed in Table 1.

The analyses considered various scenarios
of lake water levels and applied loads. Particular
attention was given to cross-sections L1, L4, and
L8 within the Bau Ba landslide zone. For instance,
under a lake water level of +34.2 m and subjected
to dynamic loads from tourist vehicles, cross-section
L8 exhibited a Factor of Safety (FoS) of 1.166
(Fig. 8). The critical slip surface for this scenario was
characterised by a depth of approximately 4 m and a
width of about 35 m, extending from an elevation of
+36.5 m down to +20.5 m.

The relationship between FoS and lake water
level for the Bau Ba sections is presented in Fig. 9,
and for the Bau Ong sections in Fig. 10. These
results indicated that several cross-sections, notably
L8, MC2, and MC4 in Bau Ba, and MC5, MC6, and
MC7 in Bau Ong, possessed FoS values below the
recommended minimum of 1.25 (TCVN 8216:2018,
2018), signifying a high risk of instability. Cross-
sections L4 and L8 were identified as particularly
vulnerable, with stability further deteriorating under
conditions of reduced lake water levels.

d) Proposed engineering solution for
landslide mitigation

Based on the stability analyses and site
conditions, an integrated engineering solution was
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— . __ —®
C—. e
125 —_——
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@ 100 P - --@--MC6
7 S S I B ® --@--MC7
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Fig. 10. Stability calculation results for Bau Ong Lake
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Fig. 11. Geotextile layout details

developed to mitigate landslide risk, particularly for
the unstable sections of Bau Ba Lake. The design
adhered to principles of heritage conservation,
environmental compatibility, and  technical
efficacy. The proposed solution (detailed for the
representative cross-section L8 in Fig. 12) comprises
a combination of:

e Reinforced concrete (RC) sheet piles: To be
installed from approximately +34.7 m down to +14.7
m elevation to provide deep-seated stabilisation at
the interface between the slumped material and the
intact ground.

e Melaleuca (Cajuput) timber piles: Driven into
the ground for soil reinforcement and support. These
piles are specified with an 8-10 cm butt diameter
and lengths of 5.5 m and 4.5 m, installed at a density
of approximately 8 piles per meter.

o Geotextile layers: Multiple layers of geotextiles
with specified tensile strengths (ranging from 25-
50 kN/m to 200 kN/m) are incorporated for soil
reinforcement, separation, filtration, and load
distribution (Fig. 11).

e Sandbag revetment: To provide immediate,
temporary protection for the slope toe against wave
action during the implementation of more permanent
measures.

This combined system is designed for an
expected service life of 15-20 years.

e) Stability analysis of the shoreline with
proposed solution (post-mitigation)

The stability of the critical cross-section L8 was
re-analysed using SLOPE/W after incorporating
the proposed engineering solution. The results
demonstrated a significant improvement in stability,
with the Factor of Safety increasing from the pre-
mitigation value of 1.166 to 1.568 (Fig. 13). This
indicates that the proposed measures effectively

enhance the stability of the lakeshore to an
acceptable level.

Discussion

a) Interpretation of key findings

The observed topographic changes within the
Trinh Nu dune area, particularly the westward
migration of the dune crest and the formation of
new lakeside dunes, are consistent with active
aeolian processes driven by the prevailing northeast
monsoon. The quantified movement of the dune
crest, up to 10 m in its southern part over a short
three-month period, highlights the dynamic nature of
this landscape and its direct influence on the Bau
Ba Lake shoreline through sediment input. The
concomitant decrease in average ground elevation
within the landslide-prone zone suggests ongoing
mass wasting, likely exacerbated by this continuous
sediment loading and undercutting at the toe by lake
processes.

The long-term shoreline dynamics of Bau Ba
Lake confirm the dominant role of wind-driven
sediment transport in shaping this environment.
The differential accretion rates, with the northern
shoreline advancing more rapidly, can be attributed
to variations in sediment supply and local exposure to
wind action. These geomorphological observations
align with studies elsewhere that emphasise the
role of aeolian transport in coastal and lacustrine
environments (Kirk et al, 2000).

The geotechnical stability analyses revealed
that several sections of the Bau Trang lakeshore,
particularly L4 and L8 in the Bau Ba area, possess
Factors of Safety below the nationally accepted
threshold of 1.25 (TCVN 8216:2018, 2018), rendering
them susceptible to failure. The low stability is
attributed to a combination of factors: the inherent
properties of the predominantly sandy soils (low
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cohesion), the destabilising effect of reduced lake
water levels which decrease buttressing support at
the toe, and the superimposed dynamic loads from
tourist vehicles. The identified critical FoS of 1.166
for section L8 under specific loading and water level
conditions underscores the precarious state of these
slopes and corroborates the observed landslide
events. This sensitivity to water level fluctuations and
surcharge loading is a well-documented phenomenon
in slope stability assessments (Yang et al., 2019).

b) Effectiveness and rationale of proposed
engineering solution

The proposed integrated engineering solution,
combining RC sheet piles, Melaleuca timber piles,
geotextile reinforcement, and sandbag revetment,
was designed to address the complex failure
mechanisms identified. RC sheet piles offer deep-
seated stabilisation by creating a shear-resistant
barrier and retaining the potentially unstable soil
mass. The use of locally sourced, environmentally
compatible Melaleuca piles contributes to internal
soil reinforcement and improves drainage, enhancing
the overall soil mass properties. Geotextiles play a
crucial role in reinforcing the soil, distributing loads,
preventing the migration of fine particles (filtration),
and separating different soil layers. The sandbag
revetment provides immediate, cost-effective
toe protection against wave erosion during the
construction phase and for short-term defence.

The significant improvement in the Factor of
Safety for the critical L8 section, from 1.166 to 1.568
post-mitigation, demonstrates the technical efficacy
of this composite solution in enhancing shoreline
stability to well above acceptable engineering
standards. This approach contrasts with some
traditional hard engineering solutions, such as
extensive rock revetments, which can be visually
intrusive and may negatively impact local sediment
dynamics and ecological habitats (Abrahams,
2008; Nakagawa et al., 2013). The chosen solution
prioritises environmental sensitivity and aesthetic
integration, which are paramount for a national
scenic heritage site like Bau Trang.

c) Implications of the study

This research provides a critical scientific basis
for immediate intervention and the development of
long-term, sustainable shoreline management plans
for Bau Trang Lake. The detailed assessment of
instabilitymechanismsandthevalidated effectiveness
of the proposed solution offer actionable insights for
local authorities and site managers. Furthermore,
the methodological framework, integrating field
investigations, remote sensing, and geotechnical
modelling, can be adapted for assessing and
managing similar ecologically sensitive and
economically important tourism destinations facing
comparable erosion and landslide risks globally.
The emphasis on environmentally considerate

engineering solutions is particularly relevant for
protected areas where conservation objectives must
be balanced with development needs.

d) Limitations of the study

While this study provides a comprehensive
assessment, certain limitations should be
acknowledged. The geotechnical parameters used in
the modelling, although based on site investigations,
may exhibit local spatial variability not fully captured.
The direct observations of dune movement, while
indicative of active processes, were conducted over
a relatively short period (three months) and may not
represent longer-term annual or decadal trends. The
modelling of dynamic loads from tourist vehicles,
while incorporating recorded accelerations, is a
simplification of complex vehicle-ground interactions.
Furthermore, the long-term ecological response to
the implemented engineering solutions will require
ongoing monitoring.

e) Recommendations for future research

To build upon this work, several avenues for future
research are recommended. Long-term monitoring
of the implemented stabilisation measures and
continued surveillance of shoreline changes are
crucial to evaluate the sustained effectiveness of
the solutions and adapt management strategies
if necessary. More detailed hydrogeological
investigations could elucidate the complex
interactions between groundwater levels, lake
water levels, and slope stability. Research into the
specific ecological impacts of both the landslides
and the mitigation measures on the aquatic and
terrestrial habitats of Bau Trang would be beneficial.
Finally, the development of a holistic, integrated
risk management plan for the entire Bau Trang
ecosystem, considering all interacting natural and
anthropogenic factors, should be a priority.

Conclusion

This study has comprehensively assessed the
critical issue of shoreline erosion and landslide
susceptibility threatening the ecological integrity and
tourism value of Bau Trang Lake, a national scenic
heritage site in Vietham. The investigation revealed
that specific sections of the lakeshore, particularly
within the Bau Ba area (notably cross-sections L4
and L8), exhibit low Factors of Safety (FoS < 1.25),
rendering them unstable under prevailing natural
conditions and exacerbated by anthropogenic
pressures, including fluctuating lake water levels and
dynamic loads from tourism activities. The observed
dune migration and shoreline changes further
underscore the dynamic and vulnerable nature of
this unique lacustrine environment.

An integrated engineering solution, comprising
reinforced concrete sheet piles, Melaleuca timber
piles, geotextile reinforcement, and sandbag
revetments, was proposed and evaluated.
Geotechnical modelling demonstrated that this
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solution significantly enhances shoreline stability,
increasing the Factor of Safety for the critical
L8 section from 1.166 to 1.568. This confirms
the technical feasibility and effectiveness of the
proposed measures in mitigating landslide risk
while being designed to be environmentally
considerate and to preserve the aesthetic qualities
of the site.

The findings provide a robust scientific
foundation for immediate and long-term
management interventions at Bau Trang Lake.

66

More broadly, this research offers a valuable
methodological framework and a practical example
of sustainable engineering applicable to other
ecologically sensitive lakeshore environments
facing similar geomorphological challenges globally.
The study underscores the necessity for prompt
implementation of these protective measures by
relevant authorities, in collaboration with scientific
expertise, to ensure the enduring conservation
and sustainable development of the Bau Trang
landscape for future generations.
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AHHOTauunA

BeeaeHue. B naHHOM nccrnegoBaHum NPOBOAMTCS OLEHKA ONOM3HEN 1 NpeanaratTcs COOTBETCTBYOLLME MEPbI MO 3alumTe
03epHON cucTeMbl BAONbL 6eperoson nuHnu bay TpaHr, n3BeCTHOro MecTa 3KoTypu3ma B NPOBUHLUMM BUHBTXYaH (HbIHE YacTb
nNpoBuHLMK JlamaoHr), BeeTHam. Tepputopuns HaxoamTcs nog yrpo3omn 6eperoBbix ONOM3HEN, BbI3BAHHbLIX Kak MPUPOAHbLIMU
KaTaknuamamu, Tak n OesTenbHocTbio 4Yenoseka. Metoabl. B vccnegoBaHMm mcnonb3oBanvcb Tonorpadguyeckue u
reomoporornyeckne recTeXxHnYeckne MeToapbl, AMCTaHUMOHHOE 30HAMPOBaHME U reorpaduyeckne MHPOPMaLUMOHHbIE
cuctembl (FTMC) c npumeHeHnem mopenen Geo-studio. Pe3ynbraTthbl MOKa3biBaloT, YTO yHacTKn 6eperoBon NMHUN C HU3KUM
KoadppurumneHTom Ge3onacHOCT OCOBEHHO YA3BUMBbI M3-3a konebaHui ypoBHSA BOAbl B BOAOXpaHWnuLie, Bubpauui
N ABWKEHUS KPYM3HbIX CyAOB. [Ns MOBbILWEHUS YCTOMYMBOCTVM GeperoBo NUHWMM Obinv MpeanoXxeHbl pasnunyHble
TEXHUYECKME peLLeHns, BKIoYasa NNacTUHbl ANA CHXKEHUSA SKCNyaTalMOHHbIX Harpy3oK, re0TEXHNYECKNE TEKCTUMbHbIE
martepuarnbl, »Xene3obeToHHbIe LLNYHTOBbLIE CBaW, CBau U3 APEBECVHbI Menaneyku (Kasnyta) v yKpenneHus n3 MeLLKOB C
neckom. Oxugaercs, 4To 9TM Mepbl He Tonbko obecnevar 6e3onacHOCTbL GeperoBOn NMHUK, HO U 3aLLUTAT IKOCUCTEMY
N OKpY>KatoLLyto cpedy paaun COXpaHeHWst 3TOro BblAAKLLEroCs NPUPOAHOIoO M KMBOMUCHOTO MecTa.

KntouyeBble cnosa: apo3ns 6eperosovi NMMHUW; NpeaoTBpaLLeHne OMON3HeN; reoTeXHNYeckas ycTtonumnsocTb; Geo-studio;
o3epo bay TpaHr; ycTonunBoe CTpOUTENBLCTBO; SKOTYPU3M.
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Abstract

Introduction. This critical review underscores the importance of examining key factors such as particle morphology and
porosity in the extensive body of literature on soil studies. A deeper understanding of how these elements influence
soil thermal conductivity is essential for advancing knowledge in geotechnical and environmental research. Methods.
By synthesising findings from a wide range of studies, this review highlights the complex nature of soil thermal conductivity
and stresses the need to thoroughly investigate these parameters. Each factor plays a crucial role in determining heat
transfer behaviour in soils. Through an in-depth analysis of existing research, this paper emphasises the necessity of
systematically studying these variables to resolve inconsistencies, fill knowledge gaps, and enhance predictive models
for geotechnical and environmental applications. Conclusions. Recently developed multi-variable functions offer a robust
framework for predicting soil thermal conductivity by integrating these influential parameters. By providing a comprehensive
perspective that connects theory with practical application, this review serves as a vital resource, supporting both scientific

exploration and engineering practice.

Keywords: thermal conductivity, granular soils, factors, critical review, proposed models.

Introduction

Thermal conductivity is a crucial physical
characteristic of soils that gauges their heat
conduction capacity. It represents the rate at which
heat traverses a unit area under a unit temperature
gradient — essentially the quantity of heat passing
through soil per unit area and time, divided by the
temperature difference across the soil layer (Zhang
et al.,, 2017; Kashani et al., 2017). The thermal
conductivity of soils, particularly sands, has long
captivated researchers and engineers due to its
significance in geotechnical and environmental
engineering applications. Understanding its origin
and historical aspects is imperative for accurate
behaviour prediction (Yun and Santamarina,
2008; Chen et al., 2014; Liu et al., 2020). Thermal
conductivity serves as a crucial parameter for
understanding soil thermal characteristics and
environmental interactions. It plays indispensable
roles in geothermal energy, building energy efficiency,
and underground construction. Research efforts have
focused on understanding influencing factors and
developing precise predictive models across various
soil types and conditions (Johansen, 1977; Lu et al.,
2007; Zhang et al., 2015). Studies have also explored
the influence of soil texture and mineralogy (Barry-
Macaulay et al., 2013). Accurate measurement is
essential for geothermal energy, building efficiency,
and underground construction applications (Adam
and Markiewicz, 2009; Loveridge and Powrie, 2013;
Wang et al., 2016). Influential factors on granular soil

thermal conductivity include particle shape and size,
porosity, rubber content, soil composition, moisture
content, soil type, temperature, compaction, packing
density, saturation, freeze-thaw cycles, polymers,
and bio-cementation methods. Each factor
significantly impacts thermal conductivity, requiring
detailed study. Fig. 1 incorporates these influential
parameters, with their soil impacts depicted in Fig. 2.

Literature Review

The literature on soil thermal conductivity
contains apparent contradictions due to varying
research perspectives. Numerous researchers
have examined the thermal characteristics of sand,
silt, and clay soils (Cai et al., 2015; Zhang et al.,
2017). Cai et al. (2015) investigated the thermal
conductivity of clay, silt, fine sand, and coarse
sand in China’s Nanjing region. Wang et al. (2017)
showed that sand had higher thermal conductivity
(1.44 W/m-K) than clay (0.69 W/m-K) and sandy
loam (1.17 W/m-K). Alrtimi et al. (2016) reported
that thermal conductivity increased with the degree
of saturation. Liu et al. (2020) used forty data points
correlating soil thermal conductivity with saturation
(5—40 % water content). They observed a swift initial
rise in mucky silty clay thermal conductivity with
increased saturation, followed by stabilisation. The
relationship showed exponential growth (R? > 0.95).
Yang et al. (2022) found that the thermal conductivity
increase sequence was: sand > composite of
scrap tyre rubber and sand > shredded tyres. They
explained that the particle arrangement transitioned

For citations: Taiba, A. C., Mahmoudi, Y., Megrousse, M., Azaiez, H., Belkhatir, M. (2026). A critical review of the influence of particle 69
morphology and porosity on soil thermal conductivity. Architecture and Engineering, No 3 (11), pp. 69-80.
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from a ‘rubber-connected insulation layer’ to a ‘sand-
encompassed conduction path’ as the sand-to-
tyre ratio increased. Tang et al. (2008) studied the
effects of dry density, water content, and saturation
on American MX80 bentonite thermal conductivity,
proposing a linear correlation with pore gas volume.
Xu et al. (2016) explored bentonite-sand mixtures,
while Liu et al. (2019) investigated bentonite-sand-
graphite-fibre mixtures. Liu et al. (2020) reported
an exponential relationship between water content
and thermal conductivity in mucky silty clay at
varying dry densities. Water addition forms thin films
around particles, creating bridges between air gaps
and particles, increasing the effective contact area
and enhancing heat transfer. Beyond a specific
water content threshold, thermal conductivity
showed minimal variation across densities. Thermal
conductivity is influenced by the effective contact area
between particles (Brigaud and Vasseur, 1989; Cai et
al., 2015). Studies have investigated the correlation
between thermal conductivity and soil porosity (Tong
et al., 2009; Wang et al., 2008). Liu et al. (2020)
demonstrated that the thermal conductivity of mucky
silty clay decreased exponentially with increasing
porosity (R? > 0.96). Rubber addition decreases
thermal conductivity, with important geotechnical
implications. Lee and Shang (2013) found that
rubber particle size and shredded tyre proportion
significantly influenced thermal conductivity and
anisotropy. Yang et al. (2022) demonstrated that
shredded tyres significantly decrease sand thermal
conductivity, suggesting applications in insulation
layers. Particle shape affects thermal conductivity
through arrangement effects (Gan et al.,, 2017;
Fei et al.,, 2019). Xiao et al. (2020) reported that
thermal conductivity increased with relative density
for given particle shape parameters. Particle size
has important effects on soil behaviour (Azaiez et
al., 2022; Cherif Taiba et al., 2022; Mahmoudi et
al., 2024) and, specifically, it significantly affects
thermal conductivity; smaller particles generally
have higher thermal conductivity due to increased
contact facilitating heat transfer. Xiao et al. (2018)
showed that thermal conductivity increased with the
uniformity coefficient withintherange 2.0 < Cu < 4.7,

then increased gradually beyond Cu > 4.7. He et
al. (2022) confirmed a good correlation between
thermal conductivity and mean grain size of
carbonate sand. Numerous predictive models have
been developed (Lu et al., 2007). Johansen (1977)
introduced the concept of normalised thermal
conductivity, exploring the impacts of porosity and
saturation. C6té and Konrad (2005) proposed
novel relationships, while Chen (2014) developed
empirical equations from 80 needle-probe tests.
Alrtimi et al. (2016) showed that thermal conductivity
fluctuations could be represented by logarithmic
functions. Most prediction models yielded accurate
results at lower porosity levels and high saturation
ratios. Design parameters crucial for soil heat
transfer include particle morphology, degree of
saturation, and porosity. Additionally, this study
moves well beyond a traditional literature review
by combining a critical examination of the physical
origins and governing mechanisms of soil thermal
conductivity with the development of new semi-
empirical predictive models. These models explicitly
integrate the coupled effects of key soil parameters,
specifically particle morphology, porosity, degree of
saturation, and relative index. Built upon a rigorous
synthesis of experimental data from published
laboratory studies, the article uses this curated
dataset to formulate quantitative relationships that
reflect the interdependence of these variables. In
doing so, it also identifies, clarifies, and reconciles
discrepancies and inconsistencies present in the
existing body of research. The paper is driven by
real-world engineering demands in geotechnical,
geoenvironmental, and geothermal applications,
where reliable estimation of thermal properties is
crucial. By merging in-depth critical analysis with
original, data-informed modelling, this manuscript
serves as both a scholarly synthesis and a practical
tool, offering researchers and practitioners an
enhanced framework for understanding and
predicting the thermal behaviour of diverse soil
types. Tables 1 and 2 present a summary of the
key studies and the advantages and limitations of
soil thermal conductivity research in the published
literature.

Table 1. Summary of key studies on soil thermal conductivity

References

Soil Types

Key Parameters

Cai et al. (2015)

Clay, silt, fine sand, coarse sand | Particle size, soil type

Wang et al. (2017)

Sand, clay, sandy loam

Soil type, saturation

Yang et al. (2022)

Sand, tyre-sand mixtures

Tyre content, particle arrangement

Tang et al. (2008) MX80 bentonite

Dry density, water content, saturation

Xu et al. (2016);
Liu et al. (2019)

Bentonite-sand-graphite fibres

Additive effects

Cé6té and Konrad (2005) | Silica sands

Porosity, particle size

Johansen (1977) Theoretical

Porosity, saturation

Chen (2014) Various (80 tests)

Saturation, porosity
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Table 2. Advantages and limitations of key thermal conductivity studies in the published literature

References Advantages

Limitations / Gaps

Cai et al. (2015)
across soil types

Real field soils; comparative analysis

Limited control over fabric; no quantitative
model proposed

Wang et al. (2017)

Clear comparative data; practical

Small dataset; no porosity or density control

relevance reported
Yang et al. (2022) Novel application (recycled materials) Non-natural material; limited to insulation
context

Tang et al. (2008)

Relevant for nuclear waste disposal

Only bentonite; narrow applicability

Xu et al. (2016);
Liu et al. (2019)

Tailored for barrier design

Complex mixtures; not representative of
natural soils

Coté and Konrad (2005)
control

High-precision lab setup; temperature

Excludes fines; no saturation >80 % tested

Johansen (1977)

Foundational model; widely used

Empirical; less accurate at low saturation

Chen (2014)

Large dataset; practical correlations

Limited mechanistic insight; model not
universal

Proposal of Novel Predictive Models Based
on Data from a Literature Review

All the data incorporated in this review were
drawn exclusively from controlled laboratory
experiments reported by the original authors, each
employing distinct but well-established techniques
to measure soil thermal conductivity under carefully
regulated conditions. Cété et al. (2011) conducted
their experiments in a temperature-controlled cold
room using a custom-built thermal conductivity cell:
dry soil was compacted into thin cylindrical PVC
molds (10.1 cm in diameter and 7.5 cm in height)
and placed between two 3-cm-thick Pyrex glass
disks functioning as heat flux meters; high-precision
thermistors were embedded at the center of each
disk face, positioned within fractions of a millimeter
from the soil-disk interfaces, to accurately capture
the steady-state temperature gradient across the
specimen. Alrtimi et al. (2016) utilised a steady-state
divided-bar apparatus grounded in Fourier’s law of
heat conduction, where a uniform one-dimensional
heat flux was applied through two identical, vertically
stacked soil samples, enabling the determination of
thermal conductivity across a range of saturation
levels by measuring the resulting temperature drop
along the heat flow path. Xiao et al. (2020) adopted a
transient approach using a vertically oriented thermal
needle probe system; their samples were prepared
via the under-compaction method, a layer-by-
layer compaction technique that minimises density
gradients and ensures uniform fabric, allowing
precise control over initial dry density, porosity,
and degree of saturation during testing. Finally, Liu
et al. (2020) and He et al. (2022) both employed a
multifunctional thermal needle probe system based
on the transient line heat source method, in which
a short-duration electrical pulse heats a needle
embedded in the soil, and the resulting temperature
rise over time is recorded to calculate thermal
conductivity; this technique is particularly effective
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for capturing the influence of moisture content,
density, and soil structure under near-instantaneous,
minimally invasive conditions. While these studies
vary in their methodological details, ranging from
steady-state to transient techniques and differing
sample preparation protocols, all were conducted
under controlled laboratory settings, ensuring high
data quality and reproducibility, which forms a
robust foundation for the comparative analysis and
model development presented in this review. In
addition, all the experimental data used in this study
were obtained from studies in which the original
researchers employed cohesionless soils and are
valid only within the following experimentally covered
ranges summarised in Table 3.

Thermal Conductivity as a Function of
Porosity, Degree of Saturation and Effective
Diameter

To formulate multi-variable equations connecting
thermal conductivity (A) with porosity (n), degree
of saturation (S;), and effective diameter (D, ), we
utilised data from Liu et al. (2020) and Alrtimi et
al. (2016). This enabled the prediction of thermal
conductivity as a function of porosity and saturation.
Additionally, we examined Coté et al. (2011) data to
assess the relationship between thermal conductivity,
porosity, and effective diameter. Fig. 3 confirms
that thermal conductivity rises with decreasing
porosity and increasing effective diameter. The 3D
plots illustrate that thermal conductivity increases
with elevated saturation and reduced porosity in
both studies. Figs. 4 and 5 demonstrate robust
correlations between thermal conductivity, porosity,
and saturation in compiled data from Liu et al. (2020)
and Alrtimi et al. (2016), with high determination
coefficients (R?= 0.95 and 0.84).

However, the correlation between thermal
conductivity, porosity, and effective diameter in Coté
et al. (2011) yields a lower determination coefficient
(R?=0.62) compared to Liu et al. (2020) and Alrtimi
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Table 3. Boundary conditions of the proposed thermal conductivity models

Parameter Symbol Range Source Studies
Effective grain size | D, (mm) 0.087 -2.70 Coté et al. (2011)
Mean grain size D,, (mm) 0.16 — 3.16 He et al. (2022)
Porosity n 0.327 — 0.640 |Liu et al. (2020); Alrtimi et al. (2016)
Degree of saturation |Sr 1.5 % — 100 % |Liu et al. (2020); Alrtimi et al. (2016)
Relative index Iy 0-1 He et al. (2022); Xiao et al. (2020)
Sphericity S 0.48 — 0.60 He et al. (2022)
Overall regularity OR 0.822 — 0.960 | Xiao et al. (2020)
Aspect ratio AR 0.715-0.969 | Xiao et al. (2020)
Convexity C, 0.950 — 0.995 | Xiao et al. (2020)
Thermal conductivity |A (W/m-K) |0.094 —2.475 |All sources

et al. (2016). This underscores the significant impact
of coupled porosity and saturation effects on thermal
conductivity, emphasising their greater influence
compared to the combined effects of porosity and
° effective diameter. Understanding coupled porosity
and saturation effects is crucial for accurately

Coté et al. (2011)
R2=0.62
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042 : predicting thermal conductivity variations. When

porosity and saturation are considered together,
40 . their combined effects exhibit a synergistic impact
0 E on thermal conductivity. Simultaneous variation

in both parameters results in more pronounced
thermal conductivity changes compared to single-
factor consideration. The proposed multi-variable
equations for thermal conductivity as functions of
porosity (n), degree of saturation (S;), and effective
diameter (D,;) from three literature studies are as
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1 =19.67x(n)’ —9.85x(Sr)2~17.66x(n) +

+11.52x(8r)—6.86x (n)x(Sr)+4.51; 2)
) ==3.39x(n)’ +0.009x Dy )2 +1.86x(n)—
—0.08><(D10)+0.19><(n)><(D10)+0.l7. (3)

Thermal Conductivity as a Function of
Relative Index and Particle Size

In this section, we present a multi-variable
function in which thermal conductivity (A) serves
as the dependent variable, while the independent
predictor variables are the relative index (/) and
particle size represented by the mean diameter (D, ).
To assess the accuracy and effectiveness of using
thermal conductivity as the dependent variable, we
performed a multi-variable analysis using compiled
data extracted from the research of He et al. (2022).
The 3D plots show that as the relative index of the
materials increases, there is an enhancement in their
thermal conductivity (Fig. 6). Additionally, when the
mean diameter of the materials decreases, this is
associated with an increase in thermal conductivity.
This can be interpreted as greater efficiency in heat
transfer within the materials, likely due to improved
contact between particles or a reduction in the mean
free path for heat carriers, ultimately leading to higher
thermal conductivity values. Through this analysis,
we evaluate the connection between thermal
conductivity, relative index, and mean diameter,
providing valuable insights into the accuracy
and effectiveness of the proposed multi-variable
function. A polynomial function was chosen as the
mathematical representation for the investigated
relationship. The results highlight the suitability

4
p He et al. (2022)
0 -

0.2 R=0.82

187]
0 4 A

167
0 4 4 ‘ "
0]

~
—
=

Fig. 6. Thermal conductivity versus mean diameter and relative
index
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of including the relative index and mean diameter
when studying the thermal conductivity of the tested
materials, yielding a coefficient of determination of
R?=0.82. The proposed multi-variable equation for
thermal conductivity (A) in terms of mean diameter
(D,,) and relative index (/,) for the tested soils is
expressed as follows:

% =-0.007x(Dsq ) —0.017x(1,)* ~0.04x(Dsy ) +

+0.06%(1,)+0.015x(Dsg)x(I;)+0.15.  (4)

Thermal Conductivity as a Function of
Relative Index and Particle Shape

The objective was to create multi-variable
equations that establish a correlation between
thermal conductivity (M), relative index (/)), and
particle shape characteristics, specifically sphericity
and regularity (S and p), using data collected from
the study of He et al. (2022). The results indicate a
strong correlation between thermal conductivity and
both the relative index and particle shape properties
(S and p). The observed increase in thermal
conductivity with rising relative index and favourable
particle shape characteristics can be attributed
to improved heat transfer efficiency within the
materials. A higher relative index suggests a more
efficient transfer of thermal energy, and favourable
particle shapes, such as increased sphericity and
regularity, likely contribute to enhanced contact
and conductivity pathways between particles.
These factors collectively result in a higher thermal
conductivity, indicating a more effective transmission
of heat through the material (Fig. 7).

The wuse of an exponential function for
regularity and a polynomial equation for sphericity
as mathematical representations of the studied
relationship was driven by their suitability in
capturing complex, non-linear interactions among
variables. This choice enables the modelling of
intricate behaviours observed in thermal conductivity
concerning both relative index and particle shape
characteristics. The results obtained underscore the
significance of incorporating both relative index and
particle shape properties, specifically sphericity and
regularity, when examining the thermal conductivity
of the tested materials. In particular, when focusing
on sphericity and regularity, the coefficients of
determination (R?) reached notable values of
0.86 and 0.87, respectively. These high R? values
indicate strong correlations, suggesting that the
proposed multi-variable functions effectively capture
the underlying patterns in the data. The multi-
variable equations proposed for thermal conductivity
(A), expressed as functions of relative index and
particle shape properties (S and p) for the tested
soils, provide quantitative representations of the
relationship. These equations serve as valuable
tools for predicting thermal conductivity based on the
specified variables, contributing to a more nuanced
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higher relative index and favourable particle shape
characteristics results from improved heat transfer
efficiency. Higher relative index indicates more
effective thermal energy transfer, meaning better heat
conduction and higher overall thermal conductivity.
Improved particle shape characteristics — higher
aspect ratio, increased convexity, and overall
regularity — contribute to better particle contact and
alignment. Enhanced contact creates more efficient
heat conduction pathways, increasing thermal
conductivity. This analysis assesses relationships
between thermal conductivity (A) and independent
variables (Id, AR, Cx, OR), providing valuable
insights into the multi-variable equation precision
and effectiveness. Polynomial functions were
selected as the mathematical representation for
the explored correlations. Results underscore the
appropriateness of incorporating (/d, AR, Cx, OR)
when investigating thermal conductivity, yielding
high determination coefficients (R?) of 0.98 for (AR,
Cx, OR). The proposed multi-variable equations
for thermal conductivity (A), expressed in terms of
particle shape properties (AR, Cx, OR) and relative
index (/d) for the tested soils, are as follows:

% =0.009% (1) +0.22x(OR)* +0.09x (I, ) -

—0.04x(OR)—0.07x(1; )x(OR)+0.01; (7)
% =0.009x(1,)* +0.06x(4R) +0.05x(I, )+

+0.0x(AR)—0.04x(1,)x(AR)+0.03; (8)
2 =0.009x (1) +2.46x(Cy)* +0.23x (I, )~

=3.72x(C, )=0.22x(1;)x(C, ) +1.44. (9)

Validation of the Newly Proposed Models

The validation procedure for the multi-variable
equations linking predicted to measured thermal
conductivity values from literature involved a
thorough analysis. Three distinct models were
collected directly from the original published studies
cited in this review article. All data points plotted on
the x-axis correspond to the actual measured thermal
conductivity values reported in these peer-reviewed
sources. The y-axis, in contrast, shows the values
predicted by the new models proposed in this study,
enabling a direct validation of model performance
against independent experimental data. Mean
Absolute Error (MAE) is determined by computing
the absolute errors, summing them, and dividing
by the total number of observations. For equations
(1)-(9), the calculated MAE values are 0.003,
0.009, 0.001, 0.001, 0.009, 0.002, 0.006, 0.009, and
0.0003, respectively. MAE indicates the average
magnitude of discrepancies between predicted
and actual values, providing insights into equation
accuracy. Root Mean Square Error (RMSE) is
computed by summing squared errors, dividing by
the total number of observations, and taking the
square root. RMSE values for the equations are
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0.02, 0.04, 0.005, 0.003, 0.03, 0.009, 0.03, 0.04, and
0.001, respectively. RMSE measures the standard
deviation of differences between predicted and
actual values, reflecting the overall error magnitude.
Lower RMSE indicates better agreement between
predicted and observed data. The coefficient of
determination (R?) was calculated for each equation,
yielding values ranging from 0.98 to 0.99 for
Equations (1)—(9), as depicted in Figs. 9, 10, and 11.
RZindicates the proportion of the variance in thermal
conductivity that is explained by the independent
variables (particle morphology, porosity, degree
of saturation, and relative index). The obtained R?
values affirm a substantial correlation between
thermal conductivity and the evaluated parameters
(particle shape properties, n, Sr, Id, and particle
size), aligning with the predictions. These validation
outcomes underscore the dependability and efficacy
of the proposed multi-variable equations. Small
MAE and RMSE values signify high precision in
predicting thermal conductivity based on the studied
independent variables. High R? values suggest
that the equations elucidate significant portions of
variation in thermal conductivity. This validation study
provides comprehensive insights into the intricate
relationships between thermal conductivity and the
factors affecting soil heat transfer paths, contributing
to a deeper understanding of these systems and
their practical applications.
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Fig. 9. Predicted thermal conductivity (Equations (1)—(3)) plotted
against measured thermal conductivity
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Conclusion

Studying the factors affecting the thermal
conductivity of granular soils is crucial in geotechnical
engineering, environmental science, and geothermal
energy systems. Understanding how particle
morphology, porosity, degree of saturation, and
relative index affect thermal conductivity helps
in designing efficient geothermal systems and
predicting soil heat transfer. Engineers can develop
more effective systems by considering the unique
thermal behaviour of granular soils. This paper has
presented innovative formulations for estimating soil
thermal conductivity that serve as valuable predictive
tools. The proposed multi-variable functions
provide comprehensive approaches for accurately
determining thermal conductivity. Assessing the
accuracy of the proposed equations via performance
evaluation is crucial, involving error computation and
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Fig. 11. Predicted thermal conductivity (Equations (7)—(9))
plotted against measured thermal conductivity

metrics such as MAE and RMSE to ascertain their
reliability. The validation study offers insights into the
relationships between thermal conductivity and the
independent variables (particle morphology, porosity,
degree of saturation, and relative index), enhancing
understanding and highlighting practical implications.
This review serves as a valuable resource connecting
theory with application for scientific inquiry and
engineering practice. Continued research into other
influential parameters affecting granular soil thermal
conductivity is essential for advancing knowledge and
promoting practical applications.
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KPUTUYECKUN OB30P BIIUAHUA MOP®ONIOMMKU YACTUL
U NOPUCTOCTU HA TEMJIONPOBOOHOCTb NMO4YBbI

Abpenna Wepwud Tanba*, KOced Maxmyan, Moxammen Merpycc, Xamy Asans, Mocteda Benbxatunp

' NabopaTopusi MmaTepranoBeaeHns 1 oKpy»xatoLlel cpeapbl, Xaccnba beH byanu, YHuBepcutet LUneda,
LLned, Amxkunp

*E-mail: a.cheriftaiba@univ-chlef.dz

AHHOTauuA

BBeaeHue. [aHHbIi KpUTUYECKUA 0630p NOAYEPKMBAET BaXKHOCTb MCCREAOBaHUs B OOLUMPHOM Kopryce nutepaTypbl
Mo M3YYEHWO TPYHTOB TaKMX KIHOYEBLIX PaKTOPOB, Kak Mopdonorus vyactuy v nopuctocTb. YrnybrneHHoe noHumaHue
BMUSHUSI 3TWMX SMNEMEHTOB Ha TEMMOMPOBOAHOCTb [PYyHTA MWrpaeT BaXHYK pofib B pa3BUTUM TFEOTEXHUYECKMX W
akonorumyecknx obnacren 3HaHui. MeTtoabl. [aHHbIn 0630p 0606LaeT pesynsTaThl LMPOKOTO CNeKTpa UccrnenoBaHui
M NOOYEPKMBAET CIOXHYIO MpUpoAdy TEnronpoBOAHOCTU TPYHTOB, @ Takke HEeOoOXOAMMOCTb TLATEMbHOIO W3y4YeHus
3TUX napameTpoB. Kaxabln hakTop MrpaeT pelualoLllylo pofb B ONpefernieHun noBeaeHus Tennonepenayn B rpyHTax.
Ha ocHoBe yrnyGrneHHOro aHanmsa CyLeCTBYKOLUMX WCCNEAOBaHWA [aHHas cTaTbsi MoAyYepkuBaeT HeobGXoaumocTb
CUCTEMATUYECKOTO U3YHEHUS 3TUX MEPEMEHHbIX [N pa3peLleHns NpOTUBOPEYNIA, BOCMONHEHNS NPOGENOB B 3HAHUSX U
COBEpPLUEHCTBOBAHNS MPOrHOCTUYECKMX MoAenel Anst NPUMEHEHUST B TeOTEXHUYECKMX U SKONOTMYECKUX UCCreqoBaHUsIX.
3aknto4yeHune. HegasHo pa3paboTaHHble MHOTOMEpHbIE (DYHKLMM NpeanaratoT HageXHy OCHOBY A1 MPOrHO3MPOBaHUS
TENnonpoBOAHOCTU IPYHTOB MYTEM MHTErPaLMK STUX 3HAYMMbIX NapameTpoB. [JaHHbIN BCECTOPOHHMIA 0030p, CBA3bIBAOLLNI
TEOPUIO C MPaAKTUYECKMM MPUMEHEHWEM, CMYXXUT BaXXHbIM PECYPCOM, NOAAEPKMBAIOLLMM Kak Hay4YHble UCCIEA0BaHNs, TakK
N VHXXEHEPHYH MPaKTUKY.

KnioyeBble cnoBa: TeNNoONpoBOAHOCTL, 3EPHUCTbIE FPYHTHI, dakTopbl, KPUTUYECKNI 0630p, npeanaraemMmble Mmogernu.
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Abstract

Introduction. This paper addresses the problem of aerodynamic stability of bridge structures, specifically the phenomenon
of buffeting. The relevance of the study is driven by regular accidents and failures of bridges, among the causes of
which are insufficient consideration of wind effects and aerodynamic instability of structures. The aim of this work is to
experimentally assess the aerodynamic stability of a two-span road bridge (with a central span length of 130 m) considering
the possible occurrence of buffeting. Methods. The research methodology includes manufacturing a physical model of the
superstructures with geometric and dynamic similarity, conducting static tests to determine aerodynamic coefficients, and
dynamic tests of the aerodynamic stability of the model. Key results. Experimental studies on section models have shown
that buffeting can occur in a superstructure located in the aerodynamic wake behind another — with the inclination of the
structure relative to the oncoming flow and the difference in the overall dimensions of the fairings playing a critical role.
Experimental modelling in wind tunnels remains the key method for assessing the possibility of aerodynamic instability
phenomena in long-span bridges. Refinement of computational models will reduce the risks of bridge structure failures

caused by wind effects.

Keywords: buffeting, experimental modelling, wind tunnels, wind effects, aerodynamic instability, bridges.

Introduction

The analysis of recent disasters is consistent
with the findings of studies (Maistrenko et al., 2017;
Maistrenko et al., 2018; Ovchinnikov et al., 2017;
Ovchinnikov et al., 2018): accidents and failures of
transport structures represent a persistent global
problem, independent of the level of economic
development of countries. Poddaeva (2022) notes
that such incidents have been recorded in the past,
continue to occur today, and are likely to persist in
the future, with their frequency potentially correlating
with the total number of transport facilities. Among
the key risk factors confirmed by both Russian
and foreign experts, insufficient consideration of
wind effects stands out. In particular, the series of
works (Maistrenko et al., 2017; Maistrenko et al.,
2018; Ovchinnikov et al., 2017; Ovchinnikov et al.,
2018), representing one of the most comprehensive
analyses of bridge structure failures, classifies the
underestimation of wind loads and aerodynamic
instability as an independent group of causes of
disasters.

The increase in spans and flexibility of modern
bridges (especially cable-stayed and suspension
bridges) enhances susceptibility to buffeting. Even
structures that are stable under static wind loads may

experience critical dynamic effects in the wake. The
resulting losses of stability of bridge structures, up
to and including failure, demonstrate that for bridge
structures, verification of aerodynamic stability is
one of the key stages in their design.

The design of bridge structures necessarily
includes a stage of ensuring their aeroelastic stability.
The regulatory framework of the Russian Federation
defines the procedure for investigating wind effects,
which is established in GOST R 59625-2022 “Public
Roads. Bridge Structures. Rules for Calculation and
Confirmation of Aeroelastic Stability”. In accordance
with clause 5.1 of the standard, the consideration of
wind effects should cover the following aspects:

— static wind effect on the structure and its
elements;

— dynamic effect, including wind gusts, squalls,
and the influence of thunderstorm fronts;

— aeroelastic interaction of the flow with the
superstructure.

Calculations for static and dynamic loads
are performed according to GOST 33390; SP
20.13330.2016; SP 35.13330.2011.

Special attention should be paid to the
phenomenon of buffeting — one of the least
studied forms of aeroelastic instability (Kazakevich,

For citations: Poddaeva, O. |. (2026). Assessment of buffeting in the wake effect on bridge aerodynamic stability based on experimental 81
modelling. Architecture and Engineering, No 3 (11), pp. 81-90. DOI: 10.23968/2500-0055-2026-11-3-81-90.
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2020) — which occurs under turbulent conditions
or in the wake behind structural elements due to
the superposition of heterogeneous aerodynamic
forces. A characteristic feature of buffeting is an
increase in oscillation amplitude (“build-up”) due to
wake impacts. The high danger of this phenomenon
is due to its insufficient theoretical development
(Kazakevich, 2020).

The requirements for ensuring aerodynamic
stability are specified in clause 12 of GOST R
59625-2022:

So
—>50. 1
H M

where S is the clear distance between structures
or individual structural elements, and H is the
characteristic dimension of the structure across
the flow, in the wake of which the structure under
consideration is located, m.

Clause 12.2 of GOST R 59625-2022 prescribes
that if condition (1) is not satisfied, the results of
model tests in wind tunnels should be followed.

Soloviev (2016) states that the influence of
buffeting can be neglected if the distance between
bridge structures exceeds 10 times the width of the
central span of the bridge. However, if two practically
identical superstructures are located in the same
plane and separated only in the longitudinal direction
by a gap of less than 1 m, the wind force on the
windward side can be calculated in the same way
as for a composite structure. In other cases, it is
necessary to investigate the mutual influence of
bridges.

Bridge aeroelasticity plays a key role in long-span
bridge buffeting response, and therefore correct
modelling of self-excited forces in turbulent flow is
crucial (Barni et al., 2022). Several studies (Diana et
al., 1993; Diana and Omarini, 2020; Chen and Kareem,
2001) have also demonstrated that the aeroelastic
behaviour of most bridge cross-sections is significantly
affected by a variation of the mean angle of attack.
Barni et al. (2022) propose a time-domain framework
based on the 2D self-excited force model, yielding a
time-variant state-space formulation of the buffeting
problem. In the research by Gao et al. (2024), the
phenomenon of buffeting in the wake is investigated
using numerical modelling. The results indicate that

the wake-induced vibration of the suspender exhibits a
lock-in phenomenon with large cross-wind amplitudes
at specific incoming wind velocities. Morais da Costa
et al. (2022) propose an improved bridge buffeting
theory with an emphasis on skew wind directions,
for both turbulence- and motion-dependent forces.
Traditional models often consider wind acting strictly
along or across the bridge. The new theory accounts
for skew angles of attack and simultaneously models
the influence of turbulence and “feedback”: when the
motion of the bridge itself changes the aerodynamic
forces acting upon it.

Thus, the primary method for assessing the
aerodynamic stability of bridge structures remains
experimental modelling in wind tunnels. Further
developmentofthe theoryand practice ofinvestigating
superstructures for buffeting phenomena willimprove
the accuracy of computational models, enhance
regulatory design requirements, and reduce the risks
of bridge failures due to insufficient consideration of
wind effects.

Methods

As the object of study for the possible occurrence
ofbuffeting, atwo-spanroad bridge witha central span
length of 130 m was selected. The cross-sectional
layout of the bridge is shown in Fig. 1. The distance
between the two spans is 1.1 m. According to Fig. 1,
the criterion for ensuring aerodynamic stability is not
satisfied; therefore, the verification of aerodynamic
stability must be carried out based on the results of
model tests in wind tunnels.

In accordance with clause 5.48 of SP
35.13330.2011 “Bridges and Pipes”, the assessment
of the aerodynamic stability of a bridge requires
modelling of the longest span section — as the
most susceptible to dynamic wind effects. The
methodology of aerodynamic experimental studies
is described in detail in reference (Poddaeva,
2022). The experiments are performed at the
Unique Scientific Facility “Large Research Gradient
Wind Tunnel” of NRU MGSU. The physical model
of the superstructures is manufactured at a scale
of 1:64.2 from sheet aluminium. The choice of
material ensures high geometric similarity accuracy,
lightness, and rigidity of the structure. The resulting
model meets the requirements of clause 15.4.2 of

Fig. 1. Typical cross-sectional layout of the bridge superstructure
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GOST R 59625-2022 regarding geometric similarity
and mass distribution relative to the full-scale
object. Similarity in Newton and Scruton numbers
is maintained. The manufactured model (Fig. 2)
corresponds to the full-scale object in the following
parameters: geometric similarity; correspondence
of mass distribution; correspondence of geometric
centres of mass; which fully satisfies the requirements
of GOST R 59625-2022. The calculated similarity
criteria values are presented in Table 1.

The designed model corresponds to the full-scale
object in the following parameters:

— geometric similarity;

— correspondence of mass distribution;

— correspondence of geometric centres of mass;

which fully satisfies the requirements of GOST R
59625-2022.

The correspondence of the section model to
the similarity laws ensures the representativeness
of the aerodynamic test results. In this case,
the actual behaviour of the superstructure is
adequately reflected by the behaviour of its model

Fig. 2. Model of the investigated object

in the wind tunnel, which allows direct extrapolation
of experimental data to the full-scale object.
Dynamic similarity of the model and its frequency
characteristics are modelled by specialised springs
of the measuring stand.

When investigating the dynamic behaviour of
the downstream superstructure, the recommended
standard values of oscillation frequencies were
adopted as reference points for verification of
experimental data:

— the frequency of the first (bending) mode
of oscillation was set at f_ . = 0.68 Hz, which
corresponds to typical parameters of similar
structures;

— the frequency of the fifth (torsional) mode of
oscillation was adopted as f_ = 3.38 Hz, reflecting
the expected response of the system to torsional
effects.

An important parameter characterising the
dissipative properties of the structure is the
logarithmic decrement of damping. At small
oscillation amplitudes, its value was 6 = 0.02, which
is typical for rigid metal structures with low internal
damping.

For a comprehensive assessment of damping
properties across the entire range of investigated
regimes, data on the logarithmic decrement of
damping are presented in Table 2. These values allow
for: assessing the change in damping depending on
the oscillation amplitude; comparing experimental
results with computational models; confirming the
correctness of the selected reference frequencies.

The scales of wind velocity, geometric dimensions,
and frequencies are determined based on the ratio
of the model and full-scale bridge dimensions — the
corresponding data are presented in Table 3. The
results of oscillation frequency measurements of the
superstructure model, performed on the measuring
stand, are shown in Figs. 3-5.

Table 1. Calculated similarity criteria values

Model Full Scale Model / Full Scale
Newton similarit Nw
Y Ny = 942 Nw = 974 mod_— (.97
Nw g
Scruton similarit Sc
Y SC,oq = 37.68 Se g1 = 38.96 ZZmod _ g 97
N

Table 2. Logarithmic decrement of damping values at different oscillation amplitudes

Oscillation Amplitude Model Damping Decrement Value
Amplitudes around 50 mm in full-scale equivalent 0.02
Near-zero amplitudes at the end of the decay process 0.018
Amplitudes around 150 mm in full-scale equivalent 0.027
Amplitudes around 300 mm in full-scale equivalent 0.04
Amplitudes around 400-500 mm in full-scale equivalent 0.06
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Table 3. Ratios for the model and full-scale object

Oscillation Mode Full-Scale Object Model Velocity Scale U*
Full-scale object and| Bending (1st mode) 0.68 Hz 9.15 Hz 477
model frequencies Torsion 3.38 Hz 16.7 Hz 12.9
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Fig. 3. Damped oscillatory process
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Fig. 4. Power spectral density for bending oscillations

The calculation of the wind velocity scale for estimates for similar structures. The layout of the

bending oscillations was performed using the force-moment sensors is shown in Fig. 6, and

classical Strouhal formula: the range of considered angles of attack of the

U= = 64,2~%: 4,77 2) oncoming wind flow is shown in Fig. 7. Preliminary

9,15 tests of the bridge model in the flow showed

Preliminary aerodynamic tests of the bridge that the obtained Strouhal number (calculated

model confirmed that the experimental Strouhal from the flow velocity and oscillation frequency)

number (calculated based on the flow velocity and corresponds to the analytical estimate for similar
oscillation frequency) corresponds to analytical structures.
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In accordance with the adopted methodology
(Poddaeva, 2022), at the first stage of the study,
static tests are conducted to determine the
aerodynamic coefficients. The obtained graphs of
the dependence of lift force (Cy), drag force (Cx),
and pitching moment (Cmz) on the angle of attack of
the flow at angles of attack (-10° to +10°) for spans
located in the wake are presented in Fig. 8.

In accordance with the methodology (Poddaeva,
2022), at the second stage of the study, dynamic tests
of the aerodynamic stability of the superstructure
model were conducted. The experimental studies

a) 03

b)

-0,40

were performed at yaw angles of 0° and 180°, which
correspond to the flow direction perpendicular to the
axis of the superstructure — the most unfavourable
from an aerodynamic point of view. During the dynamic
tests, the model was mounted on spring suspensions
in a specialised stand. The characteristics of the
suspensions and their corresponding flow velocity
scale were determined at the model design stage.
The damping level of the model was measured and
amounted to 6 = 0.02, which meets the requirements
of GOST R 59625-2022. The low damping value is
due to the rigid metal structure of the model and its

0,2

—i— CMz

......... Polynominal (Cy)

o—Cy
—8—(x
—— M7

......... Polynominal (Cy)

Fig. 8. Graphs of the dependence of lift force (Cy), drag force (Cx), and torsional moment (Cmz)
on the angle of attack of the flow at angles of attack (—10° to +10°): (a) Model A in the wake of B;
(b) Model B in the wake of A
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low dissipative properties. To measure the model
displacements, four optical sensors operating on the
principle of laser triangulation were used. This method
does not affect the free motion of the suspended
model. The wind velocity was recorded using a
Pitot tube connected to a high-sensitivity pressure
sensor. The signals from the displacement sensors
first passed through a low-pass filter and then were
digitised by a 16-bit analogue-to-digital converter at
a rate of 1,000 samples per second. Displacement
measurements were taken relative to the zero level
at a wind velocity of 0 m/s.

a) 1200
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800

600

Amplitude, mm

400

200

The stability assessment results are presented in
the form of a graph of the full-scale superstructure
displacement versus the mean wind velocity (Fig. 9).
Vertical lines on the graph indicate threshold flow
velocity values:

e design velocity — yellow line;

e critical flutter velocity — red line.

The critical flutter velocity value was calculated
in accordance with the requirements of GOST R
59625-2022. The test programme provided for
studies at yaw angles of 0° and 180° for angles of
attack a = -5°, =3°, 0°, +3°, +5°.
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Fig. 9. Dependence of the oscillation amplitude A of the superstructure on the mean wind flow velocity at various angles of
attack (bending oscillations in the first mode, yaw angle 180°): (a) Model A in the wake of B; (b) Model B in the wake of A
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Table 4. Yaw angle 0° (Bridge B in the wake of A)

Angle of Attack Phenomenon Velocity Range (m/s) Max. Amplitude (mm)
-5° Vortex-induced excitation 19.1-20.0 51
-3° Vortex-induced excitation 19.1-20.0 35
+3° Vortex-induced excitation 17.7-19.1 96
+5° Vortex-induced excitation 27.2-28.6 19
Table 5. Yaw angle 180° (Bridge A in the wake of B)
A:tgzlaec:f Phenomenon VeIoc:(Ltr‘)/lsIR;ange Max. Amplitude (mm) Special Conditions
-5° Vortex-induced excitation 15.3-20.0 51 (at 16.3 m/s) —
-3° Vortex-induced excitation 22.0-28.0 26 (at 23.7 m/s) —
0° Vortex-induced excitation 22.0-30.0 26 (at 27.9 m/s) —
+3° Bending oscillations with 33.0-42.3 777 (at 42.3 m/s) Beyond the calculated range
amplitude growth for galloping; stopped for safety
reasons
+5° Bending oscillations with 33.0-42.3 1027 (at 42.3 m/s) |Beyond the calculated range
amplitude growth for galloping; stopped for safety
reasons

Results

During the experimental studies, various regimes
of aeroelastic oscillations of bridge structures were
identified (Tables 4, 5).

Conclusion and Discussion

As already mentioned, buffeting is one of the
least studied phenomena of aerodynamic instability
in building structures. Unlike other phenomena, such
as galloping, divergence, and the similar-in-nature
vortex-induced resonance excitation, there are
currently no assessment methods for the analytical
evaluation of buffeting occurrence. The only reliable
way to assess the possibility of its occurrence is to
conduct experimental studies. The conducted studies
on section models have shown the occurrence of
oscillations for one of the superstructures when
it is located in the aerodynamic wake behind the
other (Model B, leeward). Despite the fact that the
shapes of the superstructures are almost identical,

88

their inclination relative to the oncoming flow, as
well as the difference in the overall dimensions of
the fairings, plays a significant role in the possibility
of buffeting occurrence. This is precisely why,
with the opposite orthogonal flow direction (Model
A, leeward), buffeting is not observed. Thus,
conducting experimental studies of the aerodynamic
stability of twin parallel superstructures is of
paramount importance in ensuring their reliability
and mechanical safety, as it is currently the only
way to identify the possibility of occurrence of such
a dangerous phenomenon of aerodynamic instability
as buffeting.
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OLUEHKA BJINAHUA BA®PTUHIA B CITYTHOM CIEQE
HA ASPOOUHAMMYECKYIO YCTONYMBOCTb MOCTOB
HA OCHOBE 3KCNEPUMEHTAJIbHOIO MOOEJNTIMPOBAHUA

Onbra WropesHa lNogaaesa

Y4ebHo-Hay4HO-NPOM3BOACTBEHHAs TabopaTopus a3pOaMHAMNYECKMX Y a9P0aKyCTUHECKMNX UCTIbITAHWIA
cTpouTenbHbIX KOHCTpykumn (YHIT AANCK), HaunoHanbHbIn nccnegosatensckuii MockoBCKui
rocygapCcTBEHHbIN CTpoUTenbHbIM YHUBepcuTeT, Mocksa, Poccus

*E-mail: poddaevaoi@gmail.ru

AHHOTauuA

BBegeHune. B cratbe paccmatpuBaetcs npobrnema aspoauHaMUYecKOW YCTOWYMBOCTM MOCTOBBLIX COOPYXKEHWN,
B YaCTHOCTW — siBreHne 6adTmHra. AKTyanbHOCTb MCCreoBaHNsi 06yCrnoBneHa perynsipHbIMy aBapusiMn 1 paspyLUeHUSIMN
MOCTOB, Cpeay NPUYMH KOTOPbIX — HE0YYET BETPOBLIX BO3AENCTBUIA M a3poAMHaMMYecKkasi HeyCTOMYNBOCTb KOHCTPYKLIMIA.
Llenbto paboTkl ABNSETCS 3KCNepMMEHTarnbHas oLieHKa aapoanHaMUYECKON YCTOMYMBOCTU ABYXNPONETHOMO aBTOLOPOXKHOIO
MocTa (onuHa ueHTpanbHoro nponéta — 130 M) C¢ y4€TOM BO3MOXHOIO BO3HUKHOBEHUS GadtuHra. Metogmka
uccrnenoBaHUs BKITKOYAET: N3roToBrneHne usnyeckor Moaenv nponéTHbIX CTPOeHNI ¢ cobniogeHnemM reoMeTpruyeckoro n
OnHaMuyeckoro nogobus, npoBeaeHne CTaTUYecKMX UCTIbITaHWIA A51s onpeaeneHnst aapoanHamMnu4ecknx KoadULNEHTOB,
OVHaMUYECKME UCTIbITAaHUS adpoAMHAMUYECKOW YCTONYMBOCTU Moaenu. OCHOBHbIe pe3yrnbTaTbl: OKCNepuMeHTarnbHbIe
UCCIeLoBaHNSA Ha OTCEYHbIX MOZENSAX NoKa3anu, YTo 6adTVHT MOXET BO3HMKATb Y MPONETHOMO CTPOEHWS, PacronoXeHHOro
B adpoAvHaMU4eCcKoM crnefe 3a OpYrrM, — Mpu 3TOM KPUTUYECKYIO POfb UrpatoT HakKMoOH KOHCTPYKLUU OTHOCUTENbHO
Haberatowlero noToka WM pasHuua B rabapuTHbIX pasmepax obTekatenei. JkcrnepuMeHTanbHoe MopenupoBaHue B
aspoamHamMuyecknx Tpybax ocTaéTtcs KMoYeBblM METOAOM OLEHKM BO3MOXHOCTW/ HEBO3MOXHOCTU BO3HUKHOBEHMS
SIBMEHVIA a3pOAMHAMMUYECKONW HEeyCTONYMBOCTM BonbLuenponeTHbix MOcToB. COBEpLUEHCTBOBAHNE pPacHETHbIX MoAenen
MO3BOSSAT CHU3WUTb PUCKM BO3HUKHOBEHMWS aBapuii MOCTOBBIX KOHCTPYKLMIA, 0OYCMOBMEHHbIX BETPOBLIMU BO3OENCTBUSIMU.

KniouyeBble cnoBa: Ga(bTMHI', JKCnepumeHTarnbHoe MmogennpoBsaHue, aspognHamny4eckmne pr6bl, BETPOBbIE BO3ENCTBUS,
aspoanHammnyeckas HeyCTOVI'-IVIBOCTb, MOCTbI.
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Abstract

Introduction. To ensure the safety of buildings and structures in seismically active regions, special protection measures
against destruction are applied. One of the most universal, effective, and economical methods of active vibration suppression
is the method of reactive damping. An important form of natural vibrations of buildings is torsional motion. Certain segments
of seismic accelerograms can provoke the development of such vibrations. There is a relationship between torsional and
bending modes of vibration: bending vibrations can cause torsional deformations, and vice versa. This occurs because the
centres of mass and the centres of stiffness of structural sections do not generally coincide, which leads to the occurrence
of coupled bending-torsional vibrations. The aim of this work is to investigate the response of finite element (FE) models
of high-rise buildings to seismic effects represented as harmonic functions with variable frequencies, varying the direction
of the effect and the position of the centre of mass, as well as a comprehensive study of the results of experiments on
damping torsional vibrations of high-rise buildings using a pair of reactive dampers capable of generating variable moments
counteracting torsional vibrations. Methods. To evaluate the behaviour of high-rise buildings with reactive dampers under
harmonic loads, an appropriate mathematical model was investigated. The calculations were performed using a software
package based on the finite element method (FEM), and the dynamic response of the structure was determined numerically
using the Newmark method. Results. The developed software tool allowed for frequency-vector analysis considering the
displacement of the centre of mass from the centre of stiffness, and provided data on the torsional angles of the building
at various positions of its centre of mass and variations in the parameters of the harmonic effect (frequency and direction)
considering internal friction. A comprehensive study of the results of experiments on damping torsional vibrations of high-
rise buildings using a pair of reactive dampers capable of generating variable moments counteracting torsional vibrations
was conducted. It is shown that the use of reactive dampers with optimally selected parameters reduces the amplitude
range of torsional vibrations by 50-80 %.

Keywords: high-rise buildings, seismic effect, oscillatory motion, centre of mass, torsional vibrations, reactive damper,
vibration level.

Introduction

The issue of wind and seismic protection of
high-rise buildings against destruction is extremely
relevant. Within the framework of scientific research,
an active search is underway for innovative,
economically feasible, and relatively easy-to-
implement solutions aimed at effective vibration
damping and counteraction to dynamic loads.

Thus, Jung et al. (2024) analyse the seismic
resistance of multi-storey reinforced concrete
frames infilled with precast modular blocks. As a
solution to the identified problems of traditional
seismic strengthening methods (for frames with
transverse, stone walls and precast panels), a new
concept is proposed — the use of precast modular
block walls. The study by Tan et al. (2023) is devoted
to assessing the effect of wind loads on seismically
isolated high-rise structures developed using an
integrated seismic protection design approach.

This method is based on the theory of complex
response spectrum and complex complete quadratic
combination. The study by Wang et al. (2024)
examines how various types of dampers (inerter and
negative stiffness) installed on outriggers of high-rise
buildings affect vibration damping. Special attention
is paid to considering soil-structure interaction.
The development and verification of an innovative
hybrid damper designed to combat vibrations of
high-rise buildings is presented in research by Lai
et al. (2024). This damper utilises velocity-squared
damping. It was successfully modelled numerically
and confirmed by experiments. The works (Shein
et al., 2023; Shein et al., 2025) contain numerical
confirmation of the effectiveness of a reactive
damper for reducing rectilinear seismic vibrations
of tower structures and high-rise buildings. The
results demonstrate a high level of damping, which
allows, when using a damping device with carefully

For citations: Shein, A. |, Zaitsev, M. B., Tamrazyan, A. G., Matseevich, T. A. (2026). Damping of torsional vibrations of high-rise 91
buildings under seismic effects using dampers generating reactive force couples. Architecture and Engineering, No 3 (11), pp. 91-100.

DOI: 10.23968/2500-0055-2026-11-3-91-100.
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calculated characteristics, to ensure a reduction
in the amplitude range of rectilinear mechanical
vibrations of structures by 50-80 %, thereby
confirming its practical value.

Regulatory documents require that in areas
of increased seismic activity, symmetrical in plan
(geometric and stiffness) structural solutions for
buildings and structures should be adopted.

However, even in buildings with an ideal
architectural and planning solution, the torsion
effect is observed, because the random eccentricity
between the centres of mass and stiffness causes
rotation of the floors, even with rectilinear motion of
the base (Botis and Cerbu, 2020; Hussein, 2019).
This rotation overloads the perimeter columns and
external walls. Analysis of the consequences of
earthquakes has revealed frequent destruction of
the end parts of buildings (Bondarev, 2017). The
unevenness of torsion increases the risk of building
destruction under strong dynamic effects, therefore,
there is a need to apply special protection measures
(Zhang et al., 2025; Calvi et al., 2026). The aim of
this work is to develop and evaluate an innovative
approach to damping torsional vibrations of high-
rise buildings during seismic activity using reactive
systems that generate pairs of gas jets with a high
ejection velocity. These systems create alternating
force couples at specified time intervals, which
counteract torsional deformations and torsional
vibrations of the high-rise building that occur under
non-stationary seismic loads.

Subject, Tasks and Methods

Within the framework of this study, the functioning
of reactive damper systems designed to damp
vibrations of a high-rise building under seismic loads
was investigated. The building, having a rectangular
base with dimensions of 42x18 m and a height of
150 m (corresponding to 50 storeys), has a frame-core
structural scheme with a central rigid core. Detailed
stiffness and geometric parameters of the reinforced
concrete frame elements are given in Table 1.

The detailing of the reinforcement of the structural
elements of the building is shown in Fig. 1c.

The displacements of the centre of mass (CM)
of the high-rise building along the coordinate axes
OX and OY were modelled by changing the specific
weight of the finite elements of the model located at
the perimeter.

The seismic effect was modelled by an
accelerogram in the form of a harmonic function:

f = Asin(pt), (1)
where A =5 m/s? is the amplitude of the translational
acceleration (const), p is variable frequency of the
disturbing effects.

The research work is based on the software
package “Fluctuations”, developed in the MatLab
environment. The main equation adopted in the
software package and describing the dynamics of
plate-rod systems using the finite element method
(FEM) has the form:

MU+CU+KU =P, 2)
where M, Cand K are the matrices of masses, internal
friction (damping) and stiffness corresponding to the
finite element discretisation of the system, P is the
column vector of external forces (seismic load).

This package provides a numerical solution to
the system of differential equations (2).

Formodelling the columns ofthe high-rise building,
bar finite elements with 6 degrees of freedom in each
node are used (three linear displacements along the
coordinate axes of the global coordinate system and
three angles of rotation around these axes). For
modelling floor and roof slabs, rectangular thin plate
finite elements are used, possessing 3 degrees of
freedom in the node: one linear displacement along
the normal to the element plane and two angles of
rotation around its local coordinate axes.

The calculation of the internal friction matrix C is
carried out according to the following relationship:

C=o-M+B-K, (3)

To calculate the constants a and [ of
Equation (3), it is necessary to determine the two
lowest frequencies of the natural vibration frequency
spectrum of the building under consideration. These
values were determined using a separate block of
the “Fluctuations” software, which solves the system
of equations describing the free vibrations of the
finite element model of the building under study:

‘M’lK—oazE‘ -0, (4)

where w is an element of the natural vibration
frequency spectrum.

The seismic load was specified based on the
modification of the linear translational movements of
the base of the building under consideration into the
force effect on it. The direction of the seismic load in

Table 1. Stiffness and geometric parameters of the reinforced concrete frame elements

Element Dimensions Concrete Reinforcement
Class
1. Rigid core | 6000 x 6000 mm, wall thickness t,_, = 250 mm | Heavy, B35 | Steel mesh @12 A400, spacing — 200 mm
2.Columns |700 x 700 mm — lower part of the building (1/2 | Heavy, B35 @32 A400, spacing — 100 mm (working)
of height), 500 x 500 mm — upper part
3. Slabs t =200 mm Heavy, B35 Steel mesh @10 A400, spacing — 200 mm
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Fig. 1. Design scheme of the building: (a) modelling of the design scheme in the software package; (b)
location of structural elements; (c) schemes detailing the reinforcement of various building structures

the horizontal plane OXY depended on the value of
the angle 6 with the OY axis of the general reference
system (Fig. 1a).

To reduce the amplitude of torsional vibrations,
the principle of operation of vibration dampers was
used (Shein et al., 2025): alternating-sign reactive
forces creating a reactive couple are generated by
gas jets escaping from nozzle openings under high
pressure.

In the proposed studies, the dampers were
located in two nodes of the finite element model of
the building (Fig. 1a), located at opposite ends of
the diagonal. The mutually opposite reactive forces
from the dampers, creating a reactive couple, were
directed orthogonally to this diagonal.

The dampers were activated when the controlled
angle of rotation of the roof around the vertical axis
of symmetry passing through the centre of stiffness
(CS) (Fig. 1b) reached a specified value ¢ __ . The
direction of the reactive forces of the dampers was
determined by the direction of the velocity vectors of
the nodes in which they were located, i.e., opposite
to them.

The reactive force arising from the combustion of
the fuel mixture is represented by a known function
of the form: dm

R:Ve'g. (5)

where V, is the exhaust velocity of the combustion
products, m is the rate of change of its mass.

The equation of motion of a finite element node
of the design model of the building under study,
considering the effects of the reactive force of the
damper on it, takes the form:

n n

Jj=1 Jj=1
where m, is the variable mass of the damper, the
diagonal mass matrix:

M =diag| My My ... M;+my on, ..M, |, (7)
and the column vector of external forces:

T
P=[R Py BEV(myponi—my) /(80)..B, | (8)

The optimal result of vibration damping is
determined by the following key damper parameters:

— exhaust velocity of fuel combustion products
(reactive jet) — Vgas, m/s,

— time of one cycle of its exhaust — Tgas, s,

— maximum permissible value of the angle
of rotation of the roof around the vertical axis of
symmetry of the protected mechanical system —
Q. rad.

The study investigated how the change in the
position of the centre of mass affects the torsional
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angle of the high-rise building at various directions
of seismic effect and various natural vibration
frequencies, as well as how the main damper
parameters affect the effectiveness of damping
torsional vibrations of the building under study.

Results and Discussion

1. Analysis of frequencies and modes of
vibration of the high-rise building at various
positions of its centre of mass

Using the software package, a frequency analysis
of the building was performed depending on the
displacement of the centre of mass from the centre
of stiffness. The mosaics of the first three natural
frequencies, depending on the CM displacement,
are shown in Fig. 2.

The characteristic first three natural vibration
modes are shown in Fig. 3.

The results obtained show that when the CM is
displaced, no significant changes in the values of
natural vibration frequencies occur; however, the
fundamental mode shapes become bending-torsional.

o, rad/s

2. Analysis of torsional angles of the high-
rise building at various positions of its centre of
mass and changes in the parameters (frequency
and direction) of the harmonic effect

Figs. 4—6 show graphs of the torsional angles of
the roof slab depending on the displacement of the
centre of mass from the centre of stiffness along the
coordinate axes OX (Xcw) and OY (Ycw).

3. Damping of torsional vibrations using
dampers generating reactive couples

Within the framework of this analysis, we proceed
from the assumption of the constancy of the gas
exhaust velocity from the damper nozzle:

V, = const, 9)

The change in the mass of the fuel fluid is
modelled by a decreasing function:

m =mgy(1-P1),

where f — const [c‘l].

The shape of the pulses from the reactive
dampers is assumed to be rectangular (sudden
application) (Fig. 7).

(10)

®,,rad/s o3,rad/s

o
~

Centre of mass displacement along the OX axis, m
Centre of mass displacement along the OX axis, m

o 05 1

®

~

w

'S
!

=) o

~
°
®

Centre of mass displacement along the OX axis, m
)

°

05 1 15 2 25 3

Fig. 2. Frequency mosaics

0, =1.1392, rad/s

w3 =1.7273, rad/s

Fig. 3. Vibration modes
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The efficiency of the damper system was characteristics V., T ., ¢ . are shown in the
assessed based on the analysis of the torsional following graphs (Figs. 9—11).
angles of the roof slab and the floor slab located in 4. Optimisation of the main characteristics
the middle of the building height. of reactive dampers
The results obtained at the selected values in the Using the developed software package, a tabular
first approximation: V.- = 10000 m/s, T = 0.3's, dependence of the maximum torsional angle of the
@, = 0.05 rad, are shown in Fig. 8. floor slab on the velocity V_ and time T__ of the
The maximum torsional angles of slabs in the reactive jet exhaust of the dampers was constructed.
form of functional dependences on the main damper Using the module of the developed software package
0.32
X: 1e+04
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Fig. 9. Maximum torsional angles of slabs as functions of V__functions of angle ¢

max

96



Alexander Ivanovich Shein, Mikhail Borisovich Zaitsev, Ashot Georgievich Tamrazyan, Tatiana Anatolyevna Matseevich — Pages 91-100
DAMPING OF TORSIONAL VIBRATIONS OF HIGH-RISE BUILDINGS UNDER SEISMIC EFFECTS USING DAMPERS

GENERATING REACTIVE FORCE COUPLES

0.32 T T T T T T T
I X:03 |
0.3 Y:0.2878
| |
E 0.28 1 — cover slab \ -
o o floOr slab
@ )
S 026 ]
© T
&
G 024} Vg‘as = 10000 m/s, @ _, = 0.05 rad A
s n;
0.22 .
X:03
Y:0.198
02 ] b
0.18 | \ i
0'16 1 1 1 1 1 L 1
0.1 0.15 02 0.25 03 0.35 04 0.45 0.5
Jet stream Tg_as impact time, s
Fig. 10. Maximum torsional angles of slabs as functions of T__
0.3 T T T T T T T T T
L [
0.28 X:0.056 m
Y:0.2878 pum—
0.26 | m— COVET slab il
= m— flOOr slab
©
g 024} — -
g Lr
f_c: Vgas = 10000 m/s, Tgas =03s
5 022f & ~
o X:0.05
= Y:0.198
0.2r = m
018 v il
0_16 L L L 1 1 L L 1 Il
0.01 002 003 004 005 006 007 008 0.09 0.1 0.1

Allowable torsional angle ®max, rad

Fig. 11. Maximum torsional angles of slabs as functions of angle ¢

for solving optimisation problems, the objective
function of the form was minimised (Fig. 12):

U max (VgaS,TgaS) — min.

Fig. 13 shows the local minimum of the function
of two variables found using the software tool.

The optimal damper characteristics for this
task, obtained by calculation: Vgas 17000 m/s,
T_.=0.08 s (Fig. 14).

gas

max

Conclusions

The influence of the eccentricity between the
CM and the CS on the torsional vibrations of the
floors of high-rise buildings around the centre of
mass has been investigated. A mathematical model
of a high-rise building equipped with dampers
generating reactive force couples counteracting
torsion has been developed. Numerical testing
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Fig. 13. Maximum torsional angles of the floor slab with local minimum
of the technical means, mathematical model vibrations can provide increased survivability of

and programme in the MATLAB environment for
damping torsional vibrations has been carried out.
The evaluation of the performance of the dampers,
as well as the selection, tuning and optimisation
of their parameters, was carried out based on the
results of the analysis of numerical experiments.
It is shown that reactive damping of torsional
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high-rise buildings, reducing the level of torsional
vibrations by 50-80 %.
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FALUEHUE KPYTUINbHbIX KONEBAHUA BbICOTHbIX 30AHUN
NMPU CEUCMNYECKUX BO3OEUCTBUAX C UCMNOJIb3OBAHUEM
AEMMN®EPOB, CO3AAKWNX PEAKTUBHbIE MNMAPbI CUN

Anekcangp VeaHoBuu LewnH ', Muxann Bopucosuny 3ariues’, AwoT MeoprineBnd TampassiH 2,
TatbsiHa AHaTonbeBHa MaueeBuny?

"TleH3eHCKMI roCyAapCTBEHHbIN YHUBEPCUTET apXMTEKTYpPbl U CTPOUTENBLCTBA, I. [eHsa, Poccusa
2HWMY MOoCKOBCKMIA rocyaapCTBEHHbIN CTPOUTENbHbIA YHUBEPCUTET, I. MockBa, Poccus

*E-mail: shein-ai@yandex.ru

AHHOTauuA

BBeaeHue. [1na obecneyveHnss 6€30MacHOCTU 34aHNIA U COOPYXXEHWUA B CENCMUYECKM aKTUBHBIX pankioHax NMpUMEHSIOTCS
cneumanbHble Mepbl 3aLuUThl 0T padpyLieHunii. O4HUM n3 Hanbornee yH1BepcarbHbIX, AENCTBEHHBIX U SKOHOMUYHBIX METOA0B
aKTMBHOro nogaerieHust kornebaHuin siBnsieTcs cnocob peakTMBHOro gemndpupoBaHus. BaxkHon dopmoit coGCTBEHHbIX
konebaHWin 30aHUI ABMSATCSA KpyTUNbHble ABMKeHUS. OnpedeneHHble y4acTku CEMCMUYECKMX akceneporpamm MoryT
npoBoUMpPOBaTb Pa3BUTUE Takux KonebaHui. Mexay KpyTunbHbIMU U U3rMOHbIMKM dbopMamu KonebaHui cyLecTByeT
B3aMOCBS3b: U3rMOHbIe konebGaHusi MOryT Bbi3biBaTb KpyTurbHble Aedopmauum, n HaobopoT. ATO NPOUCXOAMT M3-3a
TOrO, YTO LEHTPbl MacC M LEHTPbI XXECTKOCTU CEYEHU COOPYXKEHUI B 0OLLEeM criyyae He COBMajaloT, Y4TO NPUBOAUT K
BO3HUKHOBEHMWIO KOMOMHUPOBAHHbIX M3rMOHO-KPYTUMbHBIX konebaHuii. Llenbto aaHHOM paboThl ABNsieTCs MccnegoBaHue
peakuMn KOHEYHO-3reMeHTHbIX (KQ) mogenen BbICOTHbIX 34aHWI Ha CeNCMUYecKue BO3LAENCTBUS, NPeACcTaBlieHHbIE B
BMAE rapMOHNYECKUX DYHKLNIA C MEPEMEHHBIMI YacToTaMu Npu BapbUpOBaHUUN HanpaBneHns BO3AENCTBUS U NOMNOXEHUS
LeHTpa Macc, a TakkKe BCECTOPOHHEE K3yYeHWe pe3yrbTaToB IKCMEePMMEHTOB MO ralleHUIo KPYTUIbHbIX kornebaHuii
BbICOTHbIX 34aHWI C UCMONb30BaHNEM Napbl PeakTUBHbIX AEMMNGEPOB, CNOCOOHbIX reHepMpoBaTh NepeMeHHbIE MOMEHTbI,
NPOTMBOAENCTBYHOLLME TOPCUOHHBIM KonebaHusam. MeTtoabl. [1ns oLEHKM NOBEAEHNSI BbICOTHbIX 34aHUA C peaKTUBHbLIMU
aemndepamy nNpyv rapMOHUYECKMX Harpy3kax Obina wccnegoBaHa COOTBETCTBYyKOLLAsi MaTeMatudeckasi MOoAerb.
PacuyeTbl npoBoAMNUCh C MCNONb30BaHWEM MPOrpamMMHOrO KOMMIeKca Ha OCHOBE MeToda KOHeYHbIX anemeHToB (MKJ),
a AVHaAMWYECKUA OTKIMK KOHCTPYKLUMU ONpenensncs YvcreHHo meTtogom Hetomapka. PesynbraTtbl. PaspaboTtaHHoe
nporpaMMHOe CPEACTBO MO3BOMMIIO MPOBECTW YaCTOTHO-BEKTOPHbLIA aHanus, y4YuTbIBAlOLWMIA CMELLEHME LIeHTpa Macc
OT LEHTpa XXEeCTKOCTU, U MONy4nTb AaHHble 00 yrrax 3akpyYuMBaHWS 34aHUSI MPWU PasfMYHbIX MOMOXEHUSIX ero LeHTpa
Macc 1 Bapuauusix NapamMeTpoB rapMOHWYECKOrO BO34EWCTBUSA (4acTOTbl M HampaBreHus) C y4eTOM BHYTPEHHErO
TpeHus. [lpoBeoeHO BCECTOPOHHEE W3yYeHWe pe3ynbTaToB 3SKCMEPUMEHTOB MO ralleHWto KPyTUIbHbIX KorebaHui
BbICOTHbIX 34aHMWI C UCMONb30BaHNEM NMapbl PeakTUBHbIX AEMMNGEPOB, CMOCOOHbIX reHepMpoBaTh NepeMeHHbIE MOMEHTbI,
NPOTMBOAENCTBYHOLLME TOPCUOHHBLIM KorebaHunsm. [okaszaHo, YTO NPUMEHEHNE PEeaKTUBHbIX AeMMNMEPOB C ONTMMANbHO
nogobpaHHbIMY NapameTpamMm CHIDKAET pa3Max aMninTya KpyTurbHbIX konebaHuii Ha 50-80 %.

KnioueBble croBa: BbICOTHOE 3[aHne, CeNCMMUYECKoe BO3AENCTBME, KoriebaTensHoe ABUKEHNE, LLEHTP Macc, KpYTUIbHbIe
kone6aHus, peakTUBHbIN AeMndep, ypoBeHb KoneGaHuii.
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