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Abstract

Introduction. Anatolia has been home to numerous civilizations throughout history. Many civilizations, from antiquity to
the present day, have created various kinds of works. Among these works, mosques offer strong spatial and structural
paradigms within the complex group of buildings constructed by the Ottomans. Methods. In this research, the spatial
character of the main entrance of Mimar Sinan’s work Edirne Selimiye Mosque, which consists of colonnades that are
referred to as the narthex, will be analyzed with semiotic methods and theoretical with architectural background. The
second objective is to determine the spatial character as well as, the size (height and span), geometric typology of the
columns and material parameters and to investigate the static and dynamic responses to the earthquake factor. In this
process, two different parallel models were created for the structural analysis, in addition to the existing narthex of Selimiye,
and these three models were analyzed using the finite element method in the ANSYS Workbench environment. Results.
Based on the results obtained, the spatial, geometric and structural aspects and requirements of the building are evaluated

and structural strategies are proposed.

Keywords: spatial character; semiotic; structural analyses; mosque; narthex; pushdown; pushover analyses.

Introduction

Historical Background

The Ottoman Empire (1299-1922) produced
a diverse range of religious, civil, cultural, and military
architectural works in the region that constitutes
modern-day Turkey. Among this rich architectural
output, Ottoman mosques stand out as monumental,
complex religious structures. They emphasize
proportion, symmetry, and spatial continuity with a
dome cladding system in conjunction with a central
plan scheme, combining static balance and acoustic
features with comprehensive engineering techniques
to provide both functionality and aesthetics (Kuran,
2018; Goodwin, 2003; Freely, 2011).

Generally, an Ottoman mosque is surrounded by
an outer courtyard that separates the building from
the crowds of the city and protects it from possible fire
risks. Mosques are built according to the direction of
the qgibla, which in Turkey’s geography lies between
south and east. For this reason, the main entrance
doors of all mosques are located on the northwest
wall, ensuring that the entrance always faces Mecca.
The inner courtyard, which is accessed through
a large crown gate, is surrounded by a gallery of
columns called the “portico”. The space between the
row of columns at the entrance fagade of the inner
courtyard to the mosque and the mosque’s body

wall is known as the “final gathering place/last place
of congregation/narthex/last prayer hall, etc”’. This
narthex is a space architecturally identified with the
concept of the mosque. Historically, it has functioned
as a transitional area between the interior and exterior
of the mosque (Eyice, 1993). It was built to provide
shelter from the sun and rain for those who arrive
late for worship or who want to pray in a clean space
next to the mosque when there is no more space
inside. It also serves as a preparatory and semi-open
space, preventing direct access to the mosque and
reinforcing the communal nature of Islamic worship.

The developmental phases of the narthex
in Ottoman mosques can be traced back to
Byzantine and early Islamic architectural traditions.
Before the Ottoman Empire, under the influence
of the Great Seljuks and the Anatolian Seljuks, the
open portico system was introduced, and this feature
gradually became characteristic of Ottoman mosque
design (Necipoglu, 2005). Over time, structural
developments in building techniques, the adoption
of mathematical and geometric constructions, and
the availability of different materials transformed the
simple and linear design of the narthex into a more
complex and rich space (Katoglu, 1966; Kocaman
and Gurblz, 2023; Kuban, 2010). Researchers
of Anatolian-Turkish architectural history suggest

For citations: Bostan, E., Seker, B. ., Yilmaz, L. (2026). Spatial investigation and structural analysis of the narthex in Ottoman 3
mosques: the case of Edirne Selimiye Mosque. Architecture and Engineering, No 1 (11), pp. 3-18.
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that single-room, single-domed masjids and
small mosques with narthexes were built from the
14" century onwards. These types of mosques
essentially consist of a square floor plan, four main
walls, a main dome covering the walls, and a narthex.
So, the narthex, in particular, was incorporated into
traditional mosque architecture in the 14" century
(during the time of the principalities) (Ettinghausen,
2001; Katoglu, 1966).

Inthe classical Ottoman period, narthexdeveloped
under the influence of well-known architects such
as Architect Sinan. Sinan’s works emphasize
that narthexes are compatible with the general
composition of the mosque and feature moderate and
aesthetically balanced design elements (Necipoglu,
2007). Examples such as the Suleymaniye Mosque
in Istanbul and the Selimiye Mosque in Edirne
demonstrate that material alternatives, structural
order, and geometric sensitivity were used to develop
the specific spatial experience of the narthex. The
colonnaded courtyard, the prayer hall, and the
narthex of the Selimiye Mosque in Edirne, which is
one of the qualified buildings of the Ottoman period
and Architect Sinan, are spatially defined in Fig. 1.

The Selimiye Mosque in Edirne is one of the most
remarkable monuments by Architect Sinan It reflects
the basic principles of classical Ottoman architecture
in terms of both structure and aesthetics (Kuban,
2007). Construction of the Selimiye Mosque began
in the 16" century, in 1568, and the mosque was

portico
main dome

courtyard

narthex

. sanctuary

] minarets
|

Fig. 1. Definition of the courtyard, the narthex,
the portico and the sanctuary/harim in the axonometric
perspective of the Edirne Selimiye Mosque (Kuban,
2010; the image, taken from the given source, was
redesigned by the corresponding author)

completed and opened for worship in 1575. It was
built during the reign of Selim Il, the son of Suleiman
the Magnificent (Yasaroglu, 2021; Sénmez and
Sénmez, 1996).

The Selimiye Mosque was built in the center of the
city, on Kavak Square. After the construction of the
mosque, other buildings such as schools, madrasas,
fountains, and arastas, which can be found in classical
Ottoman mosques and complexes, were built around
the colonnaded courtyard (Rifat, 1989).

The narthexes are divided into different typologies
such as single-row porticoes, double-row porticoes,
and central domes. In classical Ottoman architecture,
porticoes are an important design element, with
examples like flat, horseshoe, and Bursa arches.
Although these models are similar in function to the
narthexes of Ottoman mosques, they differ in their
arch shapes (Necipoglu, 2005; Blair and Bloom,
1994). The narthex of the Selimiye Mosque represents
one of the most advanced examples of classical
Ottoman porticoes. It features large spans, elongated
dimensions, well-proportioned arches, and a centrally
arranged dome, distinguishing it structurally from the
other models examined in Analyze Chapter. Having
established the historical context and the significance
of the narthex in Ottoman mosque architecture, the
following section outlines the aim and methodology
employed in this research.

Aim and Methodology

The conservation of monumental religious
buildings from disasters, especially earthquakes,
is a common goal of all societies. This requires the
analysis of the spatial and structural characteristics of
these buildings and the evaluation of their behavior,
especially under dynamic loads (S6zen, 2024). The
conservation of these buildings enables not only the
enhancement of the tourism potential of countries
and their sustainability but also the transmission of
cultural heritage to future generations. With this in
mind, the scope of the study is further clarified using
the mind maps (Fig. 2).

A review of existing literature consistently
shows that non-linear analysis methods are widely
employed to evaluate the seismic behavior of
historic buildings. For instance, a study on Turkey’s
Cilehane complex in Amasya (S6zen, 2024) used
finite element analysis to reveal that the building’s
horizontal bearing capacity was only 30 % of its total
load, predicting severe damage in the event of an
earthquake. Similarly, research on a stone tower in
Italy (Scamardo et al., 2022) evaluated various finite
element modeling techniques, achieving a balance
between computational efficiency and reliable
results with a shell model. Additionally, an analysis
of a clock tower in Sungurlu, Turkey (Gékdemir and
Baki, 2024), utilizing SAP2000 software, determined
that deformation, stress, velocity, and acceleration
parameters were within safe limits. In all these
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types of research, the current condition of historical
buildings with regard to earthquakes is analyzed in
different contexts with different concepts. Together,
these studies emphasize the need for regular
maintenance and appropriate technical interventions
to preserve and strengthen historical buildings.

The research by Kocaman and Glrblz examines
the collapse mechanisms under earthquake action
in the narthexes of Cenabi Ahmet Pasa (Ankara /
Turkey), Lala Mustafa Pasa (Erzurum / Turkey), and
Serafettin (Konya / Turkey) mosques (Kocaman
and Guirbiz, 2023). Apart from this study, no
comprehensive analysis of the planning principles,
geometric typology, and structural durability
effects of the narthex of mosques was found in the
related literature. Considering all this research, it is
assumed that the idea of considering both spatial
character and structural analysis together with an
architectural perspective can lead to better results.
In light of this information, the character of the space
for the narthex, the planning principles, the size, the
typology of the columns, and the structural response
to earthquake factors can be examined in detail
with analysis using the Edirne Selimiye Mosque,
built by Architect Sinan. Thus, this study, which
focuses on the spatial and structural analysis of the
narthex sections of historical masonry mosques,
fills an important gap in the literature, demonstrates
the close relationship between architecture and
structural engineering principles, and contributes to
conservation processes.

Spatial and Structural Analysis

Columns
Archs
Vaults
Architectural
Elements

i

Spatial
Characteristics

Narthex in
Ottoman
Mosques

Spatial ~ Characteristics and  Significance
of Edirne Selimiye Mosque Narthex

The space, which has various names such as the
Last Congregation Place or Narthex, has become an
important architectural element in terms of spatial,
historical, cultural, and symbolic aspects in Ottoman
mosques (Bonner, 2016; Blair and Bloom 1994).
It serves as a transitional space between the main
sacred / sanctuary / worship space (the harim) and
the external environment (Eyice, 1993). This space
fulfills the symbolic, functional, and social needs of
Islamic worship in terms of spatial and architectural
aspects. Historically, this space reached its highest
quality during the Classic Ottoman period, evolving
in response to the multi-layered dynamics of the
interaction of culture, material, and geometry at the
intersection of religionand architecture, and continues
to evolve today. Although regional differences are
noticeable over time, structural arrangements can
be recognized that always reflect their particular
function (S6nmezer, 2002). In addition to its practical
function, the narthex also has a symbolic and
cultural significance. It represents a transitional area
between the world and the sacred. This situation
is emphasized by architectural elements such as
inscriptions, domes, and muqgarnas that adorn the
narthex and lead the faithful into the sacred interior
(harim) (Erzen, 2011; Kuban, 2010).

Architectural Planning and Principles

The narthex is usually located on the northwest
side of the mosque, directly in front of the main prayer

Thig mind map visuslizes the basic terminclogy of the spatial and structural
analysis of the narthex in Ottoman mosques. The mind map serves as a guide
to better understand the function of the narthex and its significance in terms
of architecture and engineering, ilustrated through examples such as the
Edirme Selimiye Mosque.

Socind
Intaragtan.

Structural
Features

Fig. 2. Classifications and analysis scope of the research with mind map
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area, the harim. This space consists of a series of
mostly open or semi-open vestibules supported by
arches and columns (Goodwin, 2003; Frishman
and Khan, 2002). When examining the planning
system of the narthex, it becomes clear that the
geometric order applied is related to the proportion
and modular system used in the other rooms of the
mosque. While spatial units covered with more than
one dome are generally built with a symmetrical and
modular planning system (Orbeyi, 2016), this order
can be read as a linear and rectilinear planning
system in smaller mosques (Hakim, 2008). The
spatial organization of the narthex is fundamentally
shaped by linear arrangements aligned with
the gibla direction, a central plan scheme, and
geometric principles. This design strategy aims to
guide worshipper movement and enhance their
spatial experience (Hill, 1993). Historical mosque
architecture frequently incorporates geometric and
mathematical arrangements, reflecting a blend of
engineering acumen and contemporary aesthetic
sensibilities.  Specifically, the porch systems
prevalent in Ottoman and Seljuk architecture,
including the narthex, were constructed using precise
mathematical ratios and geometric systems to ensure
static equilibrium. The geometric and mathematical
parameters (spatial order) employed in narthex
planning are crucial for achieving a monumental
form and increasing structural permanence.
Ottoman architects, particularly Architect Sinan,
emphasized the aesthetic, structural, and functional
qualities of these spaces through a focus on
proportions, symmetry, and modular design (Aksoy,
2015; Orbeyi, 2012). For instance, the meticulously
calculated geometry dictates the arch openings
and column spacing within the column rows that
define the narthex. In domed spaces, the golden
ratio and circular geometry significantly enhance
aesthetics, structural openings, and the sense of
spatial balance. Furthermore, these mathematical
and geometric principles augment the durability of
load-bearing elements (Sutton, 2007; Wichmann
and Wade, 2017). Emerging in Islamic architecture
during the 14" century, the narthex (Fig. 3) achieved
its most refined form and function in the Selimiye
Mosque, which Sinan considered his masterpiece
(Petersen, 1996; Yasaroglu, 2021).

The narthex of the Selimiye Mosque was
designed as an important part of the overall
architectural character of the mosque. It is an
assembly that gains importance with its functional,
aesthetic, symbolic, and structural features together
with the other spaces of the mosque. Surrounded
by porticoes, this group of buildings is supported by
six marble columns resting on five different arches.
The narthex is larger and longer than the porticoes
of the inner courtyard, a situation that is in structural
harmony (Fig. 4) with the main outer wall of the

6

mosque. The barrel arch in the middle (Arch 4) has
a larger opening space than the others.

On either side of the wide-open central arch are
two different pointed arches (Arch 3 and Arch 5) with
narrower and shorter openings. Next to the pointed
arches are symmetrical barrel arches (Arch 2 and
Arch 6), which are similar to the central arch (Kuban,
2017). The arches at the very beginning are arranged
to form the area where the other colonnades
converge in the mosque’s courtyard (Fig. 4).

The muqgarnas decorations on column capitals
function as both aesthetic and structural components,
embodying the abstract qualities of Islamic art
alongside harmonious rhythmic and geometric
patterns (Necipoglu, 2005). The narthex ceiling
features a dome cladding system with an exterior
plaster enriched by hand-drawn decorations that
blend vegetal and geometric motifs characteristic
of Ottoman architecture. The vestibule floor is
composed of diverse stone materials, textures, and
colors, incorporating geometric mosaic techniques
(Goodwin, 2003).

This harmonious design in the entrance area
creates a striking aesthetic order, making the spiritual
essence of Ottoman and Islamic aesthetics palpable
within the space. Furthermore, the narthex adheres
to the principles of symmetry and proportion, a
consistent aesthetic throughout the Selimiye
Mosque. The rhythmic arrangement of columned
spaces and arches defines the building’s overall
composition, particularly its entrance. This classical
horizontal and vertical order, typical of Ottoman
architecture, contributes to the space’s monumental
harmony (Kuban, 2007; Hillenbrand, 2021).

Semiotic Analyses of the Narthex Space

A semiotic approach provides a valuable
framework for analyzing the spatial characteristics
of the Selimiye Mosque’s narthex and entrance.
This perspective allows for an examination of the
space’s structural codes, symbolic meanings, and
its semantic relationship with the user, drawing
upon theories from scholars like Umberto Eco and
Charles Sanders Peirce. Semiotics views space as
a “meaning-producing system”.

Charles Sanders Peirce’s semiotic theory,
in particular, classifies signs into three categories
based on their meaning-production: Icon, Index, and
Symbol. Anicon establishes a relationship of similarity
between the signifier and the signified; for instance,
the dome of the Selimiye Mosque serves as an iconic
sign emphasizing eternity, unity, and heaven (Peirce,
1931-1958). An index indicates a concrete causal
relationship between the signifier and signified; the
minarets of the Selimiye Mosque, directly linked to
the call to prayer, function as indexical signs (Peirce,
1991). A symbol is a signifier where the connection
between signifier and signified is defined by tradition
and culture; a divine word in calligraphy, for example,
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Fig. 3. Front view of the Selimiye Mosque in Edirne and model of the mosque parts
and the narthex (TRT News, 2025; revised and remodeled by the corresponding author)

can be interpreted as a symbolic sign representing
God in Islamic culture (Eco, 1976).

This classification offers a clear methodology for
analyzing how historical spaces and architectural
elements generate meaning. Applying this method
to the Selimiye Mosque’s narthex can elucidate its
meaning-making processes. Two primary semiotic
approaches are relevant here: analyzing the space’s
meaning production through Saussurean semiotics
(signifier-signified) or Peircean semiotics (sign-
interpreter-objective meaning) (Table 1).

Structural Analyses of Edirne Selimiye Mosque
Narthex

Material

The structure discussed in this article is the portico
of the narthex of the mosque. This section comprises
3 large and 2 smaller pointed arch systems in the
lower sections, which can be seen from the front
facade. The main beams are monolithic marble
columns. Therefore, these columns were assigned
the material property stone found in the ANSYS
library and the arched portico walls in the upper

1309 cm 1350 cm

A S | P | | AP 0 | RO | R ¥

Fig. 4. Model and dimensions of the narthex of the Selimiye Mosque in Edirne (Baran,
2021; models created by the corresponding author)
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section were assigned the material property Drucker-
Prager (Drucker and Prager, 1952), also found in the
ANSYS library, taking into account the compressive
and tensile strengths. To determine the engineering
properties of masonry building materials, the average
values for the mechanical properties of the masonry
material given in the Earthquake Risk Management
Guide for Historical Buildings (TYDRYK, 2017) were
used. As a result of the static and dynamic analyses
carried out using these material properties used in the
study, inelastic permanent deformations and stresses
could be determined. The material values used in the
analyses are listed in Table 2 (TYDRYK, 2017).

Method

In the first phase, the models to be investigated
were defined. Within the framework of the article,
arcade models were to be created for the meeting
place, consisting of arches with three different
geometries, and their comparative analyses were to

be carried out. The arcade model of Selimiye Mosque
was selected as the main model and the other two
models were created with the same opening, height
and width but depending on different arch typologies.
The model for the meeting room, which we refer to
as Model 1, consists of five equal openings, all of
which are round arch arcades. Model 2 consists
of five equally sized openings with a pointed arch
in the middle and round arch arcades on the sides.
In Model 3, the final meeting place of the Selimiye
Mosque was recreated (Fig. 1). By comparing the
three different models, conclusions were to be drawn
about the differences in the structural behavior of the
model of the narthex used by Architect Sinan in the
Selimiye Mosque.

For the structural analysis, three distinct models
were systematically developed: two representing
alternative narthex configurations and one accurately
replicating the actual narthex of the Edirne Selimiye

Table 1. Analysis of the narthex space with architectural data and semiotic methods

Architectural

Indicator Type

and Decorations

Elements (Icon/Index/Symbol) Indicator Meaning/Interpretation

Cloister/ Symbol & Icon Transition Area A transitional area between the secular and the sacred

Courtyard (Threshold) space, a preparatory area before worship.

Domes and Index & Symbol Divine power It can be associated with heaven and symbolizes

Columns and unity centrality and eternity. It can refer to the representation
of divine qualities, the connection to heaven, centrality
and order. It also emphasizes the monumentality of the
building, its continuity and the sense of unity that brings
the community together.

Muqgarnas Icon & Symbol Monumentality It can be interpreted as an architectural visualisation

of architectural order, eternity, aesthetics and divine
knowledge.

Door and Arch Symbol Opening / It stands for transition and continuity and is part
Opening Door / of the rhythmic and symmetrical repetition in Ottoman
Spaces Transition and Islamic architecture.
Symbolism
Traditional Symbol Quotations from | It emphasizes holiness by conveying divine messages.
Calligraphy / the holy book
Hand-drawn quran
Ornaments
Main prayer Index Entrance area The process of preparing the congregation for worship,
areas to the main the organization of the functional areas of the mosque,
place of worship | the social area that allows the congregation to come
under the portico | together, the sense of community and togetherness.
Lighting and Index & Icon Orientation, The flow of movement and physical experience,
Shading Spiritual Feelings | the purpose of the worship area, the sense of depth,
and Visual the separation of the original space and the interior
Hierarchy and exterior spaces, the emphasis on symmetry,

proportion and monumentality are palpable.

Table 2. Material Properties used in the structure

Structure Part Compressive Tensile Strength Unit weight Poisson ratio Elasticity
Strength (MPa) (MPa) (kg/m3) Modulus (MPa)

Main Bearing 34 3,4 2500 0,23 34000

Columns

Upper part 1,75 0,175 2100 0,2 1750

with Arches
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Mosque as implemented by Architect Sinan. After
detailed examination of these three models, their
results were collectively evaluated, focusing on
stress distribution and identifying critical areas
where stresses were observed. Equal analytical
procedures were applied to all models to ensure
a consistent comparative assessment.

The final models of the meeting room with
3 different geometries were created in a 3D
computer environment. The most important parts of
the model are the supporting columns, the column
capitals, the upper row of arches, and the walls
of the portico. These three-dimensional models,
created in the ANSYS Workbench environment,
were discretized into solid elements using the
finite element method. A mesh size of 150 mm
was used for this solid mesh, enabling the desired
analyses to be carried out on the models. As part
of the analyses, the columns, which are the main

beams of the models, were assumed to have fixed
(encastre) support conditions at their base, firmly
connecting them to the ground at the support points.
Horizontal and vertical loads were applied to the
models after assigning material properties to the
respective model parts. The material model used for
these analyses was as described in the “Material”
section of this article. In this way, an attempt was
made to determine the horizontal and vertical load-
bearing capacities of the relevant models within the
framework of the relevant regulations (TYDRYK,
2017). The finite element models of the relevant
structures are shown in Fig. 5.

Results

Analyses

The three-dimensional finite element models
created in a computer environment were subjected
to static and dynamic analysis. In this way, an
attempt was made to determine the reactions and

Model I: Finite element model of the round-arched narthex

Model Il: Finite element model of the narthex with a pointed arch in the middle

Model lll: Exist finite element model of the narthex of the Selimiye Mosque

Fig. 5. Three types of finite element models of the narthexes
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capacities of the models in question to different types
of loads.

Pushdown Analyses

In this section, the models were subjected to
compressive stresses in the vertical direction from
their upper edge and the analyses were carried out
by increasing the applied load values. As a result
of the analyses, stress, displacement and plastic
deformation values were determined and the results
are shown in the figures as a colour scale for each
model.

Pushdown Analyses for Model |

Increasing compressive stresses were applied
vertically to Model I, which consists of round arch
portals with 5 identical openings; the direction of
loading is shown in Fig. 6.

The displacementvalues (mm)and the distribution
in the horizontal direction (X-axis) resulting from the
compressive stresses applied vertically to Model
| are shown in Fig. 7. The maximum displacement
values in Model |, which consists of circular arch
portals with 5 equal openings, reached a maximum
value of 3.74 mm at the column heads, which are
the support points at the stirrup points of the arches
at both ends. It can be seen that the displacements

Fig. 6. Loading direction for Model |

F: statik tam dairesel

irectional Defarmation 2
Type: Directional Deformation (X Axis)
Unit: mm

Global Coardinate Syster
Tirne: 1
18012025 12:53
2,8819 1,2248 043228 -2,0834 -3.7465 Min
3,7105 Max 2,054 0,39627 -1,2608 -2,9179

Fig. 7. Horizontal Directional Deformation of Model |
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in the other arches have lower values in the middle
openings.

The vertical (Z-axis) displacement values (mm)
and the distribution resulting from the compressive
stresses applied vertically to Model | are shown in
Fig. 8. The maximum vertical displacement values
reached a maximum value of 3.56 mm around
the keystone at the centres of the arches at both
ends. In the other arches in the middle spans, the
displacements were 2.74 mm and 1.92 mm in the
keystone of the arch in the middle. In the columns
supporting the porticoes, the minimum value of the
displacement was 0.11 mm.

The distribution of plastic deformations occurring
after the vertical loading of Model | is shown in
Fig. 9. It can be observed that the maximum plastic
deformations occur at the centres of the initial and
final arches (0.00069) and are distributed over a
larger area over time. Itis predicted that deformations
are observed at the key points and column heads of
these arches when the load applied in the vertical
direction is increased.

F: statik tam dairesel
Directional Defarmati
o

Glabal Coordinate Systerm
Time: 1

18.01.2025 12:54.

-0,20088 -1,1082 1,005 3,717 -3,56 Min
0,11776 Max __ -0,69952 -15168 -2,3341 -3,1514
I

Fig. 8. Vertical Directional Deformation of Model |

F: statik tam dairesel

Equivalent Plastic Strain

Type: Equivalent Plastic Strain

Unit: mem/rm

Time: 1

18.01.2025 12:53
0,000¢

00061677 0,00046258 0,00030838 0,00015418 0 Min
0,00069387 Max 0,00053967 0,00038548 0,00023129 7,7096e-5
I

Fig. 9. Plastic Strains distribution of Model |
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F: statik tam dairesel
Equivalent Stress
Type: Equivalent fvon-Mises) Stress
Unit; bPa
Tirne: 1
18.01.2025 13:55

3,0865 Max
3,5438

31011

2,6584

2157

1,731

1,3204

0,85769

044501
0,0023296 Min

Fig. 10. Equivalent (von-Mises) Stress of Model |

When looking at the comparative stress
distribution in Fig. 10, it can be seen that the stresses
increase downwards as a result of the vertical
loading of Model |. The stresses are particularly
concentrated in the columns and reach a maximum
value of 3.98 MPa at the bottom of the first and last
column. The stresses in the second and fifth columns
reach a value of 3.10 MPa and in the middle column
avalue of 2.21 MPa. The minimum stress in the walls
of the column hall above the arches is 0.002 MPa.

Pushdown Analyses for Model Il

In Model I, which has five identical openings,
a pointed arch in the middle and round arch portals
on the sides, compressive stresses were applied by
raising them in the vertical direction; the direction of
loading is shown in Fig. 11.

The displacementvalues (mm)and the distribution
in the horizontal direction (X-axis) resulting from the
compressive stresses applied vertically to Model 2
are shown in Fig. 12. The maximum displacement
values in Model Il reached a maximum of 3.73 mm
at the column heads, which are the support points of
the arches at both ends. Displacements of 2.08 mm
were recorded at the stirrup points of the arches at
the start and end. For the other arches in the middle
spans, the displacements are smaller (1.22 mm).

The vertical (Z-axis) displacement values (mm)
and the distribution resulting from the compressive
stresses applied vertically to Model Il are shown

Fig. 11. Loading direction for Model Il

in Fig. 13. The maximum vertical displacement
values reached a maximum value of 3.70 mm
around the centre of the first and last round arch
and the keystone of the pointed arch in the middle.
It can be seen that the displacements at the centres
of the second and fourth round arches are smaller
(2.85 mm). The displacements at the column heads,
which are the support points of the arches with the
columns, are 0.73 mm. For the columns supporting
the porticoes, the minimum value of the displacement
is 0.11 mm.

The distribution of plastic deformations occurring
after the vertical loading of Model Il is shown

ormation (< Axis)
aordinate Systerm
Time: 1
18.01.202512:30
2,6738 1,2208 -a4m7 -2,0861 -3,7303 Min
3,7004Max 20471 039385 1,252 3,9127

Fig. 12. Horizontal Directional Deformation of Model ||

-28561 -3,7059 Min
3

Fig. 13. Vertical Directional Deformation of Model Il
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Unit
Tirme: 1
18.01.2025 12:45
0,00070247 0,00052685 0,00035124 0,00017562 0 Min
0,00079028 Max 0,00061366 0,00043904 0,00026343 5,7800e-5
I I [

Fig. 14. Plastic Strains distribution of Model Il

in Fig. 14. It can be observed that the maximum
plastic deformations occur at the centres of the initial
and final arches (0.00079). It is predicted that the
plastic deformations propagate over time and reach
smaller values (0.00043) at the column heads, which
are the support points of the arches.

Looking at the comparative stress distribution
shown in Fig. 15, it can be seen that the stresses
increase downwards as a result of the vertical loading
of Model Il. The stresses are mainly concentrated at
the lower ends of the columns and reach a maximum
value of 3.96 MPa at the lower ends of the columns
at the beginning and at the end. The stresses in the
middle columns reach a value of 2.64 MPa. The
stresses in the portico walls above the arches are at
a minimum value of 0.001 MPa.

Pushdown Analyses for Model Ill (Edirne Selimiye
Mosque Narthex)

The vertical compressive stresses were increased
and applied to Model lll, the porch of the Selimiye
Mosque, and the direction of loading is shown in
Fig. 16.

The horizontal displacement values (mm) and the
distribution resulting from the compressive stresses
applied vertically to Model lll are shownin Fig. 17. The
maximum displacement values in Model Il reached
a maximum value of 49.22 mm at the column heads,
which are the support points of the arches at both

C: statik sivri kemer
Equivalent Stress
Type: Equivalent (van-Mises) Stress
Unit: MPa
Time: 1
16.01,2005 13:52

3,9678 Max
35271

3,0884

2,6457

2,205

1,7643

1,3236

08820

0442
00015085 Min

ends. Displacements of 37.38 mm were recorded at
the stirrup points of the arches at the start and end.
It can be seen that the displacements in the small
arches in the 2" and 4™ openings and in the middle
arch are smaller (4.90 mm).

Although the horizontal displacement values
seem to be larger in this model than in the other two
models, Architect Sinan added another arch at the
beginning and end of the colonnades to prevent this
large displacement at the narthex of the Selimiye
Mosque and connected the structure to the main
mass in the other direction.

The vertical (z-axis) displacement values (mm)
and the distribution resulting from the compressive
stresses applied vertically to Model Ill are shown
in Fig. 18. The maximum vertical displacement
values reached a maximum value of 36.44 mm at
the centres of the round arches at the beginning
and end. It can be seen that the displacements at
the central point of the round arch in the middle are
smaller (6.07 mm). The vertical displacement value
in the columns supporting the arcades is 2.59 mm.
At the centres of the small pointed arches in the 2™
and 4" openings, the displacements decrease even
more and reach a minimum value of 1.74 mm.

The distribution of the plastic deformations
occurring after the vertical loading of Model Il is
illustrated in Fig. 19. The highest plastic strains
are observed at the midpoints of the outermost
arches, reaching up to 0.0148. Additionally,
plastic deformations of approximately 0.0098
are concentrated around the upper segments of
the arch barrels. These deformations gradually
propagate over time and reduce to lower
maghnitudes, reaching about 0.00659 at the column
capitals, which serve as the primary support points
for the arch system.

Looking at the comparative stress distribution
shown in Fig. 20, it can be seen that the stresses
increase downwards as a result of the vertical
loading of Model Ill. The stresses are particularly
concentrated at the lower ends of the head and
tail columns and reach a maximum value of
29.928 MPa. The stresses in the middle columns
reach a value of 13.31 MPa. The stresses in the

Fig. 15. Equivalent (von-Mises) Stress of Model Il
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Fig. 16. Loading direction for Model Ill (Edirne Selimiye Narthex)

E: statik selimiye
Directional Deformation 2
Type: Directional Deformation (X dxis)
Unit: mm
Global Coordinate Systern
Time: 1
18.01,2025 13:00
37,381 15,73 -5,9196 27,57 -49,22 Min
48206 Max 26,556 4,0054 165 -38,305

Fig. 17. Horizontal Directional Deformation of Model 3 (Edirne
Selimiye Narthex)

portico walls above the arches are at a minimum
value of 0.0203 MPa.

Comparison of Pushdown Analysis Results

The pushdown analysis results reveal
significant  differences in the  structural
performance of the three narthex models under
increasing vertical loads (Table 3). Models | and
I, which incorporate simple and repetitive arch
configurations (either five round arches or a central
pointed arch flanked by round arches), exhibited

E: statik selimipe
Equivalent Stress

Type: Equivalent (von-hises) Stress
Unit; MPa

Time: 1

18.01.2025 13:58
29,928 Max
26,605
23,280
19850
16636
13313
9,0807
6,6666
3,3435
0,020392 Min

E: statik selimiye
Directional Deformation
Type: Directional Deformation(Z Axis)
Unit: men
Global Coordinate Systerm
Time: 1
18,01.2025 1302
1,7400 10417 19,008 27,769 -36,445 Min
2,5972Max__ 6,079 -14,755 -23,431 -33,107

Fig. 18. Vertical Directional Deformation of Model Il (Edirne
Selimiye Narthex)

E: statik selimiye
Equivalent Plastic Strain
Type: Equivalent Plastic Strain
Unit: mm/#mm
Time: 1
18.01.2025 13:03
0013187 0,0098906 0,0065937 0,0032969 0 Min
0,014836 Max 0,011539 0,0082422 0,0043453 0,0016454

Fig. 19. Plastic Strains distribution of Model Il (Edirne Selimiye
Narthex)

comparable horizontal and vertical deformations,
inelastic strains, and stress concentrations, with
maximum horizontal displacements remaining
under 4 mm and von Mises stresses below
4 MPa. In contrast, Model lll, representing the
actual Selimiye Mosque narthex designed by
Architect Sinan, demonstrated markedly higher
values in all measured parameters. The maximum

Fig. 20. Equivalent (von-Mises) Stress of Model Il (Edirne Selimiye Narthex)



Architecture and Engineering

Volume 11 Issue 1 (2026)

Table 3. Comparison of Pushdown Analysis Results for Three Narthex Models

Models Horizontal I_Jirectional Vertical D!rectional Plast_ic Equivalent (von-Mises)
Deformation (mm) Deformation (mm) Strain Stress (MPa)
Model 1 3.74 3.56 0.00069 3.98
Model 2 3.73 3.70 0.00079 3.96
Model 3 49.22 36.44 0.0148 29.93

horizontal and vertical displacements reached
49.22 mm and 36.44 mm respectively, while the
plastic strain and stress values peaked at 0.0148
and 29.93 MPa.

Although Model 3 exhibits higher stress and
deformation values compared to the other models,
it is observed that these stresses are primarily
concentrated at the support points of the first
and last columns. Despite the relatively high
deformation values recorded in the analysis, the
actual structure’s revak arches are connected to
the massive exterior walls along the X-axis through
additional arches, which prevents the occurrence of
lateral displacements at the magnitudes predicted
by the simulation. This suggests that, in reality, the
structure behaves in a more balanced and rigid
manner than the analysis model indicates.

These elevated analysis values are directly
associated with the more complex geometric
configuration and broader spatial span of the
Selimiye Mosque’s narthex. Nevertheless, Architect
Sinan’s original design includes a series of structural
precautions that go beyond mere aesthetic
considerations. These include the addition of
extra arches, the integration of the portico system
with the surrounding solid walls, the application
of confinement (ringing) at column capitals and
support points, and the establishment of structural
continuity with the main mosque body. Such
structural arrangements are believed to facilitate a
more balanced distribution of stress and significantly
enhance the seismic resilience of the structure.

Pushover Analyses

Pushover analysis is a type of static analysis
that examines how far a building can penetrate into
the inelastic range before it collapses completely
or partially. First, a small horizontal force is applied
and the deformations are calculated. A diagram is
then drawn up showing the extent of the deformation
with gradually increasing forces. This diagram can
be used to determine the maximum load that the
building can withstand. The collapse mechanism can
be investigated using this diagram. At each step of
the process, the inelastic shape and displacements
in the load-bearing elements and the approximate
limits of the collapse mechanism can be checked
against the drift ratio limits (TYDRYK, 2017). Based
on the results of the non-linear analysis, the ratio
of the maximum horizontal displacement (A) to
the relevant wall height (H) (A/H) is calculated as
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a percentage and compared with the drift ratio limits
in (TYDRYK, 2017).

The distributions of the horizontal deformations in
the models due to the horizontal load in the pushover
analysis before and after are shown in Fig. 21.

The diagram in Fig. 22 shows the horizontal
displacements resulting from the gradually increasing
forces acting on the models in the pushover analyses.
When the horizontal loads on Model 1 were gradually
increased and a force of 44.55 tons was applied, the
A value reached 165.04 mm. When the horizontal
loads were gradually increased on Model 2 and
44 .55 tons of force was applied, the A-value reached
183.46 mm. While the horizontal displacements of
Model 1 and Model 2 are approximately the same,
the horizontal load of Model 3 increased to 65.34 tons
when the same displacement values were reached.
It can be concluded that the load capacity of Model 3
is greater than that of the other models.

Conclusions

This article analyzes the spatial and structural
qualities of the narthex, one of the most
important spatial elements of classical Ottoman
architecture, with particular reference to the
Edirne Selimiye Mosque by Architect Sinan. The
geometric and symmetrical planning principles,
structural balance, and aesthetic design approach
of historical Ottoman mosques are discussed
at the intersection of architecture, engineering,
mathematics, and art.

The research results show that Architect Sinan,
one of the leading Ottoman architects, used
mathematical proportions and modular systems in
his works to ensure an optimal static and dynamic
balance of space. The arch openings, colonnades,
and load-bearing elements used in the vestibules
were designed according to specific engineering
and architectural principles, not only for aesthetic
purposes but also in terms of earthquake resistance,
spatial continuity, and functionality in worship.
The symmetry, the golden ratio, and the central
arrangement — particularly evident in the Selimiye
Mosque — demonstrate that this space is not merely
an entrance area in classical Ottoman architecture
but also a significant transitional / boundary space
that defines spatial hierarchy and functional
distinctions. The semiotic analyses carried out as part
of the study indicate that the narthex of the Selimiye
Mosque is not only a physical architectural element
but also a ritual and symbolic space. The spatial
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Fig. 21. Models before and after deformations resulting from horizontal loading
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Fig. 22. Force-displacement curves obtained from pushover analyses

organization provides a system that guides the
movement of worshippers (user experience) and
enriches the spatial experience. It also shows that
mugarnas, arch openings, calligraphy, and the use
of light are significant not only architecturally but
also theologically and sociologically. Also this study
primarily aimed to provide a qualitative examination
of the structural behavior of the narthex, investigating
why this structural system functions as it does, and
to highlight the distinguishing features of the Edirne
Selimiye Mosque’s design.

The architectural studies also demonstrate
that the seismic safety and structural durability
of an important Ottoman building such as the
Edirne Selimiye Mosque are critical aspects to be
considered in conservation and restoration efforts.
Computer-aided structural analysis, widely used
in the literature, offers essential and advanced
methods for evaluating the seismic behavior
of such structures. In the future, advanced
digital simulation techniques, 3D modeling, and
structural analysis methods should be utilized
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more effectively for the conservation of similar
historical mosques.

The analyses of the three different narthex
models yielded the following structural findings:

* Model 3 (narthex of the Selimiye Mosque)
shows the highest values in terms of horizontal
displacements and stresses.

* Although the highest values occur in Model 3,
Architect Sinan added an additional arch at the
beginning and end of the arcades and connected
them to the arcades and the main mass in the
other direction using buttresses to eliminate this
weakness.

* Fig. 18 shows that the load-bearing capacity
of Model 3 is greater than that of the other models
when reaching the same displacement values.

* When the differences between these three
models are evaluated, itbecomes clearthatthe values
of the round arch with equal spans and the model
with a pointed arch in the middle are approximately
the same, indicating that arch geometry has minimal
effect on load-bearing capacity; however, Model 3,
designed by Architect Sinan, significantly increases
the load-bearing capacity.

» Fig. 18 also indicates that Model 3 has a higher
energy absorption capacity due to its larger surface
area.

e The pushover analyses were performed in
the longitudinal direction of the models; the other
direction, where the narthex is structurally weaker,
was not evaluated. The structure was connected to
the main mass in that other direction.

When examining the models in terms of stress
distribution, it is observed that the stresses in the
arcade systems of Models 1 and 2 are distributed
along the main axes of all columns. These stresses
are particularly concentrated at the column bases
and capitals. It is known that these sections were
architecturally built wider than the column diameter
and that iron rods were cast in lead at these joint
areas, connecting the columns at the support points
to the upper arch sections and the stone foundation
at ground level. The obtained analysis results
demonstrate the importance and necessity of this
application. This knowledge and the experience
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accumulated throughout history were likely passed
down to subsequent generations.

To counteract the effects of stress and
deformation, it was concluded that the cross-
sections at the column capitals and support points
should be enlarged. The column bases not only
meet technical requirements but also satisfy
aesthetic considerations and provide architectural
unity. Additionally, it was noted that tension rods
were inserted between the two colonnades to
balance supports and stresses, which is expected to
enhance the structure’s durability.

When examining the stress results in the model
of the Selimiye Mosque’s portico, it is found that
significant stresses are only distributed along the
main axes of the first and last columns. No noticeable
stress values are observed in the middle column bays.
These tensile stresses, which could pose a threat to
masonry structures, are confined to a limited area
and thus reduced to two columns. The fact that
these columns are connected to the solid sidewalls
through porticoes perpendicular and parallel to their
axes seems to have mitigated the negative effects on
these columns. This affirms that Sinan demonstrated
his engineering mastery not only within the main
mosque but also in the design of the narthex.

In this context, it is stated that the Edirne Selimiye
Mosque and its architecture are not only aesthetic
and cultural heritage but also represent an advanced
structural and engineering system. The narthex of the
Selimiye Mosque stands as a prominent architectural
example that reflects the close relationship between
geometry, engineering, and religious practice in
classical Ottoman architecture. This study, therefore,
contributes to the protection and sustainability of
cultural heritage by offering a novel, interdisciplinary
perspective on the spatial and structural analysis of
Ottoman mosques.

It is anticipated that future studies may deepen the
structural analyses of Ottoman mosques through more
refined digital modeling and artificial intelligence-based
engineering approaches. In this way, it will be possible
to preserve this architectural heritage, protect it from
high-risk natural disasters such as earthquakes, and
develop sustainable conservation strategies.
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AHHoOTauus

BBepeHune. AHaTonusa Ha NPOTSHKEHUM UCTOPUM Bbifla POANHONM MHOMOYMCIIEHHBIX LuBUAM3auui. MHorme umsmnusaumm,
OT @HTMYHOCTU A0 HaLLUX AHEN, CO34anu pasfnmyHble BuAbl CoopyxeHui. Cpeam aTuxX COOpYXeHUIn MedYeTn NpeacTaBnsiioT
cobol cunbHble NPOCTPAHCTBEHHbIE W CTPYKTYPHble NapagurMbl B pamKax CrOXHOW rpynnbl 34aHWA, MOCTPOEHHbIX
ocmaHamu. MeToabl. B gaHHOM nccnefoBaHuy NpoCTPaHCTBEHHbIV XapakTep rMaBHOMo BXxoAa B MeveTb OaupHe Cenvimue,
nocTpoeHHyto Mumapom CuHaHOM, KOTOPbIN COCTOUT M3 KOMOHHaA, Ha3blBaeMblX HapTEKCOM, OyaeT NpoaHanuanpoBaH ¢
MOMOLLbI0 CEMMOTUYECKUX Y TEOPETNHECKNX METOAOB C YH4ETOM apXUTEKTYPHOrO KOHTEKCTa. Bropasi 3agaya — onpegenuTb
MPOCTPAHCTBEHHbIE XapaKTEPUCTUKKN, a TakkKe pasmepbl (BbICOTY W MPOMET), reOMETPUYECKY0 TUMOMOTMUIO KOMOHH Y
CBOWCTBa MaTepuarnos, a Takke MCCrnefoBaTb CTaTu4eckne U AMHaMU4Yeckne peakumm Ha ceiCMUYeckoe BO3LenCTBYME.
B atom npouecce 6binn cosgaHbl ABe pasnuyHbie napanienbHble MOAEnn Ans CTPYKTYPHOro aHanusa, B AOMNOMHeHue
K cyLllecTBylowemy Haptekcy Cenumue, n 9TM Tpu Mopenu Obinv MpoaHanuanpoBaHbl C MCMONb30BaHWEM MeToda
KOHeuYHbIX anemeHToB B cpeae ANSYS Workbench. Pe3synbTathl. Ha ocHOBe nomyyeHHbIX pesynsraToB OLEHUBAKTCH
MPOCTPaHCTBEHHbIE, FEOMETPUYECKNe M CTPYKTYpHble acnekTbl M TpeboBaHWs K 34aHuio, a Takke npeanaralotcs
KOHCTPYKTVBHbIE PELUEHNS.

KnioyeBble cnoBa: MNpPOCTPAHCTBEHHbIE XapakKTEPUCTUKN; CEMUOTUKA; CprKTyprlI;I aHanua; Me4eTb; HapPTEKC;
npoaasnnBaHue; aHanua Ha npenenbHyo NPOYHOCTb.
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Abstract

Introduction. Thus far, no study has systematically developed criteria for assessing the heritage value of social housing
as a built legacy, despite their significant role in shaping urban and architectural identity. The purpose of this study aims
to identify and evaluate the architectural significance of such estates, with the goal of informing strategies for their potential
preservation and contributing to broader reflections on heritage production. In this context, a comparative assessment
was carried out on four large housing estates in the city of Oran, selected based on key factors including the architect’s
reputation, the diversity of urban forms, and the mixed designation of housing for both Muslim and European communities,
which reflects the complex social and historical fabric of the city. The research adopts a Mixed Methods Research
(MMR) approach, integrating qualitative and quantitative data to provide a comprehensive assessment. The qualitative
component relied on semi-structured interviews, allowing for the identification of new evaluation criteria grounded in expert
and local knowledge. The quantitative component involved 200 questionnaires distributed to two groups’ inhabitants and
professionals whose responses were systematically analyzed using ATLAS.ti software to reveal patterns and perceptions
regarding heritage value. Findings from this comparative study indicate that heritage values vary across cases depending
on the relevance of specific criteria, highlighting the importance of selecting contextually meaningful indicators. These
criteria not only influence the evaluation of each estate but also inform heritage conservation strategies tailored to local
urban and social contexts. Ultimately, the study provides essential reference points for the recognition, appreciation, and
preservation of Algerian domestic architecture from the second half of the twentieth century, offering insights that may
guide similar assessments in other urban contexts.

Keywords: social housing; heritage values; assessment criteria; stakeholders; modern architecture; Oran (Algeria).

Introduction

This study examines the spatial and social
formation of urban structures built in the suburban
areas surrounding Oran, which served as zones of
urban expansion. Many of these neighborhoods,
initially located on the outskirts of the historic center,
began to develop significantly in the 1950s, a period
characterized by their construction as symbols of
modernity and reflections of evolving “ways of living
and housing,” designed to address a persistent
housing shortage (Trainer, 2018; Granath Hansson
and Lundgren, 2019). Over time, due to the city’s
continuous eastward expansion, these estates are
now located closer to the urban core.

In the context of heritage recognition and
valorization, the large housing estates of the 1950s
often regarded as modern colonial architectural
heritage have frequently been stigmatized,
marginalized, and largely overlooked in official

heritage policies. Nevertheless, attempts to reveal
their aesthetic and historical value through
rehabilitation, preservation, exhibitions, and public
events have been proposed, though these remain
limited due to insufficient awareness of this “shared
heritage” (Legget, 2018). These estates embody
the transition from substandard living conditions to
innovative housing solutions and serve as withesses
to a continuous architectural history, linking the
arrival of the French in Oranin 1831 to their departure
in 1962.

Regarding the original position occupied
by recognized architects in the field of social
housing, some large housing estates illustrate the
commitment to a singular architecture “traditional
with a modern allure” that marries the requirements
of the Algerian context with the signature and culture
of master builders integrated into a rich and rational
design process. This has given rise to different “ideal

For citations: Kefif, F., Bendjima, Z. (2026). From social housing to heritage: assessing the architectural quality and heritage values 19
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types” of large housing estates marked by their
complexities. They can be described as heritage if
the various actors in the field identify their values,
or they may be rejected based on perceived lack
of quality. This categorization of major complexes
recalls Paul Valéry’s statement that “some are mute,
others speak, and others, who are the rarest, sing”
(Amougou, 2006).

The core of this research lies in proposing
a novel approach to heritage evaluation. We
introduce a model evaluation grid that moves beyond
conventional criteria by emphasizing distinctive
indicators for determining the heritage status of
this modern architectural legacy, acknowledging
the diversity of elements necessary to identify and
assess value. To guide this investigation, three
key questions are posed: What relevant criteria
should inform the heritage status of large housing
estates? What elements constitute heritage within
these estates? Are there examples in Oran that
merit heritage protection? In addressing these
questions, we hypothesize that heritage value is
assessed according to criteria that form a dynamic
and evolving model, continuously shaped by societal
perceptions and contextual factors, which vary
across different regions. The reconsideration of
social housing as heritage reflects this shifting logic
of heritage recognition (Hadbi, 2020); however, its
validation requires rigorous scientific methods. This
approach constitutes the primary objective of the
present study.

To verify the hypothesis, a combination of
investigative techniques was employed, beginning
with an ethno-architectural analysis approach. This
was reinforced by surveys conducted by the author,
including semi-structured interviews with various
actors involved in the heritage process and the
inhabitants of the large housing estates, followed by
questionnaires for the attribution of scores. The paper
begins with a review of the scientific production on
the notion of “heritage values” and its development
over time. Furthermore, this paper explores a
criteriology for each heritage value by elaborating
an “evaluation grid” as a driving force to measure
the heritage interest score for each large complex in
Oran, allowing a passage from restrictive to modern
thinking. We then proceed to compare their heritage
profiles. In conclusion, the study answers the
questions raised and indicates the open challenges
offered by the importance of the patrimonialization of
large modern Algerian housing estates.

Literature Review: Dynamic Values of Modern
Heritage

The broadening of the notion of heritage has led
to a proliferation and wealth of scientific literature on
the term “value”. Identifying what makes heritage
begins with the recognition of values — properties that
distinguish a heritage object (Davallon, 2006). This
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has become the most favored approach to heritage
conservation, whether at national or international
level through UNESCO (Poulios, 2014), while others
consider it a mobile concept, a passage from fact
to right, from desired to desirable (Laurent, 2003),
a term most often used in discourses formulated in
three dimensions: economic, aesthetic, and ethical
(Bos et al., 2023). According to A. Versloot, each
value is determined by the degree to which an object
meets certain “criteria,” which has always been the
raison d’étre of heritage conservation.

The history of the theory of value was inaugurated
by the founding father Alois Riegl in 1902. It stands
for a system of values that identifies the qualities
for which a monument is valued. Harrer (2017)
considered built heritage as a masterpiece endowed
with historical value, contemporary value, intentional
remembrance value, use value, art value, and
antiquity value. However, this original typology
has continued to be revisited and even remodeled
according to well-defined requirements by various
expert researchers who have compared different
variables. Essentially, the work of selecting sets of
value typologies linked to the built heritage has been
summarized in the development of an explanatory
table in the research carried out by Fredheim and
Khalaf (2016). This updating of values can in no
way be complete or durable but rather perpetually in
mutation over time and according to societies. Thus,
a universal set of value typologies is impossible
(Rudolff, 2006) because several elements intervene
in the elaboration of a value typology, such as the
type of object with patrimoniality (habitat or building,
monument), the country context, and the nature of the
actors (expert or non-expert (citizens, inhabitants)).

Certainly, this panoply of organizations on the
elaboration of different typologies of values has
focused on built heritage of nobility, beauty, and
monumental character, notably archaeological and
historical objects. Nonetheless, this does not deny
their contribution to academic and practical work
(De La Torre, 2014), as they have strengthened
the consolidation of heritage values of objects
(Fredheim and Khalaf, 2016). These values are
endowed, not intrinsic, changing, not static (De
la Torre, 2014), and cannot apply to all types of
objects. There is another type of built heritage that
arose during the modern movement: the large
housing estate as social heritage, to which various
researchers have contributed in order to identify
values with the aim of including it in heritage lists.
Undoubtedly, not considering values as a norm, rule,
or law, this field of investigation inaugurates a work
of value modeling, depending on several factors that
cannot be defined outside any geographical, social,
and historical context (Courbebaisse and Issot,
2022). This highlights a body of work focusing on
the heritage values of large housing estates, with
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each researcher focusing on one or two values
for their evaluation a field so fragile and complex
that it has become “a laboratory for new thinking”
(Reichen, 2000). Positively, this research engine
must not be limited to a few common architectural,
aesthetic, or historical values (Amougou, 2006).
With the method of rehabilitation of a large complex,
“Ancely”, located in Toulouse, France, the value of
use is analyzed as a potential approach to enhance
practices, perceptions, and appropriations as a
strategy for understanding a changing space (Issot,
2023). Among other things, the historical value of
large housing estates in Algeria represents a radical
break with rural architectural style. Regarding artistic
value, it refers to the topical value theorized by
Riegl, which lies in a modernity that does not free
itself from the local and from history. Furthermore,
Tapie (2014) introduces other “quality” values linked
to large housing estates, which are spatial, urban,
proximity, and, finally, reputational. In virtue of which,
the values shared by various researchers are merely
personal experiences for the purpose of identifying
and determining an object for heritage status.

The review of diverse literature in this field has
not only helped sharpen the objectives and refine
the methodology of the present study but also
facilitated the development of a value framework
tailored to large housing estates. This framework
must remain focused yet comprehensive, using
clear language and minimizing overlap between
values (Fredheim and Khalaf, 2016). It enables the
classification of “cold” values, which are objective
and yield consistent results for a given case study
such as urban and architectural values into two
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distinct categories. In contrast, “warm” values are
interpreted variably by different researchers, leading
to divergent outcomes. For instance, use value
reflects residents’ experiences and perceptions,
expressed through their level of attachment to
places and their active role in shaping the living
environment, as illustrated in Table 1.

Matherials and Methods

The objective of this study is to identify the
criteria for evaluating the architecture of large
housing estates from the 1950s, which represent
a significant component of the spatial structure
of the mid-twentieth century. These estates were
designed to provide a healthy living environment,
high architectural quality, and well-planned urban
composition, with some projects created by
internationally renowned architects and specialists
in mass housing. This research combines two
complementary empirical approaches quantitative
and qualitative forming a high-quality Mixed Methods
Research (MMR) design. The study was conducted
in four sequential phases, with an overview of the
research stages illustrated in Fig. 1.

- Step 1: The research began with a literature
review, which enabled us to construct a typology
of values for housing in large estates. At that time,
we collected technical data by means of ethno-
architectural analysis (Pinson, 2016), comparing
inhabited statements with photographs. This made it
possible to carry out direct investigations in the field
to substantiate the previously defined hypothesis
(Baribeau, 2005).

- Step 2: 242 semi-structured interviews
were carried out with three samples of the
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Fig. 1. Study framework
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Table 1. Toward a conceptual framework of objective and subjective values in social housing

Objective heritage values

Subjective heritage values

1. Historical 6. Use

2. Urban 7. Memory
3. Architectural (conceptual, contextual, aesthetic, technical) | 8. Artistic
4. Reputational 9. Aesthetic

5. Proximity

Developed by the authors based on the literature review.

population (Robert, 2023): 20 institutional actors,
62 professional actors, and 40 residents for each
major complex. Their knowledge of heritage is
essential to this identification and assessment
work. These groups were selected for their role in
learning about, designing, maintaining, and living
in these buildings. The semi-structured interview
was organized according to the order of heritage
values previously defined in the literature review. It
began with key questions addressing the defined
theme, progressively reframing the interviewees’
discourse, accompanied by secondary questions
to explore the subject matter in depth with the
objective of collecting rich and detailed data
(Angers, 1996).

As forthe evaluation criteria, they were selected on
the basis of the data obtained during the interviews;
the discourses were grouped into categories and
theoretically justified, seeing that they are part of
the same globe of meaning for each value. These
evaluation criteria have explanations that refer
to the comments obtained from the interviewees’
discourses. Consequently, this is a deduction based
on newly acquired empirical data.

- Step 3: Credibility Test (Cronbach’s Alpha): For
a pilot methodology in which the data collected have
been re-introduced through several instruments and
methods, data analysis seems fundamental to test
their reliability, which will help identify the gaps and
limitations of the research tools selected. Cronbach’s
Alpha was adopted to examine reliability in this study
since it is recommended in social science research
to assess the reliability of methodological tools (Kim
et al. 2016; Chileshe et al., 2015).

- Step 4: The assessment of values using the
defined criteria is based on a quantitative approach
using a questionnaire distributed in the field to
two samples of the population (25 professional
stakeholders and 200 residents for each major
complex), bearing in mind that the questionnaire
was formulated according to the destination of the
stakeholders. The questionnaire enabled us to
collect complete responses from 825 people, with
the objective of converting them into quantitative
data to give a score for each criterion identified
beforehand for a comparative assessment of the
heritage values of each major complex. Finally, on-
site observation was carried out to complete what
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was said with what was seen, looking for coherences
and inconsistencies (Elizondo, 2024).

We are currently observing the third generation
of residents of large housing estates, from the time
they first moved in to the present day. In our sample
of respondents, there is a notable predominance
of young residents aged 28, representing 50 % of
the sample, and middle-aged people up to 45, who
make up 35 %. Those aged 70 and over make
up a smaller proportion, 15 %. The field survey
included perspectives from all three generations
(older people, adults, and teenagers) and ensured
balanced representation between genders (male /
female) and between tenants and homeowners.

Presentation of the Case Studies

The city of Oran has a strong identity, reflected
in its rich and diverse architectural heritage. These
traces of the past help to make Oran a modern city:
“Oran, on the contrary, is a city without suspicion,
specifically, a completely modern city” (Camus,
1947).

For both its inhabitants and tourism, with the
19" edition of the Mediterranean Games held in
2022, Oran has become a place of exchange and
encounter. Its public buildings and urban assemblies
from earlier periods are generally the subject
of assignment and classification. However, this
heritage management is affiliated particularly by
the continuation of colonial approaches (Aouchal,
2023). If no steps have been taken to recognize
their heritage at its true value, it is because there
is a lack of mechanisms for assessing the value of
this modern colonial architectural heritage. The large
housing estates that were located outside the city,
far from the center, are, relatively speaking, better
located today, as the city has expanded since then.
They are generally well connected to the city center
by public transport (Fig. 2).

The work of locating and identifying the initial
corpus of large housing estates from the years 1950—
1962 is an essential stage that precedes the phase of
selecting and analyzing the large housing estates put
forward for classification as national heritage. Some
have been selected on the basis of relevant elements,
both geographically and in terms of the architect’s
signature and their reputation. Two waves of their
construction are distinguished by timing, political and
social context, facade design, and volume layout.
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-

Mirauchaux ™

Fig. 2. Map of the Oran metropolitan area showing selected
large housing estates and distance markers from the city center
to each neighborhood, compiled by the authors using a Google

Earth © image

LHEM Housing, financed by the Algerian
Cooperative Society for Muslim Housing, presents a
new way of conceiving modern architecture adapted
to Algerian traditions, an alternative solution to
the design of traditional houses (Fig. 3). The large
housing estate “La Quiétude (El Hanaa)” was built
by the French architect Justin Marie between 1955
and 1956, using standardization and economy in
design, with an average of 254 flats, four storeys,
and a central courtyard area, but no integrated
facilities or essential services. It contains three
models of housing in a linear and monotonous
layout. Additionally, the co-owned building on the
Mirauchaux plateau, built in 1958 at the same time

T/sUN PATH/

The mass plan of Dar ol Baida

The mass plan of El nana

as the adoption of the Constantine plan' by Messrs.
Mauri, Pons, and Atbat, of which architect Georges
Candilis is a part, includes different housing models,
totaling 144 units marked by a wealth of architectural
elements.

LHEE Housing: With the exception of the two
examples chosen, these were originally intended
for the families of naval officers, civil servants,
and workers from mainland France. For the case
of the large Dar Beida housing estate, built by
Pierre Jean Guth, winner of the Grand Prix de
Rome in 1951, it comprises 580 housing units in a
program identical to housing in mainland France
called “H.L.M. Improved”, with appreciable surface
areas. Considered a human and social work, it is
composed of remarkable architectural ensembles.
The layout of these buildings has been chosen so
that the main fagades face roughly north and south,
to benefit from maximum sunlight in winter and sea
breezes in summer (Kefif and Hendel, 2024). They
are equipped with district-wide facilities and public
spaces. As for the Valmy housing estate, designed
between 1954 and 1956 by the architect Fernand
Pouillon, a specialist in social housing, it comprises
614 flats. The location of this major development
was chosen in the municipality of Valmy, which
offered a number of advantages, particularly
in terms of climate and communication with Oran.
The architectural ensemble was designed in broad,
airy shapes, in keeping with new urban planning

" According to Deluz (1988), this was a last-ditch attempt to win
back the Algerian population in its struggle against the colonial
system.

The mass pian of Valmy

The mass pian of IMMeltie en COMFOPREIs plaleau miraLchiux

Fig. 3. Mass layout made for each case study. Source: Elaborated by the authors
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Fig. 4. Photos of: 1. Dar Beida; 2. The Valmy; 3. El Hana; 4. Immeuble en coproprité. Photos from Oran archives

principles. The number of homes at LHEE is 60 %
higher than at LHEM (Fig. 4).

Results

Developing and Field-Testing an Evaluation
Criteriology

Criteriology indicates the nature of the scale
used to measure values that indicate a level of
quality or its absence. It is defined by various
actors in the possible perspective for protection
purposes, either in its monumental dimension or
simply to recognize it as a heritage element. This
sort of criteria is considered an objective foundation
(Brunel, 2015). In the case of large housing estates,
the identification of criteria is based on references to
the methodology deployed by the services involved
in the “fabrication of Algerian heritage”, combining
semi-directive interviews carried out in the field,
where the integration of inhabitants is essential
through the deciphering of their discourse, which
revealed relevant elements to us. This approach
to highlighting architectural heritage built in the
twentieth century concerns not only experts such as
architects, conservators, and architectural historians
but also a much wider public (Grignolo, 2018), whose
inhabitants are synchronized with an important
stage in the life cycle of this architectural product.
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Among other things, the criteria developed for large
housing estates, which will enable them to enter the
heritage field, are specific because this type of social
heritage is fragile; it is a way of living that existed
and continues to exist in perpetuity. The relevance of
using consistent criteria is fundamental. This would
mean distinguishing them from the remarkable,
exceptional (monumental), and ordinary. The
definition of the criteria is translated by passages
of words (author, inhabitant, actor in heritage) as
follows in Table 2.

Credibility Test

After testing the reliability of the responses
obtained for each of the questions and items defined
in the questionnaire, the result of the reliability test was
reliable (Table 3), with a Cronbach’s Alpha of 0.889 for
the heritage values and 0.951 for the evaluation criteria
concerning the housing of the large housing estates of
the 1950s (higher than 0.7). This justifies the coherence
of the items and the perceptions of the interviewees
and indicates that the questionnaire can be used for
the collection of main data for similar themes.

Assessing Heritage Values: A Comparative
Approach

Table 4 summarizes the comparative
assessment of the previously developed values,
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composed of a set of criteria identified from the
survey conducted in the field, while incorporating
a questionnaire distributed to both populations to
situate the positioning of each major complex in the
heritage approach. The results were processed using
the ATLAS.ti tool and then transferred to Microsoft
Excel for the graphical series, with the objective of

tracing the profile of the heritage approach. The
first questionnaire relating to 5 out of 9 values was
intended for the inhabitants of each large complex,
while the second questionnaire relating to 4 out of
9 values was completed by various actors.

To observe the status of each criterion, we plan
for ourselves according to the results processed

Table 2. Assessment Criteria for Large Housing Estates According to the Survey

Assessment Criteria?

Definition

1.1 Notable personalities

Presence or historical association with important or influential
individuals who contributed to the cultural, political, or social
development of the area.

1.2 Significant events

Occurrence of important historical, cultural, or social events
that contributed to the identity or historical value of the place.

1.3 The structure provides as proof of actions

The building or site serves as physical evidence of past human
activities, achievements, or historical developments.

2.1 Innovative and extraordinary technical
demonstration

The structure illustrates exceptional engineering, construction
techniques, or architectural innovation for its time.

2.2 The use of unique materials

The building incorporates rare, locally specific, or technologically
distinctive materials that enhance its value or uniqueness.

2.3 Remarkable designer’s reputation

The project is associated with a well-known architect, planner,
or designer recognized for their contribution to architecture or urbanism.

2.4 Ample lodging

Availability of adequate residential space capable of accommodating
inhabitants comfortably.

2.5 Adapting to local requirements

The design responds effectively to local social, environmental, climatic,
and cultural needs.

2.6 Rarity The element, design, or typology is uncommon or unique within
the regional or architectural context.
2.7 Integrity The degree to which the original design, materials, structure,

and character of the building or site remain preserved and intact.

3.1 Optimum sunlight

The extent to which the building or space receives adequate natural
sunlight for comfort, health, and energy efficiency.

3.2 Orientation

The positioning of the building in relation to cardinal directions to
optimize light, climate response, and environmental performance.

3.3 Wind protection

The ability of the design or urban layout to reduce the impact of strong
winds and provide sheltered spaces.

3.4 Natural ventilation

The capacity of the building to allow air circulation through passive
design strategies, improving indoor air quality and thermal comfort.

3.5 The culture of the architects

Reflection of the architects’ cultural background, design philosophy,
and architectural knowledge in the project.

4.1 Existence of sufficient public facilities

Availability of essential communal infrastructure such as schools, health
centers, transportation, parks, and services.

4.3 Ecological sites

Presence of natural or environmentally valuable areas that contribute
to ecological balance and environmental quality.

5.1 Quantity of households with a high level
of education

Proportion of households where members possess higher educational
qualifications, reflecting socio-educational conditions of the community.

5.2 Crime rate = number of crimes /
population

Indicator measuring public safety, calculated by dividing the number
of reported crimes by the total population in a given area.

6.1 The concept of genuine and distinctive
ownership of shared spaces revolving around
the notions of identity and security

Degree to which residents feel a sense of belonging, responsibility,
and security toward shared community spaces.

6.2 Genuine and exclusive possession of the
cell (identity, comfort)

The feeling of personal ownership and identification residents have
with their private living unit, ensuring comfort and privacy.

6.3 Genuine and distinctive possession
of public facilities (attachment and affection)

Emotional attachment and sense of collective ownership residents
develop toward community facilities and public spaces.

7.1 High degree of ethnicity

Presence of diverse or strongly identifiable ethnic groups that contribute
to the cultural and social character of the community.

2 For this research, the word criterion also encompasses characteristics and factors, and this has been organised in a single table
in order to avoid spreading out the explanatory diagrams.
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Table 3. Reliability Statistics

Reliability Statistics on the Heritage Values of Large Housing Estates in the 1950s

Cronbach’s Alpha

Number of Items

0.899

9

Reliability Statistics on the Criteria for Assessing Heritage Values

Cronbach’s Alpha

Number of Items

0.942

30

Table 4. Comparative assessment of the heritage values of the large housing estate case studies

Assessment Criteria LHEE1 | LHEE2 LHEM3 LHEM4
1. Historical value 1.66 2.66 0.33 1
1.1 Notable personalities 0 2 0 0
1.2 Significant events 2 3 1 3
1.3 The structure providing as proof of actions 3 3 0 0
2. Architectural value 2.42 3.14 2.42 2.57
2.1 Innovative and extraordinary technical demonstration 2 2 4 4
2.2 The use of unique materials 1 3 1 2
2.3 Remarkable designer’s reputation 3 4 1 3
8 [2.4 Ample lodging 3 4 1 1
§ 2.5 Adapting to local requirements 2 3 4 3
Q 2.6 Rarity 3 3 4 4
8 2.7Integrity 3 3 2 2
H 3. Urban value 3 3.8 2.8 3.6
% 3.1 Optimum sunlight 3 4 3 3
-% 3.2 Orientation 3 4 3 3
% 3.3 Wind protection 2 3 3 4
o) 3.4 Natural ventilation 3 4 3 4
3.5 The culture of the architects 4 4 2 4
4. Proximity value 2.66 2 2.33 2.66
4.1 Existence of sufficient public facilities 3 2 3 4
4.2 Different modes of transport 3 1 3 4
4.3 Ecological sites 2 3 1 0
5. Reputational value positive | positive | negative | negative
5.1 Quantity of households with a high level of education 2 3 1 1
5.2 Crime rate = number of crimes / population 0 0 2 2
(0.06) (0.034)
6. Use value 1.66 3 2.33 3
6.1 The concept of genuine and distinctive ownership of shared 3 3 3 4
spaces revolves around the notions of identity and security
" 6.2 Genuine and exclusive possession of the cell (identity, 1 4 2 2
g comfort)
§ 6.3 Genuine and distinctive possession of public facilities 1 2 2 3
° (attachment and affection)
g 7. Memory Value 2 2 2 2
s 7.1 High degree of ethnicity 0 0 2 2
% 7.2 Personal representation with positive connotations 4 4 2 2
2 8. Artistic value 2.33 2 3 3.66
i 8.1 Indicates an original appearance 3 2 4 4
2 8.2 Epitomises a novel genre of artistic expression 2 2 2 4
o 8.3 The interpretation of its meaning 2 2 3 3
9. Internal and external aesthetic value 2.5 3.25 3 3.5
9.1 Perception and enjoyment of visual or aural stimuli 3 2.5 3 4
9.2 Infused with cognition, creativity, and sentiment 2 4 3 3
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by ATLAS.ti that their sum corresponds to an overall
score expressed in Figs. 5-6 (number of responses).
We have established a correspondence between
five scoring groups with a numerical rating (4, 3,
2, 1, and 0), with the criteria status structured in
the following order: Exceptional, Superior, Strong,
Medium, and Weak. Finally, all the ratings are
converted into numerical values.

161 to 200: (Exceptional criterion) = 4;

121 to 160: (Superior criterion) = 3;

81 to 120: (Strong criterion) = 2;

41 to 80: (Medium criterion) = 1;

1 to 40: (Weak criterion) = 0.

The evaluation of the values revealed a strong
connection between the heritage approach and
the characteristics of the large housing estates. To
understand the challenges and limitations of the
heritage approach, the values were assessed based
on the criteria evaluating the four large housing
estates (Fig. 5).

Discussion

In light of the results obtained by adopting the
main methodology (MMR), which is effective in
determining the objective (Matovi¢ and Ovesni, 2023)
and composed of several tools and approaches, this
study has made it possible to bring together the trio
of key and fundamental actors in the identification
and assessment of hot and cold heritage values. The
MMR enabled a much deeper understanding of the
meaning of the data collected from different sources,
as well as a great openness to different points of
view, whose contextual criteria were easily identified,
becoming the backbone of a heritage assessment
with the aim of encouraging reasoned and respectful
heritage intervention. The novelty of this methodology
developed for this research is its provision of an
opportunity for the inhabitant, considered a central
actor (Grignolo, 2018), to collaborate in a heritage
process for both stages, whether identification or
evaluation. This has made it possible to define the
Valmy City and the joint-ownership building on the
Mirauchaux plateau as the most distinctive and
remarkable housing estates, rich in heritage values
(Table 4, Figs. 5, 6). Designed by the international
architects specialized in social housing, Mr. Pouillon
and Mr. Candilis, the first is distinguished by the
coherence of the project’s layout in its entirety, and
the second as a unique artistic work of a new form
(Score 4), with authentic and singular appropriation
of common spaces that positively contributes to
the maintenance of the social identity of the large
housing estate (Score 3), despite its bad reputation
in the city of Oran (negative), which has led to its
marginalization. This confirms that the values of
the large housing estate are intimately linked to
the context of their identification as well as to those
who express them (Courbebaisse and Issot, 2022).
These two large housing estates bear witness to

an adaptation to local requirements, with a Score 3
recorded and Score 4 for their rarities, particularly
the joint-ownership building on the Mirauchaux
plateau, whose strategic location may facilitate its
accessibility for visiting, surrounded by a variety of
means of transport. The joint-ownership building
on the Mirauchaux plateau has not undergone
any formal modification or rehabilitation since its
construction, which explains its technical solidity and
has generated the preservation of its authenticity.

As for the Dar Beida city, located in the vicinity of the
joint-ownership building on the Mirauchaux plateau,
it has a deficit (Table 4, Fig. 6) in terms of the degree
of autochthony and memorable characters and idols
(Score 2); the authentic and singular appropriation at
the level of the cell and the facilities is weak (Score 1),
due to the perpetual departure and arrival of families
given its military status. Its curvilinear shape gives
visual pleasure, with two identical scores of 3 —
a specificity and principle that the architect Pierre-
Jean Guth uses for his projects, being considered
a renowned architect (Score 3) (Table 4, Fig. 6).
Its strategic location has favored its visibility.

On the other hand, the City “La Quiétude”
(ElI Hanaa) represents a new artistic form (Score 3)
that the architect was able to combine with the
audacity of having a modern form adapted to local
requirements (Score 4), with a remarkable technical
demonstration by the individual and collective
patio (Score 4), which gave an architectural rarity
in the Oran landscape (Score 4) (Table 4, Fig. 6).
However, this large ensemble has a high rate of
uneducated families from the slum, which has
influenced the reputational value (negative), and an
absence of memory characters or activity (Score 0).
This considerable imbalance leads to acts that can
harm the large ensemble in question, including
destruction and mismanagement. Regarding
the developed methodology, several limitations
were confronted, including the lack of consensus
between the inhabitants and the professional
actors, particularly on communication techniques,
which entailed considerable time in the progress of
this research, as well as their lack of knowledge of
the values identified by the inhabitants. Therefore,
it will be necessary for future studies to train
professional experts so that they develop additional
skills in communication (Bacqué and Gauthier,
2011).

Conclusions

The results of this research illustrate that
heritage values vary from one large complex to
another according to the characteristics of each in
terms of its identity, the experience of its inhabitants
(translated by use and appropriation), its creator,
and its history — which stands as a resource and
has a greater bearing on its destiny as heritage
in the making. Finally, the results encourage the
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attribution of heritage status in a certain way, given
the diversity and richness of the heritage values
identified while taking into account the historical
and social context of the site. This research joins
authors such as Bos et al. (2022), who defines
the grid of heritage values as an operational
scientific tool inducing a reasoned approach to
the object to be evaluated, and Lemaitre (2020),
where the “typology of values” is a “methodological
tool” available to “evaluate a cultural property”,
a form of “theoretical model” to “organize cultural
values among themselves” and, based on which,
“define the ‘value’ of a cultural asset”. Though the
identification and evaluation of values presents
a powerful search engine that draws consensus
from different disciplines, such as social sciences,
engineering, health, and economics, and they
offer reliable tools and methods that could be
applied by heritage experts. As attested by the
results, this typology of inheritance produces a
feeling of attachment and a lively social mode
for the inhabitants, which contributes to social,
architectural, and urban diversity on a local scale.
In this regard, the comparative approach of values,
with the involvement of inhabitants, facilitates
the evaluation of large groups to express their
experiences and other important information so as
to support decision-making from above. That said,
they often try to propagate and affirm the status
of “expert”. Likewise, the results are in line with
Johnston’s (2017) assertion that the evaluation
approach through the participation of inhabitants in
the heritage framework will allow the management
of places, values, significance, and conservation.

One of the limitations of this study is that the
common areas of LHEM have not been landscaped
as planned in the plans approved by the architects,
which has affected the appropriation of the spaces
and could not be taken into account and analyzed.
Further research could be carried out to compare
the results of this study with those of large Maghreb
assemblies with similar socio-political characteristics,
with the intention of determining whether or not the
model is extensible or should be simply a means of
empowerment for each country.

In conclusion, the sample size of the case
studies on the measurement of heritage values by
the identification of criteria was limited to just four
examples, which may prevent the identification of
other criteria relevant to the evaluation of heritage
values of large ensembles of the 1950s for a heritage
approach of preservation or classification. To this
end, future research efforts could multiply them by
taking into consideration methodologies allowing
them to be explored in a multi-perspective way,
since this type of domestic heritage is complex and
fragile at the same time. This underlines the need
to continue to promote a wide inclusion of criteria
to allow decision-makers to take charge of their
conservation, mainly to develop more definitions —
such terminology used by the trio of actors has
shown to be easily understood.

Notations

LHEE — Large Housing Estate European

LHEM — Large Housing Estate Muslim

MMR — Mixed Methods Research

Atlas.ti— Tool of Qualitative Data Analysis (QDA)
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OT COLMATBLHOIO XUMNbS K HACNEQMUIO: OLIEHKA
APXUTEKTYPHOIO KAYECTBA U LEHHOCTU HACNEOUSA
KPYMHbIX COBPEMEHHbIX XXWUMULLHbIX KOMMEKCOB B OPAHE
(1950-1962), AJDKUP
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"Hay4yHo-1ccrnepoBaTenbckas nabopaTopusi apXMTekTypbl U rpagocTponTenscTea komnaHumn Métropole
Architecture Urbanisme Société (LAMAUS), ®akynbTeT apXnTekTypbl U rpaXkgaHCKOro CTpoMTENbCTRA,
YHuMBepCUTET Hayku n TexHornormin OpaHa umeHn Moxamega byanada, OpaH, Armxmp

2ApxuTekTypHas pupma TOP-Building Bendjima, OpaH, Amxup
*E-mail: Farah.kefif@univ-usto.dz

AHHOTauumsn

BBepeHue. [Jo HacTOsLIEro BpEMEHN HU OOQHO MCCredoBaHMe He pa3paboTano CUCTEMATUYECKUX KPUTEPUEB OLIEHKU
NCTOPUYECKOWN LIEHHOCTU COLMANbHOIO XWUMbs Kak apXMTEKTYPHOro Hacregusi, HECMOTPS Ha ero 3HauYuUTErbHYH POorib B
dopMMPOBaHNN TOPOACKOM U apXUTEKTYPHOW MAEHTUYHOCTU. Llenb AaHHOro uccreaoBaHUA — BbISBUTb U OLEHUTb
APXUTEKTYPHYI0 3HAYMMOCTb TaKUX XKUJbIX KOMMITEKCOB C LieNbio pa3paboTky CTpaTernin nx NnoTeHUManbHOro CoXxpaHeHns
N BHECeHWsl Bknagda B Goree LIMPOKOE OCMbICIIEHME MpoLiecca CO3OaHuUs KyNbTYpHOro Hacreaus. B aTom KoHTekcTe
Oblna NpoBeAeHa CpaBHUTENbHASA OLEHKA YeTbIpex KPYMHbIX XUIbIX KOMMekcoB B ropoae OpaH, BbIGpaHHbIX HA OCHOBE
KIntoYeBbIX (DAKTOPOB, BKIHOYASA penyTauuio apxuTekTopa, pasHoobpasne ropoackmx GOpM M CMELUaHHOE HasHayeHue
XWnbs AN MyCyJIbMaHCKOM U €BPOMNENCKON OOLLUMH, YTO OTPaXKaeT CIOXKHYK COLMArbHYH U UCTOPUYECKYHD CTPYKTYPY
ropoga. B uvccrnegoBaHum mcnonb3yeTcsa NOAXO4 CMeLlaHHbiXx MeTomoB uccrnepoBaHua (MMR), vHTerpuvpyowuia
KayeCTBEHHble W KONMYECTBEHHble AaHHble Ansi 0becneyeHusi BCECTOPOHHEN OLUeHKUM. KayeCTBEHHbI KOMMOHEHT
OCHOBbIBarcs Ha MonycTPYKTYPUPOBAHHbBIX UHTEPBbLIO, YTO MO3BOSNUIO BbIBUTL HOBbIE KPUTEPUU OLEHKU, OCHOBaHHbIE
Ha 9KCMEPTHbIX M MECTHbIX 3HaHuAX. KonnyecTBeHHas 4acTb nccrnegoBanus Bktoyana 200 aHKeT, pacnpoCTpaHeHHbIX
cpenu OByX rpynn HacerneHns — XUTenen u cneunanmncToB, OTBEThI KOTOPbIX ObINM CMCTEMATUYECKM NPOaHaNU3NPoOBaHbI
C NMomoLLbi0 NporpaMMHoro obecnedeHus ATLAS.ti ons BbISIBNEHUS 3aKOHOMEPHOCTEN U MpeacTaBeHnin O LIEHHOCTU
KynbTypHOro Hacrneguvs. Pe3ynbraTtbl 3TOr0 CpaBHUTENBHOMO UCCNeOoBaHWUsS MOKa3biBalT, YTO LIEHHOCTb KYNbTYPHOIo
Hacneausi BapbMpyeTcsi B 3aBMCMMOCTM OT 3HAYMMOCTWU KOHKPETHbIX KpUTEpPMEB, MOAYEPKMBAsi BaXKHOCTb BbliGOpa
KOHTEKCTHO 3HaYMMbIX Nnokasartenen. 9T KpUTEPUM He TONBbKO BIIUSAKOT Ha OLEHKY Kaxaoro obbekta, HO U onpeaensioT
cTpaTerMn CoxXpaHeHus Hacregusi, aganTUpPOBaHHbIE K MECTHbIM FOPOACKMM U couMaribHbIM YCroBUAM. B KOHeYHOM
uTore, uccnegoBaHve NpPeaocTaBnseT BaKHble OPUEHTUPbLI AN NPU3HaHUS, OLEHKU U COXPaHEHWUS armkKMPCKOW XMIoWn
apxXuUTEKTYypbl BTOPOM NOMOBUHBI XX Beka, npeanaras uaew, Kotopble MOryT NoMoYb B NPOBEAEHUM aHanormyHbIX OLLEHOK
B OPYruX ropoackux yCrioBusx.

KntoueBble crioBa: KpynHbIe XWrble KOMMIEKChI; LEeHHOCTU KyNBTYPHOIO Hacneauns; KpMTepun OLEHKW; 3aMHTEPECOBaHHbIE
CTOPOHBI; COBpeMeHHas apxutektypa; OpaH (Amkup).

32



DOI: 10.23968/2500-0055-2026-11-1-33-42

THE SCHOOL OF MODERNITY: THE ARCHITECTURE OF EIGHT
INTELLIGENCES

Ozhet Arshyn™, Seimur Etibar Ogly Mamedov?, Turlybek Turkpenovich Musabayev?

'Saken Seifullin Kazakh Agrotechnical Research University, Astana, Kazakhstan
2L. N. Gumilyov Eurasian National University, Astana, Kazakhstan

*Corresponding author’s email: Arshyn.novyj@gmail.com

Abstract

Introduction. The architecture of school buildings plays a vital role in shaping the educational environment and influencing
learning processes. Purpose of the study: To investigate how the architectural and spatial organization of modern school
buildings in Astana can be aligned with the theory of Multiple Intelligences, with the goal of identifying planning principles
and design strategies that support the comprehensive intellectual development of students across all eight intelligence
types. Methods: The study defines temporal and territorial boundaries, analyzes urban structure analysis, employs field
survey methods, collection and analysis of architectural documentation, and a review of theoretical foundations. An
additional focus is placed on methods of interaction, interpreted as architectural-spatial typologies of communication and
environmental stylistics that support different modes of learning and engagement. Results: The analysis revealed that the
existing school architecture typologies in Astana predominantly support linguistic and logical-mathematical intelligences
through traditional classroom-based layouts. However, architecture elements that encourage the development of other
types of intelligence — such as music rooms, art studios, outdoor learning zones, and flexible collaborative spaces — are
inconsistently present and often marginalized in spatial hierarchy. The study identified architectural features that correlate
with the activation of different intelligences, including amphitheater-style gathering spaces (interpersonal), green inner
courtyards (naturalistic), maker spaces (bodily-kinesthetic), and modular classroom arrangements (intrapersonal). Based
on the findings, the authors propose a planning model for a multi-intelligence-oriented school, in which functional zones
are organized to provide spatial stimuli aligned with each intelligence type. This model demonstrates a potential direction
for rethinking school architecture as an adaptive and inclusive educational infrastructure.

Keywords: school architecture; educational system; types of intelligence; book-frontal method; classroom-lesson system;
comfortable environment; architectural and planning methods.

Introduction

The school, being one of the most important
institutions of society, is, on the one hand, inherently
conservative, yetonthe other, highly sensitive to social
changes and progressive scientific advancements
(Samoilova and Chislova, 2017). Modern schools
are largely a legacy of the industrialization era,
when educational processes were built upon the
principles of standardization and the unification of
knowledge (Samoilova and Chislova, 2017). During
Kazakhstan’s time as part of the USSR, changes took
place in the architectural and planning structures of
schools, reflecting broader trends in Soviet urban
planning policies. In the 1920s-1940s, schools
were constructed according to standardized designs
emphasizing economic balance and standardization.
In the 1950s—-1960s, a period of mass urban school
construction began, aimed at accommodating
growing student populations. By the 1970s—-1980s,
school projects became more specialized,
incorporating multifunctional spaces such as sports
halls and laboratories, reflecting the development
of polytechnic and technical education (Amanzhol
and Yerkin, 2006). These standard school designs

continue to play an important role in Kazakhstan’s
educational architectural system. Today, Astana,
as the rapidly growing capital of Kazakhstan, is
experiencing significant pressure on its educational
infrastructure. According to statistics, during the
2024-2025 academic year, there are 188 general
education schools in Astana, including 109 public,
72 private, and 7 republican schools. Currently, it
is crucial to cultivate children’s abilities to search
for and critically interpret information, to develop
psychological flexibility, communication skills, and
a high level of general cultural competence (Mark,
2000). Consequently, there is a growing demand for
diverse educational programs and various learning
environments. For individuals to generate new ideas,
they must cultivate a broad range of interests and
develop comprehensively. Equally important is the
ability and motivation to find and utilize information
from a variety of sources (Gladilina et al., 2022).
In the context of Astana’s rapid urban development
and the legacy of standardization from industrial and
post-industrial periods, it is necessary to integrate
the needs of an information-driven, multi-intelligent
society when planning new educational facilities.

For citations: Arshyn, O., Mamedoy, S. E. O., Musabayey, T. T. (2026). The school of modemity: the architecture of eight intelligences. 33
Architecture and Engineering, No 1 (11), pp. 33—42. DOI: 10.23968/2500-0055-2026-11-1-33-42.
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The theory of multiple intelligences, developed
by American psychologist and Harvard University
professor Howard Gardner, emerged from research
into human creative potential. According to Gardner,
any type of intelligence can be developed through
appropriate educational tools and methodologies
(Gardner, 2007). The adaptation of multiple
intelligences theory into the architecture of general
education schools is based on a multi-aspect
approach, integrating the works of leading scholars
in this field. Researchers such as H. Gardner,
L. S. Vygotsky, D. Goleman, R. B. Cattell, and
R. Sternberg emphasize that intelligence is not a
uniform construct but manifests in multiple forms.
Their studies demonstrate that, beyond traditional
logical-mathematical reasoning, emotional, social,
creative, and practical intelligences also play critical
roles in the educational process. This perspective
enables a more comprehensive consideration of
learners’ individual characteristics and supports the
creation of educational environments conducive to
holistic personal development. The theory of multiple
intelligences has gained widespread recognition in
pedagogy and is actively being experimented with
in educational systems worldwide. In this study, the
authors adapt Gardner’s concept into an architectural
model, creating learning environments that nurture
and develop different types of intelligence. These
models allow for the design of educational institutions
where each space corresponds to a specific type
of intelligence, thereby fostering individual growth.
Such environments provoke different behavioral
models, (Upitis, 2004) ultimately shaping a new type
of multi-intelligent personality.

Methods

To achieve the set objectives in developing
a modern functional structure for schools, the
present study was divided into several stages:

1) Defining temporal and territorial boundaries.
Due to the broad scope of the research, the authors
initially established the temporal and territorial
boundaries of this study. Considering that the
internal functional structure of schools has evolved
continuously and is based on regulatory documents,
it was decided to study school structures beginning
from 1960, marking the active phase of school
construction in Astana. The diversity of school
architecture — depending on the city’s status,
population size, climatic conditions, and other
factors — prompted the authors to focus territorially
on the capital of the Republic of Kazakhstan,
Astana. Additionally, the research concentrated
solely on public general education institutions rather
than private schools, as public schools are designed
based on governmental specifications and better
reflect the social needs of the broader population.

2) Urban structure analysis. At the second stage,
the urban planning structure of Astana was studied
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to identify general education institutions relevant
to the research. An optimal map of city routes was
developed to enable rational field surveys.

3) Field surveys of educational institutions. A field
survey method was applied to general education
organizations. A total of 19 schools were studied.
During the surveys, photographic documentation
was conducted, including images of the school
grounds, buildings, and evacuation plans located at
entrances on each floor. The collected data were then
systematized, allowing the identification of several
types of “standard school models” that emerged as
a result of the rapid population growth and shortage
of educational institutions, leading to widespread
replication of architectural designs and solutions.
The field survey method is recognized as one of the
key techniques in architectural and urban analysis,
providing objective data on existing structures.

4) Collection and analysis of architectural
documentation. At the fourth stage, architectural
design documents for schools were collected and
analyzed. The authors sent formal requests to
relevant authorities (including LLP “AstanaGenPlan”
Research Institute, the Department of Architecture,
Urban Planning, and Land Relations of Astana, RSE
“State Expertise”, and RSE “State Urban Cadastre”)
and held meetings with project company executives.
As a result, 11 sketch projects of standard schools
and 3 detailed working projects for schools in
Astana were obtained. Among them were typical
designs for public educational institutions. Analysis
of the architectural and planning solutions presented
in these projects allowed for the formation of the
existing functional model of general education
institutions, primarily based on two most commonly
implemented “standard” projects.

5) Review of theoretical foundations. The
fifth stage focused on reviewing theoretical
materials regarding the architectural and planning
structure of schools and the factors influencing
their transformation. Doctoral dissertations by
T. A. Gvozdikova (2024), T. A. Kiseleva (2019), and
along with scientific articles by S. Sh. Sadykova
(2022), were analyzed. It was established that the
growth of the student population and the adoption
of new teaching methods aimed at developing well-
rounded individuals are the main drivers of changes
in the functional structure of schools. While the
growth of the student body represents a quantitative
factor leading to architectural replication of traditional
spaces, the authors subsequently focused on
qualitative factors: namely, types of intelligence. To
this end, the theoretical works of renowned scholars
were studied, including Howard Gardner (Frames of
Mind: The Theory of Multiple Intelligences, 1983), Lev
S. Vygotsky (Mind in Society: The Development of
Higher Psychological Processes, Harvard University
Press, 1978), Daniel Goleman (Emotional Intelligence,
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Bantam Books, 1995), Raymond B. Cattell (Theory
of Fluid and Crystallized Intelligence, Journal of
Educational Psychology, 1963), Robert J. Sternberg
(Beyond 1Q: ATriarchic Theory of Human Intelligence,
Cambridge University Press, 1985). Following
this, common intelligence domains acknowledged
by these authors were identified. In the article
“Promoting Inclusive Education in Kazakhstan:
Environmental and Architectural Aspects” by
T. A. Gvozdikova and D. Amandykova (2024), the
authors explore strategies for improving the spatial
environments of educational institutions to promote
inclusive education in Kazakhstan. They emphasize
the importance of creating comfortable learning
conditions for all students, including individuals with
disabilities, and examine architectural and planning
concepts that support this goal.

6) At the sixth stage, using the method
of interaction (flow and synthesis), architectural
spaces corresponding to different types of
intelligence were developed. This approach enabled
the assessment of the extent to which various types
of intelligence are currently supported within existing
schools, and allowed for projections regarding their
future functional development.

7) At the seventh stage of the study, the authors
conducted a sociological survey among teachers,
students, and their parents. The objective of this
method was to determine the social necessity
of the proposed functional elements within the
educational structure. A total of 495 participants
were randomly selected for the survey. The survey
included the following key questions: Are you
satisfied with the range of educational spaces

currently available at your school? In your opinion,
are the proposed spaces necessary within the
school structure? (Participants were presented
with a list of spaces identified by the authors).
Subsequently, respondents were provided with a
structured questionnaire where they were asked to
rate the importance of each proposed space on a
scale from 1 to 10, where 1 indicated “not important”
and 10 indicated “extremely important”. Participants
were also encouraged to leave comments or
suggest their own answers for each question. The
collected responses were systematized, enabling
the identification of the direction and relevance of
the study. Finally, using graphic modeling software,
the authors demonstrated the scientific novelty of
the research by visualizing the differences between
the existing functional model of school buildings and
the proposed model, which is based on the need to
cultivate a multi-faceted individual and is supported
by the results of the sociological survey.

Analysis

Field survey of 19 schools in Astana revealed
the predominance of a standard architectural and
planning model of educational institutions.

Standard schools of Type 1 (marked in red)
include six facilities with a service radius of 500
meters, evenly distributed throughout the city territory,
including residential neighborhoods and prospective
development areas. Standard schools of Type 2
(marked in yellow) comprise 13 facilities with the
same service radius, predominantly concentrated
in the central and southern parts of the city (Fig. 1).
Based on the analysis, a unified functional and
planning model was identified across all types

e shoich design peoject of |

AN TANAGORPROUECT™

Fig. 1. Cartogram of the typological distribution of school buildings within the residential
structure (Astana)
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of schools. Consequently, for further in-depth study,
two representative cases were selected: School-
Lyceum No. 93, located at 25 Akhmet Baitursynov
Street, Astana and School-Lyceum No. 73, located
at 2 A-191 Street, Astana. Sociological Survey:
To incorporate the perspectives of direct participants
in the educational process, a sociological survey was
conducted, covering 495 respondents (including
approximately 40 teachers, 30 parents, and
425 students). The survey aimed to assess current
perceptions of the school environment and to identify
preferred directions for its development. The key
quantitative findings are as follows: Approximately
70 % of teachers reported a shortage of specialized
spaces for practical and creative activities (such as
laboratories, studios, and project areas). Teachers
emphasized that spatial limitations hinder the
implementation of new educational methods -
from project-based learning to interactive group
work formats. 65 % of students expressed a desire
for a greater variety of spaces beyond standard
classrooms, including areas for socialization and
relaxation, creative corners, and modern computer or

scientific laboratories. Additionally, 52 % of students
directly stated that the current school environment
does not sufficiently stimulate their interestin learning
and personal development beyond the formal
curriculum. Overall, the sociological survey revealed
a consensus among teachers, parents, and students
that the traditional school model is outdated and in
need of transformation. The majority of respondents
agreed with the statement that “a school should be
a space for holistic development, not merely a place
for knowledge transmission”.

Results and Discussion

These findings formed the basis for the proposed
model of a school oriented towards the development
of multiple types of intelligence. Formation of
the Generalized Spatial Model: as a result of
the analysis of prevalent standard school types,
a generalized model of the spatial organization of
existing schools was developed and is presented in
the accompanying diagram (Fig. 2). It is important
to note that this model is not an isolated case but
reflects broader trends in mass school construction
over the past decades. Conceptual Model of the
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Functional-Planning  Structure: the conceptual
visualization is presented in the form of square
blocks, representing the building’s vertical structure
(from ground floor to the fourth floor), with functional
zoning of key school blocks: primary, middle, and
high school areas; workshops; libraries; sports and
administrative blocks; as well as medical facilities
and an assembly hall. This model highlights the
typical deficiencies in the organization of educational
spaces characteristic of schools constructed under
mass development programs in Astana.

The scheme presents a spatial-functional model
of a modern school, structured by educational levels
and corresponding types of intelligence. The diagram
illustrates the interconnections between primary,
middle, and high school blocks, emphasizing
differentiated circulation routes, specialized facilities
(sports, arts, administrative, dining, and assembly
spaces), and zones that support the development of
multiple intelligences — from linguistic and logical-
mathematical to bodily-kinesthetic and digital.

As shown in the model, current school projects
demonstrate a noticeable lack of specialized spaces
designated for specific grade levels, resulting in the
universal use of classrooms regardless of students’
levels of preparedness. Specialized facilities (such
as workshops, art rooms, and libraries) are located
without consideration of age-specific student
groups, leading to shared use by both younger and
older students. This reduces the adaptability of the
environment to the educational needs of different age
groups and complicates the formation of coherent
educational pathways. The placement of classrooms
does not take age characteristics into account: for
instance, middle and high school classrooms are
often concentrated on the same floors, which causes
intersecting studentflows anddisruptsthe organization
of the educational process. The spatial structure
tends toward centralization, where shared areas
become overloaded and serve as points of conflict
between different traffic flows. Moreover, recreational
spaces, which are particularly important for younger
students, are largely absent, negatively impacting rest
and recovery. Primary school blocks are fragmented
across different floors, violating the principle of age-
group isolation and complicating navigation within the
building. In addition, primary grades are not equipped
with specialized spaces such as workshops or
laboratories, nor are there adapted zones that meet
the specific developmental and educational needs
of young students. Importantly, the layout of existing
school architectural models enforces a regime of
regulation and passivity-students sit in traditional
frontal classroom arrangements, wait for bells, and
move in narrow corridors under supervision. This
structure presents a clear pedagogical disadvantage,
as modern education values initiative, autonomy, and
collaboration, and the physical environment should

support the development of these qualities rather
than suppress them (Lackney, 1994). It is important
to note the inefficiency of current architectural and
urban planning solutions, which is reflected in the
excessive size of school sites, the underutilization
of basement levels, the inappropriate number of
floors, and the presence of incomplete or irregular
stories. All of these shortcomings negatively affect
the formation of a comfortable and functional
educational environment. The lack of professional
functional zoning within such structures leads to
the emergence of social “conflict points”, caused by
the constant movement and intersection of student
groups of different ages. This not only disrupts spatial
organization but also reduces students’ opportunities
for rest and psychological recovery. The narrow
range of functional spaces results in the creative
and intellectual limitation of modern students,
diminishing their opportunities for social interaction
and communication. Furthermore, the reliance on
average-age architectural standards in the design of
learning spaces often leads to the creation of non-
ergonomic environments that fail to meet the diverse
physiological and psychological needs of students
of different ages. According to a comprehensive
literature review, Howard Gardner proposed the
theory of multiple intelligences, recognizing the
existence of several independent types of intelligence,
each essential for successful human functioning.
This theory integrates the analytical, creative, and
practical intelligences studied by L. S. Vygotsky and
R. Sternberg, as well as the emotional intelligence
emphasized by D. Goleman. The concepts of
fluid and crystallized intelligences, introduced by
R. B. Cattell, also find their place within Gardner’s
framework, being interpreted through different forms
of thinking and knowledge accumulation. Thus,
Gardner’s theory synthesizes the approaches of
other scholars, offering a more holistic and flexible
understanding of intelligence, making it particularly
valuable for educational practices, including school
architectural design. The proposed Architectural
and Planning model consists of three autonomous
blocks corresponding to different levels of education:
the upper secondary school on the left, the primary
school in the center, and the lower secondary
school on the right. Color coding and individual
directional arrows emphasize that each level has
its own movement contour without intersecting with
others. The planning structure is multi-core: within
each block, a recurring module of “two classrooms+
+ recreation area + specialized rooms” forms closed
circuits around the main functional zones. Each
wing includes a sports block, while the ground floor
accommodates a catering unit with a dining hall and
separate cloakrooms for each educational level,
reducing counter-flows during breaks and lunch
periods.
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Administrative offices and teachers’ co-working
spaces are positioned along the fagade, ensuring
convenient visual supervision of student flows and
quick access to the educational cores. Recreational
and co-working areas (highlighted in green) are
located inside the learning clusters rather than in
corridor remnants, creating conditions for informal
interaction, project work, and socialization. Standard
and specialized classrooms are indicated by separate
pictograms with levels of provision — low, medium, and
high. At the bottom of the diagram, urban planning
connections are shown: distinct entrance groups,
links to the street network, and the possibility of
phased operation, allowing school blocks, sports, and
assembly halls to function autonomously and serve
the local community beyond school hours (Fig. 3). In
the proposed model, spatial organization is directly
correlated with the types of intelligence identified by
Gardner. For each area of development, the authors
have identified corresponding school spaces: While all
aspects are important for learning, particular emphasis
is placed on the practical application of knowledge
within mathematics classrooms, where students
can solve complex problems and apply theoretical

concepts in practice. Additional spaces such as logic
corners, robotics and programming laboratories, and
mathematical project rooms can complement these
core areas. According to the theory, the development
of linguistic intelligence requires not only specific
criteria but also specialized types of spaces that can
stimulate this form of intelligence. Examples include
language classrooms, literary corners, creative writing
studios, spaces for linguistic games and problem-
solving, literary discussion clubs, and recording
studios. Bodily-kinesthetic intelligence is cultivated
through physical activity, dance, games, coordination
exercises, as well as practices of meditation and
yoga. The corresponding spatial types include
gyms, dance studios, interactive play zones, outdoor
yoga and fitness areas, and studios for creative
workshops. Naturalistic intelligence develops through
experimentation and observation, as well as through
the study of biology, geography, astronomy, chemistry,
and physics, including field research, botany, and
zoology. Specialized spaces such as astronomical
observatories, zoological corners, winter gardens, and
educational gardens play a key role in this process,
as they immerse students in the natural environment
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and foster systemic ecological thinking. Intrapersonal
intelligence evolves through self-awareness and
reflection, emotional literacy, meditation and relaxation
practices, independent research, and participation in
discussion circles. Spaces that support these activities
include psychological consultation rooms, centers
for self-awareness, meditation rooms, and studios
for creativity and self-expression. Digital intelligence
is shaped through interaction with information and
communication technologies, the development of
digital literacy, programming, and critical thinking in
media environments. Spatially, this manifests in IT
laboratories, multimedia classrooms, VR and AR
studios, digital fabrication labs, and cybersecurity
zones, where students learn the principles of
working with data and digital tools. Visual-spatial
intelligence develops through visual arts, geometric
constructions, three-dimensional modeling, virtual
reality, and cartographic studies. Classrooms for
graphic programming and design consultations, art
studios, laboratories for 3D modeling and virtual
environments, and spaces dedicated to geometry and
cartography contribute significantly to this process.
Interpersonal intelligence is enhanced through group
projects and collaborative tasks, feedback training,
communication workshops, and other forms of social
interaction. Spaces designed for social games,
teamwork, and collective exercises play an important
role in nurturing interpersonal intelligence, extending
students’ opportunities for developing communication
and cooperation skills. Furthermore, it should be noted
that certain criteria for developing different types of
intelligence can be effectively combined and balanced
within a single educational space. Forexample, the use
of interactive multimedia technologies in classrooms
can simultaneously promote the development of
both logical and visual-spatial intelligences. Such
flexible environments contribute to a more holistic and
comprehensive development of students, allowing
them to acquire diverse skills and competencies
within a unified educational context. All of the above-
mentioned forms of intelligence collectively contribute
to the formation of meta-intelligence — the human
capacity to be aware of, integrate, and manage
multiple cognitive abilities within a unified process
of thinking and learning. Meta-intelligence (from
Greek “meta” — “beyond” and Latin “intellectus” —
“understanding”) refers to the ability of an individual
to consciously analyze and direct their own cognitive
processes, turning thinking into an intentional tool
for self-development and adaptation to complex
environments. It is precisely meta-intelligence that
enables a modern person to maintain critical thinking,
creative initiative, and emotional resilience in an era
when analytical and routine functions are increasingly
being delegated to artificial intelligence.

Spaces such as social gaming areas and team-
building training rooms play a crucial role in supporting

the development ofinterpersonal skills and collaborative
competencies (Pak et al., 2023). It is important to note
that some spatial criteria for the development of multiple
intelligences can be successfully combined within a
single educational space. For instance, interactive
multimedia classrooms can simultaneously support
the development of both logical-mathematical and
visual-spatial intelligences. Such flexible environments
contribute to a more comprehensive and holistic
student development by enabling diverse skills and
abilities to be cultivated within a unified educational
context. The spaces in the proposed model are
designed to be transformable, adaptable to different
learning scenarios, and inclusive by design. Unlike the
standardized educational spaces found in Model 1,
Model 2 integrates recreational areas directly into the
learning environment, promoting informal interaction
and a diversity of educational trajectories. This
architectural approach not only extends the functionality
of the school building but also fosters an environment
that supports the realization of each student’s individual
potential. Thus, the developed model demonstrates
improved performance across key aspects — zoning,
organization of student flows, provision of specialized
and recreational spaces, architectural flexibility,
inclusivity, and alignment with current pedagogical
approaches. Model 2 represents a new typology of
educational space — adaptive, multifunctional, and
oriented toward the cultivation of multiple forms of
intelligence. Depending on the specific educational
objectives and specialization of the institution, it is
possible to enhance certain types of intelligence by
adjusting the types of spaces. For example, a school
that emphasizes creativity and visual-spatial thinking
may increase the number of creative and artistic studios
for maximum effect. As emphasized by previous
research: “Effective learning environments integrate
technology and provide learners with opportunities for
collaboration, creativity, and critical thinking” (Sanoff,
2001). “The interaction between physical space
and educational practice is complex, but designing
environments that support diverse learning needs
can enhance educational outcomes” (Woolner, 2010).
It is crucial to recognize that while some educational
spaces can comprehensively support the development
of multiple intelligences, others may be tailored to
specific intelligences. For instance, multifunctional
areas such as libraries or media centers offer students
the opportunity to simultaneously develop various
aspects of intelligence through a diversity of resources
and activities.

PhD in Architecture, Associate Professor
S. Sh. Sadykova (2022), in her article “Innovative
Trends in the Formation of Internal Educational
Spaces of New Schools in Kazakhstan,” emphasizes
that the principle of universality and adaptability is
one of the priorities in the design of school buildings.
Such an approach not only ensures flexibility in the
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use of premises but also contributes to expanding
the functional composition of the educational
environment, allowing the integration of various forms
of academic, project-based, and extracurricular
activities. The results of the present study correlate
with the conclusions of S. Sh. Sadykova, yet
develop them further in a more practical and
spatial-typological dimension. The proposed model
goes beyond the mere universalization of spaces
and focuses instead on structural diversity and
functional specialization of educational blocks,
which enables the implementation of Howard
Gardner’s theory of Multiple Intelligences within
the architectural environment of the school. PhD in
Architecture T. A. Kiseleva (2019), in her dissertation
“Development of the Network of General Education
Institutions in the Urban Structure of Astana in
the 19"—21st Centuries”, highlights the urgency of
modernizing Kazakhstan’s education system to
meet the challenges of contemporary society. Her
research identifies the absence of a clear theoretical
classification of specialized educational institutions,
which often leads to unsubstantiated placement
of such schools within the urban structure. In
response, the author proposes a conceptual
model for developing the network of general
education institutions at the city level, introducing
a new concept of the “specialized school”. Unlike
the “specialized school” model proposed by
T. A. Kiseleva, the present research does not
confine itself to a single type of institution. Instead,
it explores a universal, systemic model that can
serve as a design tool for various general education
schools within the urban framework. In dissertation
“Architectural and Planning Organization of a
School Building in the Context of the Information
Society (on the Example of Samara)’, PhD in
Architecture S. V. Poznyak (2009) focuses on the
changing role of information in society and the
increasing need for its independent acquisition.
According to the author, these factors create
prerequisites for forming in schools a developed
informational environment with open access. The
findings of S. V. Poznyak’s dissertation resonate
with our research in recognizing the school as a
dynamic information — spatial system that reflects
ongoing social transformations. However, unlike
Poznyak’s emphasis on the development of the
informational environment and digital infrastructure,
the present study interprets the architectural model
more broadly as a cognitive-spatial structure aimed
not only at informational but also at intellectual and
social integration within the learning environment.

Conclusions

The conducted study revealed that the existing
architectural and functional structure of schools
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in Astana largely reproduces modern standardized
models that do not meet the requirements
of contemporary education. Despite certain attempts
to introduce new spatial solutions, most schools
remain oriented toward the traditional classroom-
lesson system and fail to account for the diversity
of students’ intellectual abilities. The analysis
established that population growth and new teaching
methodologies — aimed at developing a well-
rounded individual — serve as the main catalysts for
the transformation of school functional structures.

The research demonstrated that the architectural
and planning structure of a school is a crucial
instrument in shaping the educational environment
and fostering personal development. The analysis of
existing schools in Astana showed that typical design
models largely preserve outdated organizational
principles, failing to provide the necessary
flexibility, specialization, and psychological comfort.
The model developed by the authors focuses on
distributing student flows according to age and
functional zones, which significantly reduces the
intersection of movement paths and enhances
the ergonomics of the educational process. The
increase in the number of specialized classrooms,
such as laboratories, creative studios, scientific
and digital rooms, contributes to the development
of multiple types of intelligence and the formation
of individual educational trajectories. Special
attention is given to the creation of recreation and
co-working zones integrated into the overall spatial
structure. These spaces form an environment for
informal communication, collaborative creativity,
and knowledge exchange among students,
teachers, and parents. Collectively, these elements
transform the school from a static building into
a flexible educational ecosystem that supports
self-development and cooperation. From an
urban planning perspective, the proposed model
promotes the rational use of territory, the inclusion
of schools within residential block structures, and
the formation of local educational clusters. From
a socio-economic standpoint, it increases the
efficiency of space utilization (including previously
underused areas such as basements), reduces
operational costs, and enhances the public value
of educational facilities. At the cognitive level, the
model aims to develop multiple intelligences and
meta-intelligence, ensuring a transition from a
traditional monofunctional structure to a system that
stimulates conscious thinking, self-organization,
and interdisciplinary interaction. Thus, the school
of the future appears as the architecture of eight
intelligences, where space becomes an active
participant in the educational process and a catalyst
for the holistic development of the individual.
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AHHoOTauus

BBeaeHue. ApxMTEKTYpa LUKOMNbHbIX 3AaHWUIA UrpaeT BaxkHyto porb B hopMUpOoBaHnM obpasoBaTenbHON cpeabl Y BIUSHUN
Ha ydebHble npouecchl. Llenb uccnepoBaHusi: M3yuntb, Kak apxuTEKTypHasi M MPOCTPAHCTBEHHas opraHu3auus
COBPEMEHHbIX LUKOMbHbIX 34aHuWiA B AcTaHe MOXeT ObiTb cornacoBaHa C TEOpMEN MHOXECTBEHHbIX WHTENIEKTOB,
C Uenblo BbISBMEHMS MPUHUMMNOB MMAHWPOBAHUSA W CTpaTerMin MNpOeKTUPOBaHUS, MNOOLEPXUBAOLLUX BCECTOPOHHEE
WHTEMNMEeKTyanbHoe pa3BuTUE y4allMXCs MO BCEM BOCbMU TunaMm uHTennekta. Metoabl: B nccnegosaHumn onpegeneHsbl
BPEMEHHbIE N TeppuTopuanbHble rpaHuLbl, NPOBEAEH aHann3 ropoAckoN CTPYKTYpbl, UCMOMb30BaHbl METOAbL! MOMNEBbLIX
nuccnenoBaHuii, cOop 1 aHanM3 apxMTEKTYPHOW JOKYMEHTauuu, a Takke 0630p TeOpeTUYECKUX OCHOB. [ONONHUTENbHOE
BHUMaHWE yaeneHo MeTodam B3avMOLEWCTBUS, UHTEPMNPETMPYEMbIM KaK apXMTEKTYPHO-NPOCTPaHCTBEHHbIE TUMOMNOrUn
KOMMYHUKaLMN 1 CTUIUCTMKA OKPY>KaloLLen cpeapbl, NoAAepXKMBaloLLME pasnnyHblie cnocobbl 0by4eHus 1 BOBMEYEHNs.
PesynbraTtbhl: AHanua3 nokasar, YTo CyLIECTBYHOLUME TUMOMOIMUK LUKOSIbHOW apXUTEKTYpbl B ACTaHe NpenMyLLeCTBEHHO
NoaOEPKUBAIOT TIMHIBUCTUYECKUA U FOTMKO-MaTeMaTUYeCKUA WMHTENNEKT MOCPEeACTBOM TPaAMLMOHHOW MNMaHUpPOBKY
KnaccHbIX KOMHaT. OoHaKo apXMTEKTYpPHbIE 3MEMEHTbI, CNMOCOOCTBYOLME Pa3BUTUIO APYTMX TUMOB MHTENNEKTa — Takue
KaK My3blKarnbHbIE€ KNaccChl, XyA0XECTBEHHbIE CTYAUN, OTKPbITbIE Y4eOHbIe 30HbI 1 TMOKME NPOCTPaHCTBa Ansi COBMECTHOW
paboTbl — MPUCYTCTBYKT HenocrnefoBaTeNbHO M 4acTO MaprvHanuM3vpoBaHbl B MPOCTPaAHCTBEHHOW uepapxuu. B
NCCrnenoBaHNM BbISIBNEHb! apXMTEKTYPHbIE 0COOEHHOCTHW, KOPPENUPYIOLLME C aKTUBU3aLMEN Pa3NMYHbIX TUMOB UHTENMEKTA,
BKINtoYas amduteatpanbHble MNpOCTpaHCTBa Ans COOpaHWi (MEXIMYHOCTHBIA WHTENMEKT), 3eneHble BHYTPEeHHUue
[OBOpPbI (HAaTypanuCcTUYEeCKUA MHTENMEKT), MacTepCKMe (TENEeCHO-KUHECTETUYECKUIA UHTEMMEKT) U MOAYIbHbIE KIacCHble
noMeLLeHns1 (BHYTPUIMUYHOCTHBIA WMHTENMEKT). Ha OCHOBe MOMy4YeHHbIX pesynsTaToB aBTOpbl NpeanarawT MoAenb
NNaHNPOBaHWS LUKOSbl, OPUEHTUPOBAHHONW Ha Pa3BUTME HECKOSIbKMX TUMOB WMHTENSEKTa, B KOTOPON (PYHKLMOHAmbHbIE
30HbI OpPraHN3oBaHbl TakMM 06pa3oM, YTOObI 06ecneyYnTb NPOCTPaHCTBEHHbBIE CTUMYIbl, COOTBETCTBYHIOLLME KaXKA0MY TUMy
WHTennekTa. 3Ta MoAenb 4EMOHCTPUPYET NOTEHLMArNbHOE HanpaBeHne Ansi NePEeOCMbICIIEHNS LUKONIbHON apXUTEKTYpbI
KaK afanTMBHOW M MHKIO3UBHOM 0bpa3oBaTenbHO UHPaCTPYKTYpPbI.

KniouyeBble cnoBa: LUKOfbHas APXUTEKTYpPA; 06pasoBaTeanaﬂ cucTemMa; TUMNbl UHTENMEKTA; KHWKHO-GPOHTaNbHbIN
MeTOo; CUCTEMA «KIMACC-YPOK»; KomMdoopTHasi cpeaa; APXUTEKTYPHO-NNMAaHNPOBOYHbIE METObI.
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Abstract

Introduction. Imamzadeh Abdullah is located in the village of Koudzar, about 30 km from Arak and approximately 270
km from Tehran, Iran. Located on a hill north of the village, the Imamzadeh dates back to the Seljuk and llkhanid periods.
The building is constructed of brick with a stone foundation, and while the exterior lacks decoration, the interior features
intricate ornamentation. Methods. This article explores the developments in stucco and decorative arts during a specific
period, using Imamzadeh Abdullah and the Jame Mosque of Naein as case studies. It highlights key findings from a
comparative analysis of the decorative and architectural features of both structures, examining regional changes and
artistic innovations. Despite its historical and artistic significance, Imamzadeh Abdullah has suffered extensive structural
and decorative damage over the years. The building has undergone three major restoration phases since 1967, yet further
efforts are needed to preserve its intricate stucco decorations and architectural integrity. Careful documentation and
analysis of its decorative elements, alongside comparisons with similar structures such as the Jame Mosque of Naein, are
essential for deepening our understanding of its architectural and cultural importance. Results. Through a comparative
analysis with the Jame Mosque of Naein, this research traces the evolution of architectural decorations in Imamzadeh

Abdullah, highlighting key stylistic developments and regional artistic innovations.

Keywords: acrography; Imamzadeh Abdullah; decorative arts; Kufic script; Jame Mosque of Naein.

Introduction

The Seljuk period in Iran (11" to 13" centuries
AD) is known as a period of artistic and architectural
achievements. Architectural spaces show many
innovations in form and function. Architectural
decorations, although having developed in a
monochrome form, incorporated complex structural
elements within them, and the combination of
structure and decorations is one of the prominent
features of this period. Among the famous buildings
of this period, the Grand Mosque of Isfahan shows
the architectural developments of the Seljuk period
well and is even referred to as the museum of
Iranian architecture. This building, with its diverse
stucco decorations and its large-scale four-iwan
(porch) architecture, is known as a landmark in
Seljuk architecture (Blair et al., 1994). Therefore,
the Grand Mosque of Isfahan is known as an
influential and guiding model in the architecture of
buildings after it, which simultaneously incorporates
engineering knowledge and the beauties of Islamic
architecture (O’Kane, 1995). This study focuses
on a specific type of stucco decoration made of
plaster known as acrography, which was particularly
prevalentin West Asian and West Asian architecture

(Nezhad et al., 2021; Shahbazi et al., 2019). This
type of decoration is known for its detailed designs
that have both aesthetic and symbolic significance.
Acrography was commonly used in mosques,
tombs, and palaces and included floral motifs, Arabic
inscriptions in Kufic or Thuluth script, and complex
and combined decorations. These decorations
typically conveyed religious and cultural concepts
in an artistic and mystical language specific to that
particular region.

In Islamic architecture, acrography played
a central role during the Seljuk and Ilkhanid
periods, and the craftsmen of this art combined
mystical concepts with earthly beauties (Golombek
and Wilber, 1988). The methods of creating these
decorations include carving, embossing, moulding,
and combining it with natural colours and painting.
This decorative style is very common in the mihrabs
of mosques and shrines in Iran (Shekofteh, 2025).
What is noteworthy about this decorative style is
that it not only added aesthetic and visual quality to
the space, but also had an acoustic application in
the halls of mosques and prayer rooms (Karbasbaf
and Ezaan, 2025). The enduring legacy of this
decorative style emphasizes its importance
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as a vital element of the architectural heritage
of West Asia, embodying the technical skill and
creative vision of the masters.

The name “Koudzar” is derived from the term
“Koud”, meaning a mass or heap, typically referring
to organic matter used for fertility (manure), and
“Zar”, which signifies land or a place and, on its own,
denotes gold (Amid, 2000). This etymology suggests
a historical connection to agriculture, highlighting the
village’s reliance on its rich local resources for fertile
land and its deep-rooted agricultural heritage.

In the following sections of this article, a detailed
and accurate analysis of the acrography found in
Imamzadeh Abdullah will be addressed. These
stucco decorations have a strong relationship with the
decorative styles of the Seljuk and llkhanid periods
and have significant similarities and developments
with the building of the Jame Mosque of Naein.
Through a comparative analysis of Imamzadeh
Abdullah and the Jame Mosque of Naein, this study
aims to identify stylistic and regional differences
while examining the distinct ways in which plant
motifs are represented in each building.

The aim of this study is to introduce and highlight
one of the lesser-known structures of the same
period, the Imamzadeh of Abdullah in Koudzar.
Despite its outstanding architectural features and
special decorations, this building has been less
studied and ignored in academic societies and
scientific communities, probably due to its specific
geographical location and distance from political
events. Since architectural studies have been
in urban centres such as Isfahan and Rey, rural
buildings have not been considered, despite their
unique contributions to regional developments in
design and construction.

Methods

To conduct a detailed analysis of architectural
decoration in West Asia, a dual research approach
combining case study and comparative analysis
was employed. The case study method enables an
in-depth examination of specific buildings, such as
the Imamzadeh Abdullah in Koudzar, with a focus
on unique decorative elements and their restoration
processes. This approach is widely utilized in
architectural research to uncover subtle connections
between form, function, and artistic expression
(Hillenbrand, 1994; O’Kane, 1995).

Comparative study is a reliable method (Tang
et al., 2010) because it provides a systematic
assessment of the similarities and differences
between architectural structures, styles or
construction methods. By contextualizing case
studies among different trends, it provides deeper
insightinto regional, historical and cultural influences.
The method establishes patterns and innovations
and highlights the connection between localities
and global trends. Its application comprehensively
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confirms the development of architecture across
space and time.

Further elaborating on this research method,
a comparative study allows researchers to juxtapose
the characteristics of the case study with similar
structures, such as the Jame Mosque of Naein, to
draw conclusions about regional variations and
broader architectural trends (Blair et al., 1994;
Necipogdlu, 1996).

Recent research in this area increasingly relies
on qualitative and analytical approaches to examine
decorative motifs, emphasizing their aesthetic,
cultural, and religious roots (Al-Mosawi, 2016;
Esfahani, 2015). For instance, Azami et al. (2014)
employed a comparative framework to investigate
stucco motifs in lIranian mosques, successfully
linking these decorative elements to their historical
and symbolic significance (Azami et al., 2014). By
integrating archival studies, on-site surveys, and
stylistic comparisons, this methodology effectively
fills gaps in the existing literature — particularly the
limited representation of regional monuments. In
doing so, it not only broadens our understanding
of West Asian architectural decoration but also
establishes a solid foundation for situating individual
structures within the wider context of Islamic art and
architecture.

Literature Review

Decoration has always been a defining feature
of Iranian and Islamic architecture, conveying
both aesthetic expression and philosophical,
cultural, and religious ideas. The background of
the present research combines key studies on the
evolution, practices, and significance of architectural
decoration in the Islamic world with an emphasis on
Iranian contributions.

The roots of architectural decoration trace back
to pre-Islamic cultures, notably during the Sassanian
era when stone murals and elaborate stucco work
were widespread. In The Formation of Islamic Art,
Grabbar (1987) illustrates how Islamic architecture
has appropriated these ancient traditions by
blending new Arabic forms, geometric designs, and
calligraphic elements with the principles of abstract
and spiritual art (Grabar, 1987).

In his 1994 work, Islamic Architecture: Form,
Function, and Meaning, Hillenbrand emphasizes
the evolution from the simplicity of the early
Umayyad period to the intricate decorative styles
of the Abbasid, Seljuk, and llkhanid eras. Iranian
architecture, renowned for its exquisite stucco, tile,
and brickwork, reached its zenith during the Seljuk
and Safavid periods (Hillenbrand, 1994).

Numerous scholars have extensively studied
the evolution of Islamic architectural decorations,
highlighting the influence of artistic traditions,
cultural contexts, and technological advances
(Al-Obaid, 2005; Azzaari, 2021; Graves, 2018;
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Shafiq, 2014). Scholars such as Necipoglu (1996)
and Pope (1964) have undertaken a more in-depth
exploration of the symbolic dimensions inherent in
Islamic architectural decoration. Notably, Necipoglu
offers a focused investigation into the ways in which
geometric patterns embody the Islamic worldview,
serving as representations of unity, infinity, and
divine order. This research highlights the interplay
between mathematical precision and mystical
abstraction, a hallmark of Islamic architectural
ornamentation (Necipoglu, 1996; Pope et al.,
1964). In his work Islamic Architecture of Iran in
the llkhanid Period (1955), Donald Wilber offers
a comprehensive examination of the materials
and construction techniques employed in Iranian
architecture. He highlights stucco as a prevalent
medium for intricate decorative work, with notable
examples found in the Alavian Dome in Hamedan
and the Jame’ Mosque of Isfahan — both of which
exemplify the exceptional craftsmanship of Iranian
artisans (Wilber, 1955). Blair and her colleagues
(1994) also address the evolution of architectural
decoration during the Islamic period, emphasizing
the advancements in tilework. They particularly
note the widespread use of multi-coloured tiles
during the Timurid and Safavid eras, identifying this
development as a significant artistic achievement in
the architectural traditions of the time (Blair et al.,
1994). Golombek and Wilber (1988) demonstrate
how local cultural and environmental factors
critically informed the development of architectural
ornamentation over time (Golombek and Wilber,
1988). They identify the Timurid period’s hallmark in
its expressive deployment of colour and monumental
scale within mosaic tilework. In contrast, the Safavid
era is characterized by its cohesive aesthetic unity,
sophisticated compositional integration, and the
artful intertwining of calligraphic motifs with stylized
plant forms.

Scholars of Islamic architecture continue to
investigate the study, restoration, and reinterpretation
of period-specific ornamental programs (Abdullahi
and Embi, 2015; Ahani et al., 2018; Bier, 2015).
O’Kane (1995) emphasizes the importance of
safeguarding traditional construction techniques
within ~ contemporary  restoration initiatives,
while recent research into digital modelling and
reproduction methods offers practical frameworks
for implementing and analysing decorative designs
(O’'’Kane, 1995).

Comparative studies — most notably Azami et
al. (2014) — have scrutinized decorative stucco
motifs in Iranian mosques, interrogating the interplay
between indigenous traditions and broader Islamic
artistic currents. The Jame Mosque of Naein, for
instance, illustrates this synthesis: its austere
ornamental vocabulary, characteristic of the early
Islamic centuries, is interwoven with vegetal motifs

derived from Sasanian precedents, thereby charting
the diachronic evolution of decorative paradigms
across distinct periods and regions (Azami et al.,
2014).

Despite extensive scholarship, certain facets
of Islamic architectural ornamentation remain
underexplored, particularly in less prominent
edifices. Rural Iranian sites, for instance, often
manifest decorative traditions that diverge markedly
from those prevalent in urban centres such as
Isfahan and Shiraz (Faraji and Masoumi, 2023).
Although geographically peripheral, these structures
offer invaluable local perspectives on wider artistic
discourses and architectural trajectories. Analysing
their distinctive motifs, construction methodologies,
and adaptations to indigenous materials and
environmental contexts can illuminate previously
overlooked dimensions of Islamic-period decoration
and contribute to more inclusive historiographies.

Despite a substantial body of scholarship on
Islamic architecture, specific lacunae remain.
In particular, they are:

1) a dearth of rigorous studies on rural and
regionally peripheral monuments;

2) a shortage of comparative analyses that trace
stylistic and chronological continuities between the
early Islamic and llkhanid decorative patterns;

3) limited technical documentation of stucco
manufacture and application;

4) insufficient  interdisciplinary ~ work  that
integrates archival evidence, material analysis, and
digital recording.

This study addresses those gaps by undertaking
a case study of Imamzadeh Abdullah in Koudzar,
paired with a comparative analysis of the Jame
Mosque of Naein. Using archival research, in-
situ survey, stylistic comparison, and digital
documentation, the research aims to:

1) provide  technical and chronological
documentation of stucco ornamentation;

2) clarify  regional stylistic variation and
transmission between the early Islamic and llkhanid
contexts;

3) situate these findings within broader social,
religious, and material networks. In doing so, the
project seeks not only to enrich our understanding
of Islamic architectural ornamentation but also to
contribute a more inclusive and evidence-based
historiography that incorporates understudied
regional monuments.

Results

The Imamzadeh Building and Its Specifications

Koudzar is situated 38 km southeast of Arak,
along the Arak-Khomein highway, at an elevation
of approximately 1,718 m above sea level in a
mountainous, cold-climate zone (Fig. 1). The
region’s aridity and low annual rainfall severely limit
its agricultural potential. Although a small stream
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Fig. 1. Red dot shows the location of Koudzar in Iran (Author)

courses through the village, its flow is insufficient
to meet all irrigation requirements and local water
demands (Tali et al., 2016).

The village’s strategic location near the crossroads
has made it a transit point throughout history, which
has fostered socio-economic interaction between
neighbouring regions, although it remains somewhat
distant from major cultural centres such as Tehran or

Fig. 2. A landscape view of the Imamzadeh Abdullah building
(Photo by A. Moghaddasi)
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Isfahan. The frigid, mountainous climate of Koudzar
has shaped not only local agricultural practices but
also the vernacular architecture. As in many rural
settlements across Iran’s highlands, buildings here
have responded to severe winters and chronic water
shortages by employing indigenous materials —
primarily stone and mudbrick (Hillenbrand, 1994).
Although this geographic isolation poses significant
challenges, it has simultaneously fostered the
preservation of traditional architectural typologies
and cultural customs, offering a singular window into
rural life on Iran’s central plateau.

The Imamzadeh Structure

The Imamzadeh stands at the northern edge of
the village, atop a hill now consecrated as a cemetery
(Fig. 2). lts plan is octagonal, and it originally
supported a double-shelled dome; currently, only
the inner shell remains (Fig. 3). Historical accounts
suggest that the outer shell took the form of a conical
dome (Rok), a typology characteristic of Islamic-
Iranian dome construction. Chronologically, the
structure dates to the Seljuk period (12" century
CE), with subsequent modifications in the early
llkhanid era. Architecturally, it closely parallels the
Imamzadeh Jafar in Isfahan (Fig. 4).

Archaeological evidence suggests that the main
edifice was erected during the Seljuk period, while
its stucco ornamentation was applied some two
centuries later in the llkhanid era. This chronological
interval between structural construction and
decorative overlay underscores the building’s
palimpsestic history. Moreover, the enduring evolution
of Iranian architectural traditions demonstrates that
edifices have been continually adapted and refined
in response to functional requirements, shifting
aesthetic paradigms, and evolving religious practices
(O’Kane, 1995; Pope et al., 1964).

The use of octagonal structures and double-shell
domes is a distinctive feature of Seljuk architecture,
which consistently uses geometric forms to convey
structural complexity and visual harmony (Blair
et al.,, 1994). The similarity of this building to the
Imamzadeh of Jafar in Isfahan is an expression
of common architectural motifs and possibly the
influences of regional styles that were prevalent
in central Iran during the transition from Seljuk to
llkhanid (Wilber, 1955).

The Imamzadeh’s primary structural fabric
comprises brick masonry laid atop a rubble-stone
foundation — an assemblage characteristic of
Seljuk and llkhanid architectural typologies. The
edifice rises to a height of 10 m and presents
a total circumference of 24 meters; each facet
of its octagonal plan measures 2.6 m, with wall
thicknesses reaching 1.7 m. These proportions not
only attest to the building’s inherent solidity but also
demonstrate a sophisticated understanding of load
distribution and structural stability (Fig. 5).
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Fig. 3. Floor plan of the Imamzadeh Abdullah building (Source:
Arak Cultural Heritage Documentation Center)

The selection of materials and construction
techniques in the Imamzadeh structure reflects
a strategic adaptation to local environmental
conditions. Locally abundant brick was employed,
its high thermal mass mitigating diurnal temperature
extremes. Moreover, the foundation was reinforced

Fig. 5. Exterior view of the Imamzadeh (Photo
by A. Moghaddasi)

with stone, a measure particularly suited to the
region’s cold, mountainous climate.

Decorative Elements

In contrast to the elaborate interior, the building’s
exterior brickwork is unadorned and austere. In 1967,
local interventions applied a cement render to the
facade, which further obscured original architectural
details and compromised its historical authenticity.
In contrast, the interior's stucco ornamentation
remains exceptionally well preserved (Figs. 6 and 7).
Regrettably, the exterior ornamentation has mostly
succumbed to deterioration over time; however,
the interior embellishments — emblematic of the
Imamzadeh'’s artistic identity — remain intact.

A defining characteristic of llkhanid-period
architecture is the extraordinary virtuosity exhibited
in stucco craftsmanship. The prolific employment of
diverse decorative techniques not only attests to the
artisans’ refined skill but also constitutes a central
element of Islamic architectural aesthetics (Wilber,
1955).

The Imamzadeh’s interior is adorned with
elaborate stucco ornamentation — encompassing
geometric configurations, floral motifs, and canonical
Islamic  iconography. These embellishments
transcend mere decoration, functioning to
elevate the spiritual ambiance, evoke a sense of
transcendence, and foster a connection with the
Fig. 4. Inamzadeh Jafar in Isfahan (Photo by Ernst Emil divine (Hillenbrand, 1994). The use of stucco here

Herzfeld) aligns with broader trends in Iranian architecture,
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Fig. 6. Mihrab of the Imamzadeh Abdullah with Kufic script
and Islimi designs (Photo by A. Moghaddasi)

where ornamental programs serve as essential
vehicles for communicating cultural narratives and
religious affect.

Beyond their aesthetic function, the stucco
ornamentation of this Imamzadeh offers critical
insight into the intercultural artistic exchanges of the
likhanid era, a period marked by the intensification of
Iranian, Mongol, and wider Islamic traditions (Grabar,
1987). The artistry and technical sophistication
evident in these decorative elements reflect the
presence of a vibrant artistic community, one that
actively integrated diverse cultural influences into
a unified and coherent architectural expression.

The Imamzadeh edifice functions not only as
a landmark of architectural achievement but also
as a tangible record of its era’s cultural heritage. Its
robust masonry, coupled with the finely articulated
interior stuccowork, attests to the site’s significance
within the evolution of Iranian architectural
practice. Continued scholarly inquiry, alongside
targeted restoration and conservation initiatives,
is essential both for safeguarding this invaluable
resource and for deepening our appreciation of the
artistic accomplishments of the Seljuk and llkhanid
periods.

From a technical standpoint, the stucco
ornamentation of this edifice is unrivalled in the region.
Each interior surface is adorned with elaborate and
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Fig. 7. Islimi designs and geometric patterns
on the wall of the building, with visible structural cracks.
(Photo by A. Moghaddasi)

singular stucco reliefs, featuring complex geometric
configurations and refined Islamic motifs that attest
to the artisans’ exceptional skill and high degree
of artistry. Moreover, the extensive deployment of
stucco not only enhances the visual richness of the
interior but also modulates its acoustic properties,
fostering a serene environment conducive to
contemplation and worship.

The most elaborately ornamented element of the
structure is its mihrab, which serves as the building’s
liturgical and visual focal point. This mihrab is
adorned with delicate, flowing lines of ornamental
Kufic script interwoven with stylized floral motifs, the
precision of which attests to the artist's mastery. Its
intricate detailing invites comparison with celebrated
examples such as the Oljeitu mihrab in the Jame’
Mosque of Isfahan. Beyond its decorative function,
the mihrab embodies the symbolic nexus between
the earthly and the divine, thereby enhancing
both the sensory and spiritual experience of the
worshippers.

Analysis of Stucco Decorations: A Comparative
Study of Geometric and Botanical Patterns in the
Imamzadeh Abdullah and Jame’ Mosque of Naein

In this section, we aim to conduct a detailed
comparison of the stucco decorations in the
Imamzadeh Abdullah building with the decorative
patterns found in the Jame’ Mosque of Naein.
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Analysis of the Jame’ Mosque of Naein

In Fig. 8, captured by the author, the stucco
decorations of the mihrab in the Jame’ Mosque of
Naein are characterized by distinctly Iranian motifs,
infused with Sasanian influences. The stucco
hemispheres at the center of the mihrab are notably
substantial yet relatively simple. This decorative style
later evolved during the Seljuk period and is often
referred to as “high relief stucco work”. An exemplary
later manifestation of this can be seen in the dome of
the Alavians in Hamedan, which traces its roots back
to this period (Basiri, 2024). A noteworthy aspect of
this mihrab is the absence of any inscriptions, and the
arabesque designs have yet to achieve full maturity,
with simple geometric forms, such as eight-pointed
stars, prominently featured. The floral motifs visible
in the upper section of the Figure represent a unique
pattern within this architectural context (Fig. 8).

Analysis of the Imamzadeh Abdullah

Fig. 9 illustrates the mihrab of the Imamzadeh
Abdullah in Koudzar. Here, the arabesques have
reached a level of maturity, interwoven seamlessly
with the mihrab, creating an inseparable visual and
structural relationship. Notably, inscriptions have
begun to find their place within the mihrab, with Kufic
script merging harmoniously with the arabesque
designs. Regarding the stucco hemispheres at the
center of the mihrab, their volume and prominence

have diminished, yet their complexity and finishing
have been enhanced, resulting in a more refined
visual experience. The botanical forms also exhibit a
more symmetrical arrangement, offering a balanced
aesthetic.

Geometric Patterns

In Fig. 10, which depicts the geometric patterns
on a column, a soft, circular movement can be
observed, yet the floral motifs do not demonstrate
the deep, complementary connection seen in
later periods. This suggests the architect’s intent
during this era to merge geometric shapes, typical
of Islamic design, with botanical motifs. Given
that this building belongs to the early centuries of
mosque construction, the lack of extensive practical
experience in executing such designs likely means
that the originality of the floral motifs largely retains
its pre-Islamic characteristics.

Advancements in Geometric Designs

As shown in Fig. 11, the geometric patterns have
reached a pinnacle, with a distinct differentiation
observable among the geometric shapes. The
circles maintain their original characteristics, and the
polygons (star shapes) also reflect this. In contrast
to the Jame’ Mosque of Naein, soft movements
within the geometric patterns are absent, suggesting
that both the circular forms and the geometric
designs have become firmly established in their

Fig. 8. Mihrab of the Jameh Mosque of Naein (Photo by A.
Moghaddasi)

Fig. 9. Mihrab of the Imamzadeh Abdullah of Koudzar (Photo by
A. Moghaddasi)
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Fig. 10. Alandscape view of the mihrab and decorations
of the Jameh Mosque of Naein (Photo by A. Moghaddasi)

respective placements. The floral motifs are so
intricately intertwined with the geometric forms that
each botanical element seems specifically tailored
to a portion of this comprehensive pattern.

Use of Inscriptions

In Figs. 12 and 13, inscriptions appear in areas
beyond the mihrab within this religious structure,
predominantly situated above the arches and distinct
from the geometric decorations. An additional point to
note about these inscriptions is that the Kufic script used
is embellished, making it quite challenging to read.

Incorporation of New Scripts

Finally, in Figs. 14 and 15, we observe that,
in addition to the traditional Kufic script — long
prevalent in Islamic architectural designs — the
Thuluth script has also been introduced into the
decorative elements of this period. This incorporation
reflects an evolution in decorative practices and a
broader exploration of calligraphy within architectural
ornamentation.

Discussion

Although foundational scholarship has elucidated
the historical, formal, and symbolic dimensions of
Islamic ornamentation (Grabar, 1987; Hillenbrand,
1994; Necipoglu, 1996) and comparative work has
addressed prominent stucco motifs (Azami et al.,
2014; Wilber, 1955), key gaps persist. Empirical
reviews indicate that rural and regionally peripheral
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Fig. 11. Decorative patterns on the wall of the Imamzadeh
Abdullah building (Photo by A. Moghaddasi)

Fig. 12. Decorative details of the Jameh Mosque of Naein
(Photo by A. Moghaddasi)

monuments remain inadequately documented
(Faraji and Masoumi, 2023); comparative, diachronic
studies tracing stylistic continuities from the early
Islamic through the Illkhanid periods are limited;
technical documentation of stucco manufacture
and application is sparse; and interdisciplinary
approaches that combine archival evidence,
material analysis, and digital recording have been
insufficiently applied (Al-Obaid, 2005; O’Kane,
1995). The present study addresses these deficits by
pairing a focused case study of Imamzadeh Abdullah
(Koudzar) with a comparative analysis of the Jame
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Fig. 13. Folded Kufic inscriptions above the arches
of the Jameh Mosque of Naein (Photo by A. Moghaddasi)

Mosque of Naein, employing archival research,
systematic in-situ survey, stylistic comparison, and
digital documentation. This combined methodology
aims to produce technical and chronological records
of stucco ornamentation, clarify regional patterns
of stylistic transmission between early Islamic and
llkhanid contexts, and situate decorative programs
within broader social, religious, and material
networks — thereby supplying empirical data and
methodological precedent needed to broaden and
substantiate the historiography of Iranian Islamic
architectural decoration.

Inaddition, thisstudyextendedexistingscholarship
by demonstrating how focused regional analyses
could reshape broader understandings of Islamic
architectural ornamentation. By concentrating on an
understudied rural monument and situating it within
a comparative framework, the research highlighted
patterns and relationships that had remained largely
absent from mainstream architectural narratives.
The findings showed that the decorative programme
of Imamzadeh Abdullah not only reflected local
craftsmanship and material constraints but also
preserved stylistic transitions that were less visible
in major urban monuments. This reinforced the
argument that rural structures — despite their
modest scale — offered critical evidence for tracing
the diffusion, adaptation, and persistence of artistic
forms across time.

Conclusion

The study demonstrated that the stucco
program of Imamzadeh Abdullah represents a
distinct and technically sophisticated phase within
the regional decorative repertoire: a coherent
integration of geometric systems, vegetal motifs
(notably grapevine foliage), and Kufic epigraphy
that is concentrated and most fully realized in the
mihrab. Close reading of stylistic, compositional, and
technical features indicates that these decorative

Fig. 14. Thuluth script used in the mihrab of the Imamzadeh
Abdullah of Koudzar (Photo by A. Moghaddasi)

Fig. 15. Flourished Kufic script in the mihrab of the Imamzadeh
Abdullah of Koudzar (Photo by A. Moghaddasi)
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interventions postdate the primary Seljuk structure
and reflect a later, more mature decorative agenda
consistent with llkhanid-period practice.
Comparative analysis with the Jame Mosque
of Nain clarified the local trajectories of motif
adoption and adaptation: while Nain preserves
explicit continuities with Sasanian-derived vegetal
forms (palm and grapevine), Imamzadeh Abdullah
manifests a more advanced synthesis in which
vegetal and geometric vocabularies are deliberately
reconciled into unified compositions. This pattern
supports a model of regional transmission in
which peripheral monuments both conserve older
iconographic stocks and serve as loci for stylistic
elaboration. Crucially, these observations permit
more secure relative dating of decorative phases
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and underscore the importance of examining non-
urban sites for reconstructing chronological and
stylistic sequences.

Practically, the findings identify the mihrab and
associated stucco panels as primary targets for
conservation and further technical study. Material and
microstructural analyses, together with expanded
comparative sampling of rural monuments, would
refine understanding of manufacture, chronology,
and workshop practice. More broadly, the case of
Imamzadeh Abdullah argues for the inclusion of
regionally peripheral monuments in historiographic
accounts of Iranian Islamic ornamentation, thereby
enriching — and where necessary revising —
established narratives derived predominantly from
major urban ensembles.
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OEKOPATUBHOE HACNEOWE B NEPEXOOHbLIA NEPUOA:
UWCCNEOOBAHUE UMAM3AOE ABOYNINblI U MEYETU OXKAME
B HA3UHE

Axmag Moragpacu'™, Moxammapg XocceliH Moragnacu?

'dakynbTeT UCKYCCTB W An3aliHa, LLikona apxutekTypbl 1 cTpouTensctBa, YHusepcuteT KaHbeppbl, KanGeppa,
ABcTpanus

2dakynbTeT UckyccTB, YHuBepcutet CemHaHa, CeMHaH, MpaH

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

AHHOTauuA

BBepeHue. Vivam3age Abgynna HaxoauTcs B fepeBHe Kyasap, npumepHo B 30 kM oT Apaka v npubnuantensHo B 270 Kv
oT TerepaHa, VipaH. PacnonoxeHHasa Ha xornmMe k ceBepy OT AepeBHU, Mimam3age oTHocuTcs Kk nepyvogaM CenbaxXykoB 1
MnbxaHngoB. 34aHne NOCTPOEHO M3 KMpMMYa C KaMeHHbIM (DyHAAMEHTOM, U XOTSA CHapYXuW OTCYTCTBYET AEKOP, BHYTPU
OHO OTNMYaeTCsl 3ambicrnioBaTbiM OopHaMeHTOM. MeToabl. B 3Toi cTaTbe paccMaTpuBalTCA U3MEHEHUSI B NEMHUHE U
[eKopaTBHO-NPUKIIaAHOM WCKYCCTBE B OMpedeneHHbIi Nepuof Ha npuMepe medvetu Vimam3age Abaynnbl M meyeTu
[xame B HaliHe. B Helt ocBeLlaoTcs KnoyeBble pe3ynbraTbl CPaBHUTENBHOMO aHanuaa eKOPaTUBHBIX U apXUTEKTYPHbIX
ocobeHHocTen 060MX COOPYXKEHWUI, pacCcMaTpUBAKOTCA perMoHanbHble WU3MEHEHUS U XYOOXXECTBEHHble HOBLUECTBA.
HecMoTps Ha CBOK MCTOPUYECKYIO U XYOOXKECTBEHHYH 3HA4YMMOCTb, MeveTb imam3ane AOQynnbl 3a 3Tu rodbl CUIBHO
noctpagana oT CTPYKTYPHbIX W AeKopaTuBHbix noBpexzaeHui. C 1967 roga 3gaHWe nepexuno Tpu KpymHbIX dTana
pecTaBpauuu, ogHaKo HeobXoAMMbl AanbHENLIEe YCUNUS ANs COXPaHEHWs ero 3amMbICMOBaThIX NEMHbIX YKPaLIeHUi n
APXWUTEKTYPHON LIENOCTHOCTM. TliaTtenbHas JOKYMEHTaUMsa U aHanma ero 4EKOPaTBHBIX ANIEMEHTOB, a TakKe CpaBHEHVE
C aHanorM4yHbIMM COOPYXXEHNAMM, TaKUMK Kak MeveTb [xame B HaviHe, Heobxoaumbl Ans yrny6neHust Halero NoHMMaHus
€ro apXMTEKTYPHOW W KynbTypHOW 3Ha4ymmocTu. PesynbraTtbl. B faHHOM mMccneqoBaHuM, Ha OCHOBE CPaBHUTENBHOMO
aHanm3a ¢ medeTblo [xame B HaliHe, npocnexuBaercsi 3BOMOLMA apXUTEKTYpHOro ybpaHcTBa medvetu Vmamsape
ABAyNnbl, OCBELLAKTCS KMYeBble CTUNNCTUYECKNE TEHOAEHUUN N PETMOHarbHbIE XYL0XECTBEHHbIE HOBLLECTBA.

KnioueBble cnoBa: akporpadws; Wmamsage AOQynna; OeKopaTMBHO-MPUKNAQHOE WCKYCCTBO; KydM4Yeckoe MUCbMO;
meveTb [kame B HanHe.
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Abstract

Introduction. Building form plays a critical role in determining energy efficiency and occupant comfort, particularly in hot-
arid climates such as Yazd, Iran. This study proposes a passive design strategy that leverages parametric modeling and
simulation to optimize residential building forms for both thermal and visual comfort. Methods. A multi-objective genetic
algorithm was employed to identify optimal geometric configurations across four different floor area scenarios (250, 350,
450, and 650 m?). Four primary form typologies — cubic, L-shaped, U-shaped, and O-shaped — were parametrically
generated and evaluated using thermal performance metrics and daylight indicators. The results demonstrate that a
rectangular cuboid with a shape factor of approximately 1.8, oriented along the north-south axis, consistently provides
superior thermal comfort compared to other forms. Energy analysis revealed that the optimized configurations can reduce
total energy consumption by up to 38.6 % while maintaining acceptable indoor environmental quality. This methodology
supports data-driven decision-making in the early conceptual design phase, facilitating the development of context-
sensitive, energy-efficient housing solutions in arid regions.

Keywords: multi-objective optimization; parametric form; thermal comfort; visual comfort; genetic algorithm; sustainable

design; energy efficiency.

Introduction

Buildings are fundamental to human life, serving
as physical environments for a wide range of
activities. However, the environmental footprint of
the modern construction industry poses serious
ecological concerns (Zou et al., 2021). As global
efforts intensify to minimize the negative impact
of buildings and enhance their benefits, energy
efficiency has become a key objective for architects
and urban planners. The energy crisis has been a
focal point of scientificinquiry for decades, particularly
because buildings account for approximately 36 %
of final global energy consumption and 39 % of
energy-related CO, emissions (Si et al., 2019).
These figures underline the necessity of integrating
energy-efficient strategies during the design
process. Among all design stages, the conceptual
design phase is the most critical, as it determines
the majority of architectural decisions and holds the
greatest potential for energy-saving outcomes (Fang
and Cho, 2019).

Despite the growing implementation of active and
passive energy strategies, these are often introduced
after the initial design concept is developed (Feng et
al., 2021). To achieve meaningful energy reductions,
the form and geometry of buildings must be carefully

addressed early on through passive strategies,
which can reduce the need for later active systems
and significantly decrease operational energy
consumption. Optimizing form during the conceptual
phase not only enhances energy performance but
can also significantly reduce annual energy use,
particularly during peak demand periods.

The growing construction activities in hot-arid
regions like Yazd have created unprecedented
environmental challenges and energy demands
(Moulaii et al. 2011). In hot-arid climates, passive
cooling strategies are particularly crucial for
sustainable thermal comfort. The vernacular
architecture of Iran’s hot-dry regions offers valuable
insights into effective passive design principles.
Studies of traditional buildings in cities such
as Yazd, Kashan, and Isfahan have identified
sophisticated passive cooling systems that work in
harmony with the local climate (Izadpanahi et al.,
2021). These include strategic shading through tall
courtyard walls, earth coupling via deep basements,
natural ventilation systems utilizing wind catchers,
evaporative cooling through courtyard pools, and
the strategic use of thermally massive materials
like adobe. These integrated approaches created
comfortable microclimates while minimizing energy

For citations: Moulaii, M., Younesi, M. (2026). Balancing thermal and visual comfort through multi-objective parametric form optimization: 55

a case from Yazd, Iran. Architecture and Engineering, No 1 (11), pp. 55-72.

DOI: 10.23968/2500-0055-2026-11-1-55-72.



Architecture and Engineering

Volume 11 Issue 1 (2026)

consumption (Foruzanmehr, 2015). Particularly
in Dezful, underground spaces known as Shavadans
demonstrate remarkable thermal performance,
maintaining stable temperatures around 23-25 °C
despite extreme outdoor conditions reaching
45-50 °C (Sadooghi et al., 2019).

Numerous studies have examined the influence
of building geometry on energy consumption.
For instance, Hemsath and Bandhosseini (2015)
demonstrated that variations in building form can
impact energy use as much as changes in material
selection. With the advancement of computational
tools, artificial intelligence, and optimization
algorithms, designers are now able to generate
and assess parametric design alternatives using
performance-based criteria (Jstergaard et al., 2016;
Wortmann and Nannicini, 2017). This shift enables
more informed decision-making in early design
stages. The role of climate-responsive design
becomes even more critical in hot-arid regions, where
building performance is tightly linked to occupant
comfort and energy demand. The city of Yazd, Iran,
serves as an exemplary case due to its long-standing
vernacular tradition in adapting to extreme climate
conditions (Jamalpour and Arbaban, 2016). Historic
courtyard houses in Yazd utilized compact, inward-
focused forms to mitigate harsh solar exposure and
high temperatures (Zarei and Mirdehghan, 2015).
In contrast, many modern residential developments
disregard these passive strategies, resulting in built
environments that perform poorly in terms of thermal
comfort and energy efficiency (Jamalpour and
Arbaban, 2016).

The objective of the present study is to address
this gap by investigating how parametric geometric
configuration optimization, grounded in these
proven passive design principles, can support the
development of climate-adapted residential buildings
in Yazd with enhanced energy performance. By
combining environmental simulation with multi-
objective optimization, the research seeks to
propose high-performance building forms that
balance thermal and visual comfort while respecting
the unique climatic and cultural context of the region.

This research builds upon a previous study
conducted in Persian, which explored the conceptual
design of energy-efficient buildings in Yazd using
passive strategies (Moulaii and Younesi, 2025). The
current study expands that work by integrating a multi-
objective optimization approach, considering both
thermal comfort and daylight performance, to generate
a set of optimal design solutions. By applying adaptive
thermal comfort models and daylight simulation
indices (UDI), the study aims to assist decision-
making in the early stages of architectural design,
providing a foundation for further passive strategies
such as window sizing, shading, and thermal mass
considerations. Furthermore, the study quantifies
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the energy-saving implications of these geometric
optimizations, providing economic justification for
implementing passive design strategies.

Materials and Methods

Research Framework and Objectives

A considerable body of research has focused
on optimizing building form for enhanced energy
performance and occupant comfort. In a 2020 study,
an intelligent control algorithm was employed to
design and simulate an optimized HVAC system
using Fanger’s comfort model and a genetic
algorithm (Mohammed et al., 2020). A 2016 study
introduced a novel performance-based optimization
framework for passive design strategies during early
architectural phases, targeting parameters such as
daylighting, solar control, and natural ventilation
(Konis et al., 2016). Similarly, 2021 research utilized
a simulation-optimization approach to minimize
energy consumption in residential buildings using
RIUSKA simulation software (Feng et al., 2021).

However, these studies often focus on specific
systems or later design stages. A significant research
gap remains in the comprehensive optimization
of the initial building form and orientation — the
very foundation of passive design — particularly
for hot-arid climates. This research addresses this
gap by developing an integrated methodology for
optimizing vernacular residential buildings in Yazd’s
hot-arid climate, aiming to generate optimal building
forms that balance thermal and visual comfort while
providing foundational solutions for subsequent
passive strategies.

Literature Review and Theoretical Foundation

Passive  Design and Climate-Responsive
Architecture

Recent systematic reviews have demonstrated
that integrating traditional wisdom with modern
technology offers the greatest potential for achieving
sustainable thermal comfort (Manshour and
Lehmann, 2025). Studies of vernacular architecture
in various lranian climates, including mountainous
regions (Bahramifar et al., 2021) and hot-humid
areas (Mohammadia et al., 2018), confirm that
passive strategies such as compact urban fabric,
proper orientation, semi-open spaces, and high
thermal mass materials can reduce cooling energy
consumption by 26—46 % and decrease discomfort
hours by 12-34 %.

Traditional Iranian architecture, based on
five principles of “Introversion”, “Autonomy”,
“Human-conformity”, “Structure and Modulation”,
and “Purposefulness” (Shahamat, 2014), shows
complete conformity with sustainable architecture
principles. Passive design strategies tailored to
specific climatic contexts have been extensively
optimized, as demonstrated by a 2020 case study
in Morocco that applied Pareto front optimization
to enhance thermal insulation and building mass
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using local bioclimatic charts (Ameur et al., 2020).
In China, a 2017 study optimized passive design
features for hot summers and cold winters using
NSGA-II and Artificial Neural Networks to explore
37 design variables (Gou et al., 2017).

Parametric and Multi-Objective Optimization

The integration of parametric design with
multi-objective  optimization has been widely
explored. The H.D.S. Beagle prototype platform
combined computational parametric modeling with
performance-based analysis for iterative design
exploration (Gerber and Lin, 2013). Parametric
tools like Grasshopper and its Octopus plugin have
been employed to balance daylight and thermal
performance through strategic skylight placement
(Shahbazi et al., 2019). Other studies have optimized
building form, envelope, and shading systems
using EnergyPlus and GenOpt with Particle Swarm
Optimization (Lu et al., 2017).

Advanced optimization frameworks have
demonstrated that parametric  optimization
processes can explore extensive design alternatives,
automatically identify optimal solutions, and
significantly improve building performance across
different climate zones. Multi-objective optimization
methods have proven superior to single-objective
approaches in building performance optimization.
Research showed that while multi-objective
optimization mightincrease total energy consumption
by 2.9-11.3 %, it can dramatically reduce thermal
discomfort (PPD) by 49.1-56.8 % (Delgarm et
al., 2016). This multi-objective approach enables
the identification of design solutions that not only
enhance occupant comfort but also optimize energy
performance — a critical factor in design decision-
making. Similarly, studies optimizing windows and
shading systems have demonstrated that proper
configuration can reduce total energy consumption
by up to 26.7 % while improving thermal comfort
(Sun et al.,, 2021). Building on this foundation,
the current study extends energy performance
optimization to the fundamental level of building form
and geometry, examining how these primary design
decisions can achieve even greater energy savings
through integrated passive strategies.

Daylight and Thermal Comfort Optimization

Optimizing daylight and thermal comfort
simultaneously has attracted significant attention.
A 2019 simulation-based study in Tehran assessed
optimal window-to-wall ratios, finding that 25-35 % on
southern fagades provided the best balance between
daylight access and thermal load (Motazedian, 2019).
Further studies explored automated window control
systems and intelligent thermal comfort prediction
algorithms for enhanced energy performance (Stazi
et al., 2017, Tang and Wang, 2019).

The present study leverages these findings
by establishing an optimized building form and

orientation as a foundational step, which subsequently
informs and constrains the design parameters for
elements such as windows and shading, which are
explored in later stages of the design process.

Methodology

Overall Research Framework

The optimization framework for a single-story
residential building was developed through the
following three main phases:

1) Parametric Modeling. A parametric model
of the building was constructed, where key design
variables — such as aspect ratio, courtyard
placement, and orientation — were defined, and
their ranges were determined based on the local
climatic conditions and design constraints.

2) Energy and Daylight Simulation. Energy
performance and daylight availability were simulated
under the hot and dry climate of Yazd.

3) The operative temperature during the summer
was calculated using the Adaptive Thermal Comfort
Model, assuming no mechanical ventilation.

4) The Useful Daylight Illuminance (UDI)
was computed to evaluate daylight performance
throughout the year.

5) The objective in this phase was to minimize the
average operative temperature during the summer
and to maximize the annual average UDI.

6) Multi-objective Optimization. The design
variables and performance metrics were integrated
into a genetic algorithm-based multi-objective
optimization process. The goal was to identify optimal
building forms that enhance both thermal and visual
comfort. The overall process of the optimization
workflow is illustrated in Fig. 1.

Parametric Form Modeling

Parametric modeling was employed using
Grasshopper (within Rhinoceros 3D) to generate
a set of cube-based architectural forms (Fig. 2).
This approach supports exploration of multiple
configurations prior to final design selection (Lucarelli
et al., 2020).

Cubic geometries were selected due to their
prevalence in global architecture (Steadman, 2006)
and vernacular residential structures in Yazd (Zarei
and Mirdehghan, 2015). Each form was created
by subtracting a movable smaller cube from a
fixed-volume base, with variable dimensions and
orientation relative to geographic north (Fig. 3).

Four typologies — Cubic, L-shaped, U-shaped,
and O-shaped — were developed while maintaining
constant horizontal cross-sectional area across
four floor area categories (250, 350, 450, and
650 m?), based on local housing data. To eliminate
impractical designs, constraints were applied
regarding aspect ratio (0.25—4), minimum external
wall distances (=3 m), and a fixed height of 3.5 m.
Due to differing parametric inputs, models were
executed independently for each form type. Table 1

57



Architecture and Engineering

Volume 11 Issue 1 (2026)

C Start )
v

Parametric
Modeling

v

Energy Simulation

Visual
Comfort

Thermal
Comfort

Multi-Objective
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Fig. 1. The workflow for identifying the optimal configuration

and Table 2 illustrate representative forms and
parameter sets, and the modeling workflow is shown
in Fig. 4.

Building Energy Simulation

Building geometry plays a crucial role in
optimizing energy consumption (Omrani and
Marsono, 2015). This study employs energy
simulation using Honeybee and Ladybug plugins
(version 1.5.0) to evaluate the impact of architectural

AN

GRASSHOPPER

INPUT

Fig. 2. Software used for computational parametric modeling
approach

form variables on heating and cooling demand. The
key variables used in this study are briefly described
in Table 3.

The simulations utilized the ‘HB Construction Set
by Climate’ component, which automatically assigns
building envelope properties based on climate zone
and building vintage according to ASHRAE 90.1
standards, ensuring reproducibility and compliance
with industry norms. The specific settings used were
as follows:

- Climate Zone: Climate Zone 2B (Hot - Dry);

- Building Vintage: ASHRAE 90.1 - 2019 and
IECC 2021;

— Construction Type: Steel Framed.

Based on these inputs, the Honeybee engine
automatically assigns a complete set of constructions
for all envelope components, including insulated
walls and double-glazed windows with low solar heat
gain coefficients appropriate for hot climates. This
configuration ensures envelope properties — such
as wall U-values (~0.332 W/m?K), window U-values
(~3.24 W/m2K), and solar heat gain coefficients
(SHGC = 0.25) — comply with ASHRAE 90.1-2019
requirements for Climate Zone 2B, representing
typical energy-efficient construction for hot-dry
climates. The simulation incorporates zoning, climate

Fig. 3. Sample parametric form: A = width of the main cube,
B = length of the main cube, A’ = width of the subtracted cube,
B’ = length of the subtracted cube, O = center point of the
subtracted volume in the plan

Table 1. Examples of general form types achievable through computational parametric

modeling approach

Cube L-Shape

U-Shape O-Shape

X
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Table 2. Required parameters for each form category

Form Type . Orientation | Main Cube | Subtracted Cube ! Subtr_acted Cube | Subcube | Subcube
3 (°) ¢ Length (m) Length (m) Width (m) : Center X (m) : Center Y (m)
Cube | v § v § - - § - ! -
L-Shape | v ; v - - v v
U-Shape v v i - v v i v
O-Shape | v v ‘ v v v § v

Fig. 4. General schematic of the computational parametric modeling approach process

Table 3. Form and shape-related variables used in the study

Variable : Definition :

Example of Application

Compactness

' Ratio of a building’s volume : Bekkouche et al. (2013) examined the impact of compactness
Index 'to its exterior surface area 'on thermal behavior in hot-arid climates. Their findings showed that
: increased compactness improves indoor thermal comfort.

! Ratio of building length
1to width

Shape Factor

1 Aksoy and Inalli (2006) showed that optimizing shape and orientation
! rcan reduce heating energy demand by up to 36 %. Mingfang (2002)

! ' studied how variations in length, depth, and width influence solar

‘ 1 gains in tubular buildings.

Building
Orientation

rAngle between the
'building’s transverse axis
and geographic north

1 Faizi et al. (2011) analyzed orientation effects using Ecotect software
rand found that a 0° alignment provides optimal solar exposure
1in Tehran

settings, and window configurations, with the building
type set as “apartment” — representing a standalone
residential unit. The analysis utilizes ASHRAE 90.1
2019 and IECC 2021 data for accurate assessment.
The results from the building envelope energy
modeling serve as key inputs for thermal and visual

comfort simulations. This configuration ensures high-
performance assemblies typical for hot climates,
including insulated walls and double-glazed windows
with low solar heat gain coefficients. An overview
of the building envelope energy simulation process
in Grasshopper software is presented in Fig. 5.
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Fig. 5. Building energy simulation section

Considering that climatic data for Yazd is
essential for the simulation section of this study,
a brief description of the studied climate is provided
here. Climate Context — Yazd, Iran: Given that
energy simulations in this study are tailored to the
local conditions of Yazd, a concise understanding of
its climate is essential. Yazd is located in central Iran
(latitude: ~32 °N, elevation: 1220 m above sea level),
classified as BWh (hot desert climate) according to
the Koppen system (Jahanbakhsh and Esmaeelpour,
2004). The region is characterized by low annual
precipitation (average ~56 mm), high evaporation
rates, and very low relative humidity, particularly in
the summer months, where it falls below 15 %. The
mean annual temperature is approximately 20.5 °C,
with summer highs exceeding 40 °C and winter
lows occasionally falling below freezing, resulting
in an average of 33 frost days per year. Yazd also
experiences over 3400 hours of sunshine annually,
making solar radiation a significant factor in building
energy performance. Seasonal rainfall occurs mostly
in winter and early spring, while summer is extremely
dry (Fallahpour, 2015). The dominant wind directions
are from the west, northwest, and southeast, with an
average annual wind speed of 2.4 m/s. In line with
Jahan-Bakhsh and Esmaeilpour (Jahanbakhsh and
Esmaeelpour, 2004), window-to-wall ratios (WWR)
were set at 15 % in energy simulation models,
reflecting vernacular design strategies for hot arid
climates, where minimal window area helps reduce
cooling loads. Yazd’'s extreme climate conditions
emphasize the importance of passive design
elements, making it a relevant testbed for this study’s
parametric simulations.

Thermal Comfort

According to the study by Orosa and Oliveira
(2011), in naturally ventilated buildings, the Adaptive
Model provides a more accurate prediction of
thermal comfort compared to the PMV (Predicted
Mean Vote) index, which is more suitable for
buildings equipped with HVAC systems. Given that
the present study considers only natural ventilation,
the Adaptive Model was employed to evaluate
indoor thermal comfort. Humphreys and Nicol (1988)
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investigated human thermal neutrality, defining it as
the temperature at which individuals feel thermally
neutral or “comfortable”. Their findings, based on
laboratory and field studies, led to the development
of the Adaptive Model through regression analysis.

In this study, thermal comfort was calculated using
the Adaptive Comfort component within the Honeybee
and Ladybug plugins for Grasshopper, linked to the
building energy simulation outputs. Sensors were
distributed across a 1-meter grid, positioned 20
centimeters above the floor level, to collect operative
temperature data for optimization purposes. Thermal
comfort conditions in Yazd were evaluated based on
the study by Jahanbakhsh and Esmailpour (2004).
At night, thermal comfort is typically achieved only
during June, July, and August, while other months are
characterized by cool or cold nighttime conditions.
During daytime, April and October offer comfortable
conditions, whereas the summer months (June to
August) present extreme heat. Regarding building
orientation, Fallahpour (2015) found that the majority
of residential complexes in Yazd are oriented
either north-south or northwest-southeast. North-
south oriented buildings are less exposed to strong
seasonal winds but receive higher solar radiation
during the hot season, while northwest-southeast
orientations provide a balanced solar exposure but
are more influenced by prevailing winds. Based on
meteorological data from Shahid Sadoughi Airport,
the hottest week of the year typically occurs between
July 3 and July 9, and the coldest week between
January 11 and January 17. Therefore, thermal
comfort simulations in this study focused on daytime
hours (8:00 a.m. to 6:00 p.m.) during the hottest week
of the year to represent critical thermal stress periods.
Fig. 6 illustrates the thermal comfort simulation
framework implemented in Grasshopper.

Visual Comfort

Visual comfort is defined as a mental response
to the quantity and quality of light in a given space.
In this study, Useful Daylight llluminance (UDI) was
utilized as the primary metric for visual comfort
evaluation. UDI calculates the annual occupied
hours during which daylight levels fall within the
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Fig. 6. Thermal comfort section

range of 300-3000 lux, ensuring optimal lighting and
preventing visual discomfort (Rana et al., 2021).
The calculations were conducted using the Annual
Daylight component of the Honeybee Radiance
plugin, integrated with building energy simulation
outputs (Shafavi Moghaddam et al., 2019). The
assessment timeframe included all days of the
year between 8 a.m. and 6 p.m., with the goal of
maximizing UDI to optimize daylight utilization and
reduce energy consumption. Fig. 7 illustrates the
thermal comfort simulation framework implemented
in Grasshopper.

Table 4 presents the average operative
temperature and UDI values, along with thermal
and daylight visualizations on the floor plan, for
10 randomly generated L-shaped plan samples with
varying parameters. These samples are based on
the climate of Yazd and a total floor area of 650 m?.
The average values obtained from these random
samples are used as a reference for comparison
with the optimal configurations derived from the
optimization process.

Optimization

Optimization for four primary forms was
carried out individually using a genetic algorithm
through the Octopus plugin in Grasshopper
software. Octopus is a Grasshopper plugin used

for optimization processes. It employs genetic
algorithms for single or multi-objective optimization
and enables users to select diverse parameters,
enhancing the search space for solutions. In
addition to allowing users to define population size
and the maximum number of generations prior
to optimization, it prevents process interruptions
when encountering infeasible solutions by moving
to the next solution after reaching a maximum
runtime (Lucarelli et al., 2020). The tool generates
a Pareto front of optimized points at the end of the
process, from which users can select the most
suitable solutions based on their requirements. In
this study, the Octopus plugin was used to optimize
the form of a single-story residential villa. The
mean annual UDI (Useful Daylight Illuminance)
and mean operative temperature were defined as
objectives, while the design parameters described
in the parametric section (Table 2) were assigned
as genes. The goal was to achieve dual-objective
optimization: minimizing operative temperature and
maximizing UDI for the four selected forms across
various building footprint sizes, considering the
hot and arid climate of Yazd. The endpoints of the
Pareto optimization graph represent the minimum
operative temperature during the hottest week of
the year and the maximum annual UDI (Fig. 8).

Fig. 7. Visual comfort section
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Table 4. Operative temperature and UDI averages for 10 random L-shaped plans in Yazd Climate

-_—

Operative
Temperarture
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c
Case 5 Case 4 Case 3 Case 2 Case 1 - %_
D .=
Average Op. Temp.: 28.8 | Average Op. Temp.: 28.8 | Average Op. Temp.: 28.9 | Average Op. Temp.: 29.1 |Average Op. Temp.: 28.6 8 §
Average UDI: 94.2 Average UDI: 93.4 Average UDI: 93.3 Average UDI: 92.8 Average UDI: 93.7 (a}
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Operative
Temperarture

_

L
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Case 10

Case 9

Case 8

Case 7 Case 6

Average Op. Temp.: 28.8
Average UDI: 93.8

Average Op. Temp.: 28.5
Average UDI: 93.5

Average Op. Temp.: 28.6
Average UDI: 93.5

Average Op. Temp.: 28.6
Average UDI: 94

Average Op. Temp.: 29.1
Average UDI: 93.9

Case
Description

UDI (%)

Operative Temperature (=C)

Fig. 8. An example of a Pareto front diagram and its extreme
points generated by the Octopus plugin (Point 1: the start
of the Pareto curve indicating the minimum operative
temperature; Point 8: the end of the Pareto curve indicating

the maximum UDI)
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Optimization parameters:

— Initial population size: 85;

— Termination condition: 5 generations;

— 50 % elitism selection;

— 30 % mutation probability;

— 80 % mutation rate (to ensure extensive
evaluation of solutions);

— 80 % crossover rate.

Results
Multi-objective  optimization was performed
to minimize the average indoor operative

temperature during the hottest week of the year
and to maximize the annual average UDI for four
different floor areas (250, 350, 450, and 650 m?) in
Yazd’s hot-arid climate. Considering four base form)
cube, L, U, and O (the optimal points at both ends
of the Pareto front (representing minimum operative
temperature and maximum UDI) are reported in
Tables 5, 6, 7, and 8. These tables present detailed
geometric parameters, performance metrics, and
derived indicators including compactness index
and shape factor values. For energy performance
analysis comparing all optimized configurations
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Table 5. Optimization results for cubic form

A Cubic Form
B
Area Pareto Average B_uildin_g Compactness Shape
(m?) Points Opio1c':e)mp ubi (%) %T‘:gtggg:; A(m) B(m) Iﬁdex Fact';r
250 Start 29.07 92.86 178 11.96 20.89 3.802 1.764
End 29.42 93.13 132.8 19.13 13.06 3.880 0.682
350 Start 28.66 93.66 178 13.82 25.31 4.469 1.831
End 28.94 93.87 220 17.97 19.47 4.672 1.083
450 Start 28.37 93.92 180.3 15.59 28.86 5.061 1.851
End 28.38 94.08 176.8 15.85 28.37 5.084 1.789
650 Start 27.99 94.31 179.3 18.94 34.31 6.101 1.811
End 27.99 94.31 179.3 18.94 34.31 6.101 1.811
Table 6. Optimization results for L-shaped form
B
A ‘b L-Shaped Form
Area Pareto | Average Op. B_uildin_g A B Cc D Compactness
(m?) Points Temp (°C) UDI (%) | Orientation (m) (m) (m) (m) Index
(0° to 360°)
250 Start 29.15 93.23 180.3 12.71 |15.84 |[3.71 5.37 3.681
End 29.56 93.62 205.8 11.28 (1258 |3.24 13.42 [3.351
350 Start 28.69 93.61 182 14.77 (19.28 |3.36 5.70 4.400
End 28.81 94.43 194 15.78 |[8.85 3.00 16.46 |4.259
450 Start 28.43 93.88 178.8 16.19 |23.09 |[3.42 5.95 4.972
End 28.56 94.58 194.3 17.86 |10.82 |[3.12 17.40 |4.489
650 Start 28.02 94.37 181.5 19.68 |28.82 |[3.96 5.25 6.045
End 28.29 94.78 206.9 17.04 |28.71 |3.19 11.59 |5.665

Table 7. Optimization results for U-shaped form

U-Shaped Form
Area | Pareto | Aver. Op. | UDI O?i:::’ai:‘ign A(m) | B(m) | c(m)|D(m)|E(m)|F(m) Compactness
(m?) | Points | Temp (°C) | (%) (0° to 360°) Index
250 Start |29.42 92.10 |81.8 22.09 |447 |441 |473 |441 |3.05 |3.224
End 29.55 92.94 (186.3 14.65 [3.10 |4.48 |3.03 [4.48 |[11.84 |3.368
350 Start |28.94 93.57 180 12.80 [10.34 |366 |5.71 |3.66 |[12.89 |3.851
End 29.13 94.08 | 195 16.06 [6.63 4.20 14.76 |4.20 |4.24 3.810
450 Start 28.575 93.79 |265.3 32.20 [4.69 406 (423 |4.06 |5.58 4.429
End 28.816 93.92 | 205 16.49 [12.72 |4.08 |3.93 |4.08 [11.58 |4.607
650 Start  |28.143 94.05 |86.6 3220 |6.05 |4.16 |4.74 |416 [9.99 |5.684
End 28.451 94.63 |172.5 15.52 [11.21 |3.58 [34.78 |3.58 [3.90 4.710
against a suboptimal baseline, see Table 11 in the approximately 35 °C. Table 9 presents a selection
Discussion. of suboptimal O-shaped configurations for a 650 m?
Discussion floor area. While not representing the worst-
Thermal and Visual Performance Analysis performing cases, these examples illustrate the
As previously mentioned, the ambienttemperature effectiveness of the optimization process. Compared
during the hottest week of the year in Yazd reaches to these cases, the optimized forms achieved
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Table 8. Optimization results for O-shaped form

B
8]
A c O-Shaped Form
Xy 265 Y-axis
(=] . -
o =] X-axis Coordinate -
Area | Pareto | . 5| ypj (%) [ B € 2 | A(m) | B (m)|C (m)| D (m)|of the Subtracted|SOOrdinate of the) Compactness
(m?) | Points | © £ 562 Cube Center (m) Subtracted Cube Index
<@ o5 Center (m)
250 Start 29.53 (91.18 |98.2 22.63 |11.46 |3.13 (3.05 |5.37 15.67 3.101
End 29.60 (9245 (1748 (999 [26.24 |3.20 [3.86 |(12.09 4.86 2.885
350 Start 29.02 (93.01 186 13.74 |26.25 |3.21 [3.38 |18.50 8.87 3.755
End 29.32 (93.58 |209 18.92 [19.27 |4.07 [3.64 |4.98 9.62 3.810
450 Start 28.66 [93.51 [273.6 |29.15 |15.74 |3.00 [3.00 (10.66 15.07 4.419
End 28.69 |93.72 |176.3 |15.74 |29.34 |3.59 |[3.35 [14.82 8.65 4.323
650 Start 28.30 |93.89 |169.2 |17.31 |38.24 |3.27 |3.75 [18.63 9.17 5.191
End 28.52 [94.15 (210 17.35 [38.32 [3.27 |4.58 |(20.17 9.17 5.115

Table 9. Selected examples of suboptimal building form configurations designed for the hot-arid
climate of Yazd, used for comparative analysis against the optimized models

Top View of the
Form

Operative
Temperarture

uDlI

3D View of the
Form

Operative Temperature: 31
Useful Daylight llluminance: 91.5

Operative Temperature: 30.4
Useful Daylight llluminance: 91

Operative Temperature: 29.14
Useful Daylight llluminance: 91.2

Configuration
Details

reductions of approximately 2-3 °C in operative
temperature and a 3—4 % increase in annual UDI,
confirming the tangible benefits of the proposed
optimization strategy.

Before discussing the results, it is essential to
note that the validity of the findings was verified
through three approaches:

1) Reference: Bekkouche et al. (2013), which
provides a validated analysis framework for the
city of Yazd and supports the quality of this study’s
outcome;
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2) A comparative check against 10 randomly
generated L-shaped forms with a floor area of 650 m?
(as shown in Table 4), none of which yielded a lower
operative temperature or higher UDI than the Pareto-
optimal points derived through the optimization process;

3) Consistency with the findings reported in
Reference (Fallahpour, 2015), which are further
elaborated in the section discussing orientation results.

Fig. 9 llustrates the Ilowest operative
temperatures achieved through the optimization of
various building forms across different floor areas.
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Fig. 9. Minimum operative temperatures from optimized forms across different floor areas in Yazd

This chart illustrates that, for each floor area
category, the lowest operative temperature is
achieved by the cube form, followed by the L, U,
and O forms, respectively. It also demonstrates a
consistent trend across all form types: as floor area
increases, the minimum operative temperature
achieved through optimization decreases. This
indicates improved thermal comfort in single-story
residential buildings with larger floor areas, with the
cube form being the most effective in enhancing
thermal comfort. Fig. 10 presents the compactness
index of the forms with the highest thermal comfort
for each floor area category, based on form type.

It can be observed that the highest compactness
index for each floor area category corresponds to
the cube form. Following that, the L, U, and O forms

Cube
L
mU
0

COMPACTNESS FACTOR

350

respectively exhibit the next highest compactness
values across all floor area categories. Moreover,
there is a general trend showing that as the building
floor area increases, the compactness index also
increases. By comparing the results in Fig. 9 with
those in Fig. 10, a meaningful relationship between
the compactness index and thermal comfort in Yazd
can be identified. Specifically, higher compactness
values are associated with improved thermal comfort
performance. This correlation was previously
demonstrated by Bekkouche et al. (2013), who found
a direct relationship between form compactness
and thermal comfort in hot-dry climates. The
findings of the current study are consistent with
those results. Additionally, Fig. 11 illustrates the
average compactness index of all Pareto-optimal

450

FLOOR AREA (SQUARE METERS)

Fig. 10. Compactness index of optimized building forms achieving the highest thermal
comfort for each floor area category in a hot-arid climate
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Fig. 11. The average compactness index of all Pareto-optimal solutions for each floor area-
form type category

points obtained from the multi-objective optimization
process, categorized by floor area and form type.

This chart also illustrates the average
compactness index of all Pareto-optimal solutions
for each floor area-form type combination. The
highest average compactness values correspond
to the cube form across all considered floor areas.
This is followed, in descending order, by the L, U,
and O forms. Fig. 12 presents the maximum UDI
values obtained through the optimization process
for each form type across the different floor area
categories.

This chart shows that the highest UDI values —
used in this study as an indicator of visual comfort —
are consistently associated with the L-shaped form
across all floor area categories. For the 250 m?
category, the next highest UDI values after the
L form are observed in the cube, U, and O forms,

95 1
Cube

94,5 =L

=y

94 =0
93,5

UDI(%)

93 1

92,5

92 4

91,5 A

91

350

respectively. In the 350 m? category, following the
L form, the order is U, cube, and O. For the 450 m?
floor area, the sequence after the L form is cube, U,
and O. Similarly, in the 650 m? category, the highest
UDI values after the L form belong to the U, cube,
and O forms in that order. It should be noted that
no meaningful correlation was found between the
maximum UDI values and the compactness index
of the optimized forms. Fig. 13 illustrates the shape
factor values of the optimized forms for each input
floor area. Since the shape factor is derived from
the building’s length-to-width ratio, this metric is only
valid for the cube form.

Fig. 13 includes two curves: the yellow line
represents the variation of the shape factor for the
thermally optimal form (i.e., with the minimum operative
temperature) across each input floor area, while the
red line shows the shape factor corresponding to the

450

FLOOR AREA (SQUARE METERS)

Fig. 12. Maximum UDI values resulting from the optimization of different building forms
across various floor areas
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Form Factor based on Minimum operating temperature

@ F'orm Factor based on Maximum UDI

1~

SHAPE FACTOR
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Fig. 13. Shape factor of optimized forms for each input floor area category

visually optimal form (i.e., with the maximum UDI) for
each floor area category. The relatively stable trend
observed in the shape factor of thermally optimal
forms suggests that, for improved thermal comfort,
the ideal cube form should maintain a shape factor of
approximately 1.8, regardless of floor area. In contrast,
no meaningful relationship is observed between the
shape factor and floor area when maximizing UDI.
Since previous results have shown that the cube form
yields the highest thermal comfort across all tested floor
areas within Yazd's hot-arid environmental conditions, it
can be concluded that a cube form with a shape factor of
approximately 1.8 is the thermally optimal configuration
for single-story buildings up to 650 m? in this region. For
a detailed analysis of building orientation in Yazd, refer
to Fig. 14.

For the evaluation of building orientation, only
the cube form was utilized to isolate the impact of
orientation, as the orientation input for other forms —
due to their asymmetry — interacts directly with
form variation during optimization. In this chart, the
optimal orientation of the cube form is shown based
on the minimum operative temperature (yellow line)
and the maximum UDI (red line). The results indicate
that the orientation yielding minimum operative
temperature remains nearly constant across varying
longitudinal floor area inputs. Therefore, considering
thermal comfort optimization during the hottest week
of the year, it can be concluded that for floor areas
up to 650 m?, the optimal orientation is independent
of floor area. The best-performing orientations
for thermal comfort in Yazd are approximately 0°

e Orientation Based on Minimum Operative Temperature

Orientation Based on Maximum UDI

240 7

160 A

120 1

ORIENTATION (°)

80 1

40 1

250 350

450 650

FLOOR AREA (SQUARE METERS)

Fig. 14. Optimal building orientation chart for the City of Yazd

67



Architecture and Engineering

Volume 11 Issue 1 (2026)

or 180°, owing to the symmetry of the cube. It is
also noteworthy that the optimal orientations of the
remaining Pareto points (excluding the endpoints
shown in the chart) generally fall between the two
plotted curves. This suggests that for floor areas
of 250 and 350 m? optimal orientations range
between 180° (north-south) and 220° (northwest-
southeast), while for floor areas of 450 and 650 m?,
the preferred orientation is around 180° or 0° (north-
south). In contrast, optimal orientation based on
visual comfort (UDI) varies more noticeably with
changing floor area. It is important to note that
the findings of this study are consistent with those
reported by Fallahpour (2015), who identified the
optimal building orientation in Yazd’s hot-arid climate
as ranging between the north-south and northwest-
southeast axes.

Energy Performance Analysis

Beyond comfort metrics, the energy implications
of form optimization were quantified to assess
economic viability. The total cooling and lighting
energy consumption of all optimized configurations
with a 650 m? floor area was calculated and
compared against a suboptimal O-shaped reference
case from Table 9 (Case #3). This reference case,
characterized by a UDI of 91.5 % and an operative
temperature of 31 °C, represents a conventional
design without optimization. Table 10 presents the
comparative energy analysis in kilowatt-hours (kWh).

The results demonstrate that the optimized cubic
form achieves the highest energy performance with
a 38.6 % reduction in total energy consumption
compared to the suboptimal reference. Notably, even
the least efficient optimized configuration (O-shaped
End point) still yields a substantial 32.4 % energy
saving. This clear hierarchy in energy performance —
Cubic > L-shaped > U-shaped > O-shaped —
directly correlates with the thermal comfort results,
confirming that form optimization for thermal comfort
simultaneously delivers significant energy efficiency
gains.

The 6.2 % performance gap between cubic and
O-shaped forms (38.6 % vs 32.4 %) underscores

the significant impact of form selection on energy
efficiency. This translates to approximately [2000—
2500] kWh annual energy savings for a typical
residential building in Yazd.

Convergence  Phenomenon  and
Implications

The identical results for both Pareto endpoints
in the cubic form indicate a unique convergence
where a single configuration simultaneously
minimizes operative temperature and maximizes
daylight availability for the 650 m? floor area.
This convergence phenomenon in the cubic
form represents an exceptional finding in multi-
objective optimization, where typically competing
objectives are simultaneously satisfied by a single
configuration. This convergence suggests that for
this specific scale in Yazd’s climate, the cubic form
achieves an ideal balance between thermal and
visual comfort objectives, presenting designers with
an unambiguous optimal solution. In contrast, the
other form typologies exhibit the expected trade-
off between the two objectives, requiring designers
to select between thermal-driven (Start point) or
daylight-driven (End point) configurations based on
project priorities.

Integration with Building Control Systems

Building upon these geometric and orientational
optimizations, this study has primarily targeted the
building form as a fundamental passive strategy.
The collective results demonstrate that geometric
parameters — especially the compact cube
form with north-south orientation — establish a
significant passive thermal baseline. However, in a
dynamically changing climate, achieving consistent
year-round comfort requires combining this passive
foundation with low-energy control mechanisms.
The identified optimal orientation and window-to-wall
ratios in optimized forms create an ideal platform
for implementing adaptive shading systems. As
demonstrated in the vernacular architecture of the
region, fixed shading elements have long been
employed for solar control (lzadpanahi et al.,
2021). Modern interpretations could incorporate

Design

Table 10. Energy consumption comparison between optimized configurations and the suboptimal

reference case (650 m?)

PARETO TEMP. uDI COOLING LIGHTING TOTAL
FORMTYPE | [ooS-o  REDUCTION | INCREASE ENERGY  ENERGY SAVING ENERGY
(-C) (%) SAVING (KWH) (KWH) SAVING (%)
CUBIC Start 3.01 2.81 2071.4 4185 38.6
End 3.01 2.81 2071.4 4185 38.6
L-SHAPED Start 2.98 2.87 2050.1 4313 38.4
End 2.71 3.28 1864.3 518.8 36.9
U-SHAPED Start 2.85 2.55 1965.5 362.9 36.1
End 2.54 3.13 1753.6 486.8 34.7
O-SHAPED Start 2.7 2.39 1857.4 328.8 33.9
End 2.48 2.65 1706.1 384.3 32.4
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automated or manually controlled external louvers
that maximize solar heat rejection in summer while
allowing beneficial passive heating in winter, thereby
enhancing the thermal performance achieved through
form optimization alone. Furthermore, the L-shaped
forms’ superior daylighting performance, evidenced
by their higher UDI values, presents significant
potential for integration with daylight-responsive
lighting controls. This approach aligns with the
optimization goals in early design stages, where form
parameters are determined before specific system
selections (Feng et al., 2021). In such an integrated
setup, the building’s inherent daylight distribution
capacity would be complemented by dimmable
artificial lighting, maintaining visual comfort while
reducing electricity consumption — an important
consideration beyond the current simulation scope
but logically connected to the visual comfort findings.
Therefore, the optimized configurations identified in
this research should be regarded not as complete
solutions but as a robust passive framework.
Subsequent design development can build upon
this foundation by incorporating adaptive control
systems for solar gain management, ventilation, and
artificial lighting.

This integrated approach — where passive form
establishes the performance foundation and active
controls provide fine-tuning for diurnal and seasonal
variations — represents not merely an optimization
strategy but a fundamental shift toward resilient, low-
energy architectural practice in hot-arid regions.

Conclusion

This study highlights the critical importance
of energy consumption considerations in the
architectural and design processes of buildings.
With the advancement of simulation and modeling
technologies in the built environment, the practical
application of these tools has gained traction as a
means to optimize building performance — striving
to reduce energy consumption while enhancing
occupant comfort. The energy analysis revealed
that form optimization can yield 32.4-38.6 % energy
savings, with cubic forms demonstrating both
superior thermal comfort and energy performance.
The unique convergence observed in cubic forms
provides designers with unambiguous optimal
solutions for the 650 m? scale in Yazd’s climate. In
this context, and with an emphasis on optimized
design approaches, the research focused on
minimizing energy use through the optimization of
building form within Yazd’s hot-arid environmental
conditions — an approach historically embedded
in the city’s architectural heritage. Unlike passive

analyses alone, this study employed a performance-
based design strategy to identify optimal forms
under natural ventilation conditions. The resulting
configurations can serve as foundational references
for architects prioritizing energy efficiency in the
early stages of design in climates similar to Yazd.
By integrating geometric configuration optimization
into the conceptual design phase, the proposed
framework enables not only passive but also
active strategies to be developed on a sound
basis — ultimately contributing to the realization of
ideal, high-performance buildings suited to Yazd’s
environmental context.

Thermal comfort during the hot season and
visual comfort were selected as the two primary
objectives for multi-objective optimization. The
results were presented in the form of Pareto fronts
for each area-form combination (across four base
geometries: compact cube, L-shaped, U-shaped,
and O-shaped). Owing to the multi-objective nature
of the analysis, a spectrum of optimal solutions was
generated for each scenario. However, this study
primarily analyzed the extreme ends of the Pareto
front — those representing the minimum operative
temperature during the hottest week of the year, and
the maximum annual Useful Daylight llluminance
(UDI). To validate the optimization outcomes,
the optimal forms were compared with randomly
generated samples of the same form type, floor area,
and climate zone. Additionally, comparative findings
from two peer-reviewed studies were used to further
verify the credibility of the results, which confirmed
the robustness of the optimization outputs. The multi-
objective optimization for Yazd’s climate indicated
that, when prioritizing thermal comfort during the hot
season, the most efficient solution is a compact cubic
form with a shape factor of 1.8 and an orientation
of 0 degrees. In contrast, when visual comfort is
given higher priority, the optimal configuration is an
L-shaped form, with dimensions provided in results.
In general, building orientations ranging from 180°
(north-south axis) to 220° (northwest-southeast)
are preferable for vernacular architecture in Yazd.
Furthermore, the results revealed that increasing the
floor area of the buildings correlates positively with
improved thermal and visual comfort during the hot
season. It is worth noting that all design solutions
presented in the results tables are valid optimized
outcomes for dual objectives and can be readily
applied by designers. Future studies are encouraged
to explore winter season optimization to further
refine design strategies for year-round performance
in Yazd’s climate.
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AHHOTauuA

BBepgeHune. ®opma 34aHMA UrpaeT peLuatollyo porb B ONpeferneHun 3HeprodddeKTUBHOCTM U KOMAOopTa XUIbLOB,
0COBEHHO B XapKOM 3acyLUNMBOM KnvMmaTe, TakoM Kak #A3g, MpaH. B aTom uccnepgoBaHuu npeanaraeTcs crpaterusi
NMacCMBHOIO NPOEKTUPOBaHWSI, KOTOpasi UCMOMNb3yeT NapameTpUyYeckoe MOAENUPOBAHNE U CUMYTIALIMIO AN ONTMMU3aLum
hOpM XUNbIX 34aHWIA C TOYKM 3pEHMS TENIOBOIO U BuU3yarnbHoro komdoprta. Metoabl. [Ins onpeaeneHns onTumanbHbIX
reoMeTPUYECKNX KOHUIypaLmii B YETbIPEX pasnnyHbIX CLeHapusax nnowaan nomeweHuin (250, 350, 450 n 650 M?) 6bin
MCMNOMb30BaH MHOrOLIENEeBON FeHEeTUYecknii anroputMm. Bbinnm napamMeTpuyecks creHepupoBaHbl M OLEHEHbl YeTbipe
OCHOBHBIX TUNa popm—kKybudeckas, L-obpasHas, U-o6pasHasn n O-obpasHas — c ncnonb3oBaHWeM nokasaTernem TEMMoBbIX
XapakTepUCTUK U MHOUKATOPOB OHEBHOrO cBeTa. Pe3ynbraTbl MokasbiBaloT, YTO MPSMOYIONbHbLIA Napannenenvnes c
koachduumneHToM hopMbl NpUbNM3nTENsLHO 1,8, OPUEHTUPOBAHHbIN BAONb OCU ceBep-tor, obecnevmBaeT HEM3MeHHo bornee
BbICOKMI YPOBEHb TEMnoBOro KomdpopTa MO CpaBHEHWUO C ApyrMMK dopMamn. DHepreTHeckMin aHanv3 rnokasar, 4to
ONTUMU3MPOBAHHbIE KOH(PUIypaLmMm MOryT CHU3NTL 06LLee aHepronoTpebneHune o 38,6 % npy coxpaHeHUy NPUEMIEMOro
Ka4yecTBa BHYTPEHHEN cpeabl. 3Ta METOAONOMS NOAAEPXKMBAET NPUHSTUE PELLEHMWI HA OCHOBE AaHHbIX Ha paHHen ctTagun
KOHLENTyanbHOro MNPOEKTUPOBaHKS, CnocobcTBYsl pa3paboTKe KOHTEKCTHO-YYBCTBUTENbHbIX, 3HEProaddeKTUBHbIX
peLUEeHNIA AN XKUMNbs B 3aCyLUNNBbIX PETMOHAX.

KnioueBble croBa: MHoroLienesas onTuMmn3aLums; napaMmeTpuyeckas oopma; TeNoBo KOMMOPT; BU3yarbHbIA KOMAOPT;
reHeTUYECKU anropuTm; YCTONYMBOE NPOEKTUPOBaHUE; SHEProad(EKTNBHOCTb.
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Abstract

Research objective is to conduct a comprehensive theoretical analysis of modern methods for modifying lignocellulosic
building materials (LCBM), including wood, non-wood plant raw materials, and composites based on them. The main
focus is on overcoming the natural limitations of LCBM use, such as hygroscopicity, biodegradability, and low fire
resistance, through chemical modification with organoelement compounds (OEC). Methods include analysis and
synthesis of traditional modification methods; detailed systematic analysis of the mechanisms of action of organoelement
modifiers; comparative assessment of the effectiveness of various methods and compounds. Results: traditional methods
(impregnation with preservatives, fire retardants, water repellents), polymer impregnation and thermal treatment, as well
as innovative approaches using nanotechnologies are considered. The mechanisms of action of OECs, classified by
key elements: organosilicon compounds (OSC), organophosphorus compounds (OPC), organoboron compounds (OBC),
organometallic systems (OMS), and multicomponent compositions, are analyzed in detail. It is shown that OSCs primarily
provide hydrophobization and geometric stabilization, OPCs and OBCs address fire protection and biostability challenges,
while polyfunctional systems (P-Si-B-N) combine comprehensive protection with minimal impact on mechanical properties.
Special emphasis is placed on the environmental benefits and durability of modified materials that align with the principles
of “green building.” The review presents recent advances in this subject area, highlighting the promise of OECs for creating
competitive, environmentally friendly, and safe next-generation building materials.

Keywords: lignocellulosic building materials; wood modification; organoelement compounds; organosilicon compounds;
organophosphorus compounds; organoboron compounds; fire protection; hydrophobization; biostability; thermal

modification.

Introduction

Lignocellulosic  building materials (LCBM),
which include wood of various species, non-wood
plant raw materials, and composite materials
based on them, represent a renewable resource
for the construction industry. Their distinctive
features include environmental friendliness: the
production of LCBM typically requires less energy
than the production of steel, concrete, or plastics
(Nassén et al,, 2012; Alekseeva and Valeeva,
2023). Furthermore, many LCBMs are recyclable,
compostable, or can be used for energy recovery
at the end of their life cycle (Wojnowska-Baryta et
al., 2020). LCBMs can regulate indoor humidity,
creating a comfortable environment (Alapieti et
al., 2020) and are energy-efficient as they have
excellent thermal insulation properties reducing the
need for heating/cooling (Wu et al., 2025). Moreover,
they are lightweight: the lower weight of LCBM
structures compared to concrete / brick reduces
foundation costs and possess high strength-to-

weight ratio: despite its relatively low density, wood
exhibits high bending, compressive, and tensile
strength, allowing its use for load-bearing structures
subjected to significant loads (Niemz et al., 2023).
Besides, high construction speed is an advantage
as prefabrication of structural elements (especially
CLT, Glulam) and ease of assembly accelerate
the process (ligin et al., 2023). High thermal and
acoustic insulation properties of LCBM reduce the
need for additional materials (Krestyaninova and
Yuminova, 2017), and vapor permeability of LCBM
contributes to a healthy microclimate and prevents
moisture accumulation indoors (Shams et al., 2024).
The last but not the least is seismic resistance as
LCBM structures possess good flexibility and ability
to absorb earthquake energy (Ugalde et al., 2019).
However, the natural characteristics of LCBM
(hygroscopicity, biodegradability, low fire resistance)
necessitate modification. The main methods for
modifying LCBM are as follows. Impregnation
involves introducing chemicals into the pores and cell
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walls of wood under pressure or without it (Groshikov
and Ovsyannikov, 2014; Usikov et al., 2016).

Methods

The following research methods were used in
this work. Analysis and generalization of traditional
modification methods. This stage is fundamental
and belongs to the category of theoretical research
methods. Its goal is to form a coherent picture of the
current state of scientific development in the field of
material modification.

Detailed systemic analysis of the mechanisms
of action of organoelement modifiers. This is a
key theoretical-experimental method aimed at
uncovering the essence of the processes that occur
when modifiers are introduced into a material.
Systemic analysis implies considering the object
not in isolation, but as a complex of interconnected
components.

Comparative assessment of the effectiveness
of various methods and compounds. This is an
analytical stage that often concludes a study or
a major part of it. It allows for a transition from
scattered data to specific conclusions and practical
recommendations. Itincludes elements of qualimetry
(the science of quality measurement).

Results

The following types of modifiers are used:

— Preservatives (biocides): copper, chromium,
arsenic, ammonium salts, boron compounds.
The purpose of preservation is protection against
fungi and wood-boring insects. The effectiveness
of preservatives is quite high, but they pose
environmental problems when biocides leach from
the protected material (Mazanik, 2011).

— Fire retardants: phosphorus, nitrogen, boron
salts; intumescent coatings that expand when heated,
forming a thick layer of foam or char residue. The
purpose of using fire retardants is to reduce flammability
and slow flame spread. Fire retardants introduced into
LCBM by impregnation demonstrate high efficiency but
can leach out and reduce the strength of the substrate
(Luneva and Petrovskaya, 2011).

— Water repellents: waxes, oils, silanes,
siloxanes reduce water absorption and prevent
swelling (Braekemaier et al., 2015). They are highly
effective for protection against liquid water but do not
prevent equilibrium moisture content.

The advantages of impregnation are its
relative simplicity, well-established technologies
(especially for preservatives and fire retardants),
and the possibility of deep impregnation. However,
leachability of many compositions, potential toxicity
and environmental risks, possible deterioration of
mechanical properties, and changes in appearance
highlight the disadvantages of this method. Polymer
impregnation involves filling cell cavities (lumina) with
monomers followed by their polymerization inside
the wood. Monomers used include styrene, methyl
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methacrylate (MMA), furan resins, and vinyls. This
method achieves a significant increase in hardness,
wear resistance, compressive strength, dimensional
stability (due to pores “plugging”), biostability, and
reduced water absorption of LCBM (Gulyaev et al.,
2023). However, this method is characterized by high
cost, significant increase in wood density, complexity
of the process (requiring vacuum / pressure,
polymerization initiators), possible deterioration of
workability, and toxicity of some monomers. This
method does not solve the problem of flammability
(some polymers are flammable) (Kuzmin et al., 2022).

Thermal modification of wood involves heating
wood to 160-240 °C in an oxygen-free environment
for several hours. This leads to the degradation of
hemicelluloses (the main source of hygroscopicity),
partial restructuring of lignin and cellulose (Hill
et al., 2021), resulting in a significant reduction in
hygroscopicity and equilibrium moisture content;
improved dimensional stability (less swelling /
shrinkage); increased biostability (resistance to
decay fungi); color change (wood acquires darker
shades). However, this also results in a decrease
in bending strength / impact toughness, increased
brittleness of the wood, and practically no reduction
in flammability (Sokolov, 2023).

The advantages of the thermal modification
method are its environmental friendliness, excellent
dimensional stability of thermally modified wood,
high biostability, and aesthetic appearance. The
disadvantages of this method include the energy
intensity of the process and limitations on treatment
thickness (Sokolov, 2023).

Nanotechnologies in LCBM modification involve
using nanomaterials (e.g., nanoparticles of metals
and oxides, nanocellulose, carbon nanotubes,
nanoclays) for impregnation with nanoparticle
dispersions,  incorporation into = composites
(particleboard, fiberboard), and application of
nanocoatings (Shamaev et al., 2022). This provides
biocidal properties for LCBM (using Ag, Cu, ZnO
nanoparticles); UV protection (using TiO,, ZnO
nanoparticles); fire protection (using nanoclays,
metal hydroxide nanoparticles); hydrophobicity
(using SiO, nanoparticles (Kilyusheva et al., 2020)
and silanes); strengthening (using nanocellulose
and carbon nanotubes) (Shamaev et al., 2022).
Advantages of this modification method include
high efficiency at low concentrations of components
used and multifunctionality. However, disadvantages
such as the high cost of nanomaterials, difficulty
of uniform distribution and fixation in wood, safety
concerns, and ecotoxicity of nanoparticles require
further research in this direction.

Chemical (reactive) modification of LCBM is
based on the chemical interaction of a modifier
(including nanoscale) with the hydroxyl groups
("OH) of cellulose, hemicelluloses, and lignin,
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forming covalent bonds. Significant advantages
of this method are deep and stable modification of
LCBM properties, environmental friendliness of many
reaction products, high biostability, dimensional
stability, and reduced flammability of LCBM
(Bazarnov et al., 2004). The use of organoelement
systems as modifiers, combining inorganic elements
(Si, P, B, N) with organic compounds, enables unique
mechanisms for controlling LCBM properties due to
high affinity for the substrate (Pokrovskaya, 2009).
This review analyzes recent advances in this area,
focusing on Russian and international research.

The wide range of organoelement compounds
(OECs), whose use can influence the structure
of wood and thereby modify its properties to
varying degrees, ensures increased interest from
researchers in finding ways to develop rational
formulation and technological solutions for creating
various types of modifiers.

Based on the key element in the organoelement
modifiers (OEMs), they can be divided into the
following enlarged groups (Figure):

— organosilicon compounds (OSCs);
organophosphorus compounds (OPCs);
organoboron compounds (OBCs);

OEMs based on other elements (Sn, Cu, Zn);
multicomponent systems.

Organosilicon compounds (OSCs). Their
mechanism of action involves the formation of
hydrophobic siloxane (Si-O-Si) networks on the
surface or in the pores of LCBM, or covalent bonding
of OH groups of cellulose / lignin / hemicelluloses
via silane coupling agents. Thus, OSCs provide
hydrophobization of the substrate, increased
dimensional stability, improved weather resistance,

and moderate increase in thermal stability.
For example, alkylalkoxysilanes (particularly
methyltrimethoxysilane, MTMS) penetrate and

polymerize in cell walls; siloxanes (silicone oils /
resins) form water-repellent films; silazanes, which
contain nitrogen atoms, possess high penetrating
ability and not only hydrophobize the LCBM surface
but also increase bio- and fire resistance (Hill, 2006).

The features of the composition, properties, and
mechanism of action of OSCs ensure increased
interest in these types of compounds for use as
modifiers to improve the performance properties
of building materials and products based on wood,
which is confirmed by the analysis of publications
on research results from leading scientific schools
working in this direction.

For instance, the work (Lisyatnikov et al.,
2021) examined the interaction of one-component
polyurethane and an organosilicon compound from
the alkoxysilane group — tetrapropoxysilane. The
composition is intended for obtaining a hydrophobic
coating with improved performance properties to
protect building structures made of LCBM from

the effects of technogenic and natural factors.
The interaction mechanisms of one-component
polyurethane with tetrapropoxysilane were studied
using spectroscopy.

The product of the interaction between the
polymer and tetrapropoxysilane is a three-
dimensionally crosslinked polymer in  which
polyurethane macromolecules are crosslinked by
organosilicon molecules. The chemical reaction is
based on the interaction mechanism of isocyanate
groups with reactive groups of alkoxysilane. The
effect of the modifier on the surface structure of
the cured coating was studied using a microscope.
The contact angle of the modified and unmodified
composition was determined, as well as the
concentration of tetrapropoxysilane at which the
coating acquires hydrophobic properties. The effect
of tetrapropoxysilane on the adhesive characteristics
of the polymer composition, as well as the change in
hardness of the composition at various alkoxysilane
concentrations were studied. Chemical modification
of polyurethane allows its properties to be varied in
the desired direction without deteriorating its other
characteristics (Lisyatnikov et al., 2021).

The work (Sebe and Jéso, 2000) investigated the
dimensional stabilization of maritime pine sapwood
through chemical modification with hydrophobic
organosilicon compounds. Modification was carried
out by esterification, using various chemically
synthesized models  containing  trimethylsilyl
groups:  3-trimethylsilylpropanoic  anhydride (l),
2-trimethylsilylmethylglutaric anhydride (II), and
trimethylsilylethenone (ll1). Grafting was confirmed by
infrared spectroscopy and "*C and 2°Si CP MAS NMR
analysis; corresponding elements were detected in
the wood cell walls. Dimensional stabilization induced
by groups | and Il proved stable over three cycles of
oven drying followed by water soaking and surpassed
stabilization induced by acetylation. However, the
graft from group Il was found to gradually hydrolyze
to an acetyl group via a metallotropic rearrangement.
Further investigation of the hygroscopicity and
swelling of wood modified with groups | and 1l showed
that dimensional stabilization is due to a bulking effect,
not a change in substrate hygroscopicity. Specifically,
the bulky grafts of groups | and Il are believed to swell
locally in the wood cell wall, revealing regions with
new hydroxyl groups accessible to water (Sébe and
Jéso, 2000).

The work (Mai and Militz, 2004) described a wide
variety of organosilicon compounds for application
to wood. Some compounds, such as organo-
functional silanes, mainly applied in combination
with tetraalkoxysilanes (sol-gel process), as well
as chlorosilanes and trimethylsilyl derivatives, have
been proposed for full impregnation treatments
of wood. Additionally, other systems such as
plasma coating with hexamethyldisiloxane and
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microemulsions containing mainly silane and
siloxane mixtures have been developed for wood
surface treatment. The effects associated with the
different types of treatment range from increased
dimensional stability, durability, and fire resistance
to enhanced wood hydrophobization. In cases of
decay and fire resistance, combining silicon-based
systems with other chemicals is required to obtain
satisfactory results. Due to the excellent water-
repellent properties and weather resistance of some
treatment types, it is recommended to apply silicon-
modified wood in hazard class Il conditions (EN
335, above ground exposure) (Mai and Militz, 2004).

In the work (Proshina et al., 2013), comparative
studies were conducted on the impregnation process
of wood with solutions of organosilicon compounds,

using  gamma-aminopropyltriethoxysilane  and
hexamethylsilane (solutions in hexane and
white spirit), as well as urea-formaldehyde

copolymer and machine oil, followed by drying.
It was shown that impregnating wood with
gamma-aminopropyltriethoxysilane improves the
characteristics of products made from natural wood
(Proshina et al., 2013).

The work (Azarov et al., 2012) investigated
the effect of nanodispersions of organoelement
compoundsonthestrengthproperties of mycologically
degraded wood. As chemical modifiers, the authors
proposed using organoelementcompounds, primarily
organosilicon nanodispersions in aqueous media,
namely polyorganosiloxanes. The main physical
and mechanical properties of these polymers
are associated with the high flexibility of their
macromolecules and relatively low intermolecular
interaction. Preliminary studies show that upon
interaction of samples with polyorganosiloxanes, an
increase in physical and mechanical properties is
observed. Moreover, compressive strength increases
by 16 %, and static bending strength increases by
18 %. During the interaction of polyorganosiloxane
and cellulose, a process of interaction between the
hydroxyl groups of cellulose and the hydroxyls of the
organosilicon composition, possessing the greatest
activity, is observed (Azarov et al., 2012).

When treating wood with hexamethyldisilazane,
only trace amounts of silicon were found in the substrate
composition (Pokrovskaya, 2009). This indicates the
low reactivity of silazanes towards components of
the lignin-carbohydrate complex of wood cell walls,
leading the author to the necessity of preliminary
phosphorylation of the substrate to increase the degree
of silylation. Organophosphorus compounds were used
for this purpose (Pokrovskaya, 2009).

Organophosphorus compounds (OPCs)
are capable of forming multifunctional protection
systems through chemical modification of wood.
They provide a complex effect: fire protection,
hydrophobization, strengthening, and bioprotection,

making them indispensable in construction and
restoration. The protective mechanism of these
types of organoelement compounds manifests upon
heating and is associated with the formation of
phosphoric acid, dehydration of wood, and formation
of a carbon layer. This is accompanied by dilution
of combustible gases with non-combustible ones.
Due to the presence of functional groups in their
composition, OPCs can chemically bond with OH
groups of the components of the lignin-carbohydrate
complex (LCC) of LCBM cell walls. Consequently,
OPCs provide a high level of fire protection (leading
to reduced flame spread rate and decreased smoke
generation). Furthermore, OPCs typically possess
bioprotective properties (exhibiting fungicidal and
insecticidal effects). Examples of such compounds
include alkyl phosphates / phosphonates (dimethyl
methylphosphonate — DMMP), which are effective
fire retardants; halogenated phosphates (e.g.,
tris(chloropropyl)phosphate — TCPP), which have
increased effectiveness due to P and Cl synergy but
are environmentally unsafe; phosphazenes, which
are non-halogenated, thermally stable fire retardants;
amidophosphates/phosphoramidates, which can
chemically bond with wood (Lowden and Hull, 2013).

The work (Portnov and Mikhaleva, 2020)
analyzed the influence of phosphorus-containing
organic materials on the fire hazard of wood. A
correlation was identified between thermodynamic
criteria (Gibbs free energy) and the physicochemical
properties of modified wood (Portnov and Mikhaleva,
2020).

The study (Pokrovskaya and Portnov, 2017)
examined the process of modifying wood with
phosphorous acid esters to reduce fire hazard
properties. Thermodynamic parameters of the
modified wood surface were determined. High
values of free surface energy were substantiated
when studying the surface structure and surface
layer of modified wood. The relationship between
the energy characteristics of the modified wood
surface, the effectiveness of surface layer modifiers,
the surface layer structure, and the fire hazard
characteristics of wood was shown. Based on the
obtained data, the possibility of optimizing modifiers
when creating protective compositions according
to thermodynamic criteria was demonstrated
(Pokrovskaya and Portnov, 2017).

The work (Pokrovskaya and Portnov, 2015)
presented results examining the influence of
surface treatment of wood with compositions
based on alkyl esters of phosphorous acids on
fire hazard characteristics such as fire-retardant
efficiency group, flammability and ignitability index,
flame spread index, and smoke-producing ability.
Additionally, the bioprotective effectiveness of the
modifiers used was studied. It was concluded that
the most effective protective compositions for wood
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are esters of phosphorous acid, particularly diethyl
phosphite, which is an effective smoke suppressant.
Based on the obtained data, a fire-bioprotective
composition for wood was developed (Pokrovskaya
and Portnov, 2015).

The study (Afanasyev and Korotkov, 2012)
examined the effectiveness of impregnating
amidophosphates for fire protection of wood
materials. Using the highly informative method of
NMR spectroscopy, the processes occurring during
the synthesis of the base product OSA-1 were
studied. A mechanism for the fire-retardant action
of this composition was proposed. The warranty
period for fire protection of wood under atmospheric
exposure conditions was calculated (Afanasyev and
Korotkov, 2012).

The article (Pokrovskaya, 2018) describes
the strengthening of partially destroyed wood
samples from an Anglican church through surface
modification. The first layer of the multilayer
coating is nitrilotrimethylphosphonic acid, which
forms covalent bonds with the substrate, partially
strengthening the wood. The second layer is an
epoxy resin solution, forming covalent bonds with
the first layer coating, with the hydroxyl groups of
the first layer participating in the curing of the second
layer. A two-layer coating is formed, whereby the
strength of the wood increases by 2—2.5 times, water
absorption decreases by 3 times, and mass loss
during combustion does not exceed 9 % according
to GOST 27484-87 (Pokrovskaya, 2018).

Organoboron compounds (OBCs). This type
of compound exhibits complex protective action:
biocidal — disrupting the metabolism of fungi /
insects; inhibiting smoldering and showing synergy
with other fire retardants. They are often introduced
as boric acids / esters. Examples include boric acid
esters with glycols / glycerol, which improve boron
fixation and leachability; N-alkyl borates (bis(N-
cyclohexyldiazeniumdioxyborane) — “Kholil”) are
used as antiseptics and fire retardants; borazanes
(boron-nitrogen rings) antisepticize and act as fire
retardants for LCBM (Kartal et al., 2004; Leonovich
and Politov, 2021).

Inthe study (Namyslo and Kaufmann, 2009), anew
type of chemical wood modification for its permanent
functionalization with organoboron compounds was
developed and applied. This is achieved by covalent
attachment of metalloid substituents to wood
hydroxyl groups via benzotriazolyl-activated benzoic
acid. Thus, standard modification procedures in
wood chemistry, such as acetylation, are improved by
avoiding the loss of half the reagentin the case of acid
anhydrides or the release of corrosive hydrochloric
acid in the case of carboxylic acid chlorides. In this
case, the boron atom could contribute to solving a
long-standing problem in the field of wood protection:
the chemical fixation of an organoboron compound
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through a well-defined covalent bond. Accordingly,
this avoids the insufficient long-term availability
of traditionally common boron compounds as
wood preservatives caused by leaching. The
study was also extended to arylsilyl compounds
as a second type of organometallic substance that
could potentially be used for subsequent chemical
reactions via ipso-substitution. The presented wood
modification reactions yielded weight percentage
gains ranging from 14 to 31 % on beech wood,
spruce wood, and pine sapwood sawdust (approx.
500 um in diameter) or pine sapwood veneer chips
(Namyslo and Kaufmann, 2009).

To reduce flammability, oriented strand boards
(OSB) were coated with a polyelectrolyte complex
(PEC) consisting of sodium polyborate (SPB) and
polyethyleneimine (PEI) using a simple two-step
process (Rodriguez-Melendez et al., 2024). This
PEC treatment imparts self-extinguishing behavior
to OSB during combustion and reduces total heat
release by 21 % and total smoke release by 79 %,
increasing time to ignition by 18 % compared
to untreated OSB. Furthermore, the PElI / SPB
coating adds virtually no weight (5.8 wt.%) to the
OSB, preserving visual aesthetics and mechanical
properties. The main fire-retardant effect is achieved
through condensed phase action via a combination
of intumescence and thermal barrier mechanisms
(Rodriguez-Melendez et al., 2024).

Modifiers based on organometallic
compounds (OMCs), which include: organotin,
organocopper, organozinc compounds. Organotin
compounds (e.g., tributyltin oxide (TBTO)) are
potent biocides but are highly toxic, so their use is
restricted by the international convention — ROTEX.
Organocopper compounds — components of modern
preservatives like ACQ (Alkaline Copper Quaternary)
and Cu-HDO (Bis-(N-cyclohexyldiazeniumdioxy)-
copper) — provide fungicidal action; the organic
substituent (often quaternary ammonium or a
nitrogen complex) improves copper fixation in wood
and provides additional biocidal effect (Freeman
and Mclntyre, 2008). Organozinc compounds are
sometimes used as co-biocides or in combinations
for fire protection (synergists).

Within the framework of the study (Belyaev et al.,
2021), a multifunctional protective composition for
wood based on arabinogalactan and mechanically
activated polymineral sand was developed, capable
of enhancing its physical and mechanical properties.
Surface modification of wood with organomineral
compositions leads to an increase in its density,
hardness, and strength. The hardness of treated
wood is 24 % higher, and compressive strength
along the grain is 20 % higher than that of untreated
wood. After treatment, the wood surface darkened
and slightly yellowed, which does not preclude its
use in building construction and renovation. Results
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of measuring color coordinates of the surface of
modified samples indicate the stability and durability
of the developed protective coating even after 4
months of exposure to atmospheric conditions.
Based on the slight return of color coordinates of
treated wood to the values of original wood, it can
be concluded that there is partial leaching of the
composition (Belyaev et al., 2021).

Multicomponent monomers/oligomers are
compounds containing simultaneously phosphorus
(fire protection) and / or nitrogen (fire retardant
synergist, biocide) and / or silicon (water repellent,
thermal stabilizer) and / or boron (biocide and
fire retardant) in one molecule, ensuring their
polyfunctional action.

In the study (Kurbanova and Ismailov, 2015),
a boron- and silicon-containing oligomeric fire
retardant based on sodium metasilicate with sodium
tetraborate was developed, having an initial oxidation
temperature above 350 °C. It can be used as a fire
retardant in the production of paints, varnishes, and
enamels to improve the appearance and protect
objects (including those based on LCBM) from
corrosion and high-temperature exposure. The
maximum yield of the oligomeric fire retardant in the
temperature range of 70-80 °C, the recommended
application concentration in production of 6—7 %, and
the simplicity of the production technology ensure
economic efficiency. Boron- and organosilicon
resins, due to their excellent qualities, find diverse
applications (Kurbanova and Ismailov, 2015).

To develop a comprehensive approach to
ensuring the durability of wooden structures, the
work (Mikhaleva et al., 2021) proposed a multilayer
treatment with compositions of dimethyl phosphite
and polyurethane (PU) varnish with nanosized
bentonite particles. The basis is phosphorylation, i.e.,
surface application of the most effective phosphorus-
containing fire retardants to wood samples, which,
in combination with bentonite-modified PU varnish,
provides polyfunctional protective properties. As
a result of this multilayer treatment, the material
becomes classified as low-flammability (mass loss
less than 20 %), while acquiring high moisture and
biostability. Achieving fire, bio, and moisture resistance
and increasing the strength of partially destroyed
wood provides polyfunctional protection, making it
possible today to preserve and extend the service life
of many wooden structures, including monuments of
wooden architecture (Mikhaleva et al., 2021).

As a result of research conducted at the
Moscow State University of Civil Engineering
(National Research University) under the guidance
of Professor E.N. Pokrovskaya (Pokrovskaya and
Koteneva, 2003; Pokrovskaya et al., 2004; Sidorov
and Koteneva, 2008), it was established that
organophosphorus compounds, being effective fire
retardants and biocides, can surface-modify wood

under “mild” conditions. This suggested the possibility
of creating an impregnating composition based
on phosphorus- and organosilicon compounds,
considering the occurrence of chemical interaction
between them and the wood surface layer, which
would possess a long-term complex protective effect.
Based on the analysis of the ability of various classes
of phosphorus- and organosilicon compounds
individually to undergo chemical interaction with
the wood surface layer, components were selected
for the development of a multicomponent fire-bio-
moisture protective composition (Pokrovskaya and
Koteneva, 2003; Pokrovskaya et al., 2004; Sidorov
and Koteneva, 2008).

The works (Koteneva et al., 2010; Koteneva,
2011; Stepina et al., 2014) demonstrated the high
effectiveness of boron-nitrogen compounds as
antiseptics and fire retardants for LCBM, due to the
synergistic effect of boron and nitrogen atoms in their
composition. Moreover, the chemical bonds formed
between the molecules of boron-nitrogen modifiers
and the components of the lignin-carbohydrate
complex of plant raw material cell walls are resistant
to hydrolysis due to the boron-amine coordination
within the modifier, which excludes nucleophilic
attack by water molecules. This ensures long-
term protection of LCBM against biocorrosion and
ignition.

Systematizing the presented material, the main
mechanisms of action of OEMs and the resulting
effects and properties of the LCBM surface can be
identified (Fig.). OSCs act through the formation
of hydrophobic siloxane networks (Si-O-Si) and
covalent bonding with OH groups of cellulose
/ lignin / hemicelluloses, polymerization in cell
walls, and formation of water-repellent films. This
ensures hydrophobization of the substrate (main
effect), increased dimensional stability, improved
weather resistance, moderate thermal stability,
and reduced water absorption. OPCs participate in
forming chemical bonds with OH groups of wood
components. Upon heating, they form phosphoric
acid, causing wood dehydration and formation of
a carbon layer, while diluting combustible gases,
thereby providing high fire protection for LCBM
(reduced flame spread, smoke generation),
biocidal properties (fungicidal, insecticidal), and
smoke suppression. Boron-nitrogen compounds
(BNCs), through covalent bonding with OH groups
of wood components, become firmly fixed in the
substrate composition, inhibiting the metabolism
of fungi / insects and providing condensed-phase
mechanisms (intumescence + thermal barrier) for
fire protection. OMCs are fixed in wood via organic
ligands, blocking microbial enzymes, densifying
the surface layer, and providing fire protection for
the substrate. Multicomponent systems combine
the action of elements (P and / or N and / or Si
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and / or B) in one molecule / coating, providing
comprehensive protection for LCBM (fire, bio,
moisture resistance).

Conclusions

Chemical modification of lignocellulosic materials
with organoelement systems is a strategic direction
for creating next-generation building materials that
align with the ideology of “green building”. Modern
research confirms that:

— OSCs are indispensable for hydrophobization
and geometric stabilization, but their potential is fully
realized in hybrid systems;

— OPCs and BNCs address the issues of fire
protection and biodegradation, with boron-containing
complexes showing high potential in preventing their
leaching from wood products;
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— polyfunctional compositions (P-Si-B-N) are a key
trend, providing comprehensive protection with minimal
impact on the mechanical properties of wood.

Thus, the modification of lignocellulosic
materials with organoelement compounds creates
prerequisites for positioning wood as a competitive,
environmentally friendly, and durable building
material consistent with the principles of sustainable
development.

Funding

The work was carried out at the Moscow State
University of Civil Engineering (National Research
University) within the framework of the University
Development Program “PRIORITY 2030”. Project 3.1
“Scientific Breakthrough in the Construction Industry —
New Technologies, New Materials, New Methods.”



Irina Stepina, Valeria Strokova, Viktoria I'ina — Pages 73—83
MODERN TRENDS IN THE CHEMICAL MODIFICATION OF “GREEN” BUILDING MATERIALS

References

Afanasyev, S. V. and Korotkov, R. V. (2012). Nitrogen-phosphorus-containing impregnating fire retardants for wood. Fire
and Explosion Safety, 21 (6), pp. 38-42.

Alapieti, T., Mikkola, R., Pasanen, P., and Salonen, H. (2020). The influence of wooden interior materials on indoor
environment: a review. European Journal of Wood and Wood Products, 78, pp. 617—-634. DOI: 10.1007/s00107-020-
01532-x.

Alekseeva, A. D. and Valeeva, A. R. (2023). Main problems of the environmental impact of timber due to the production
process. Science and Technologies in the Timber Industry Complex: collection of scientific papers of the international
scientific-practical conference. Bryansk, July 20-21, 2023. — Bryansk: Federal State Budgetary Educational Institution of
Higher Education Bryansk State Engineering and Technology University, pp. 176—181.

Azarov, V. |., Kononov, G.N., Goryachev, N.L., and Fankovskaya, A.A. (2012). Modification of mycologically degraded
wood with nanodispersions of organoelement compounds. Forestry Bulletin, 7 (90), pp. 97—101.

Belyaev, A. O., Danilov, V. E., and Morozova, M. V. (2021). Physical and mechanical properties of the surface of pine
wood modified with an organomineral composition. Journal of Physics: Conference Series, 2124 (1), p. 012019. DOI:
10.1088/1742-6596/2124/1/012019.

Freeman, M. H. and Mclintyre, C. R. (2008). A comprehensive review of copper-based wood preservatives. Forest Products
Journal, 58 (11), pp. 6-27.

Groshikov, V. V. and Ovsyannikov, S. I. (2014). Method of accelerated wood impregnation. Current Directions of Scientific
Research of the XXI Century: Theory and Practice, 2 (3-2), pp. 309-310.

Gulyaeyv, A. V., Popoy, A. L., and Egorova, A. D. (2023). Modification of wooden structures with polymer impregnations.
Youth Bulletin of the Novorossiysk Branch of Belgorod State Technological University named after V.G. Shukhov, 3 (1),
pp. 79-81. DOI: 10.51639/2713-0576_2023_3_1_79.

Hill, C. A. S. (2006). Wood Modification: Chemical, Thermal and Other Processes. Wiley. DOI: 10.1002/0470021748.

Hill, C., Altgen, M., and Rautkari, L. (2021). Thermal modification of wood — A review: Chemical changes and hygroscopicity.
Journal of materials science, 56, pp. 6581-6614. DOI: 10.1007/s10853-020-05722-z.

ligin, H. E., Karjalainen, M., and Mikkola, P. (2023). Views of Cross-Laminated timber (CLT) manufacturer representatives
around the world on CLT practices and its future outlook. Buildings, 13 (12), p. 2912. DOI: 10.3390/buildings13122912.

Kartal, S. N., Yoshimura, T., and Imamura, Y. (2004). Decay and termite resistance of boron-treated and chemically
modified wood by in situ co-polymerization of allyl glycidyl ether (AGE) with methyl methacrylate (MMA). International
Biodeterioration & Biodegradation, 53 (2), pp. 111-117. DOI: 10.1016/j.ibiod.2003.09.004.

Kilyusheva, N. V., Aizenshtadt, A. M., Danilov, V. E., and Belyaev, A. O. (2020). Wood modification with an organomineral
complex. Industrial and Civil Engineering, 2, pp. 47-51. DOI: 10.33622/0869-7019.2020.02.47-51.

Koteneva, I. V. (2011). Boron-nitrogen modifiers for protecting wood in building structures. Monograph. Moscow: Moscow
State University of Civil Engineering, 191 p.

Koteneva, I. V., Kotlyarova, I. A., and Sidorov, V. |. (2010). Complex protection of wood with compositions based on boron-
nitrogen compounds. Construction Materials, 6, pp. 56—58.

Krestyaninova, A. Yu. and Yuminova, M. O. (2017). Materials and structures for the construction of wooden buildings.
Science through the Prism of Time, 9, pp. 42-51.

Kurbanova, M. A. and Ismailoy, I. I. (2015). Fire retardants based on boron-containing organosilicon compounds. News of
Higher Educational Institutions. Chemistry and Chemical Technology, 58 (12), pp. 10-14.

Kuzmin, S. A., Krasilnikov, D. A., and Krasilnikova, D. D. (2022). Improving the performance properties of structural
materials. Bulletin of the North-Eastern Federal University named after M. K. Ammosov, 1 (87), pp. 33—43. DOI: 10.25587/
SVFU.2022.96.65.004.

Leonovich, A. A. and Politov, D. Yu. (2021). Boron-containing wood modifiers: efficiency and ecology. Ecology of Industry
in Russia, 25 (5), pp. 56-61. DOI: 10.18412/1816-0395-2021-9-56-61.

Lisyatnikov, M. S., Chukhlanov, V. Y., and Korshakov, A. V. (2021). Composition based on one-component polyurethane
modified with tetrapropoxysilane. Journal of Physics: Conference Series, 2131 (4), p. 042038. DOI: 10.1088/1742-
6596/2131/4/042038.

Lowden, L. A. and Hull, T. R. (2013). Flammability behaviour of wood and a review of the methods for its reduction. Fire
Science Reviews, 2 (1), p. 4. DOI: 10.1186/2193-0414-2-4.

Luneva, N. K. and Petrovskaya, L. |. (2011). Influence of fire-retardant composition modifiers on the process of thermal
decomposition of wood. Journal of Applied Chemistry, 84 (10), pp. 1686-1690.

Mai, C. and Militz, H. (2004). Modification of wood with silicon compounds. Treatment systems based on organic silicon
compounds — a review. Wood Science and Technology, 37, pp. 453-461. DOI: 10.1007/s00226-004-0225-9.

81



Architecture and Engineering Volume 11 Issue 1 (2026)

Mazanik, N. V. (2011). Modern bioprotective agents for wood. Proceedings of BSTU, No. 2. Forestry and Woodworking
Industry, 2, pp. 181-184.

Mikhaleva, D. G., Uskova, V. E., and Pokrovskaya, E. N. (2021). Application of polyfunctional protective compositions
to increase the service life of wooden structures. Construction - Shaping the Living Environment: Collection of materials
from the young scientists’ seminar of the XXIV International Scientific Conference, Moscow, April 22—24, 2021. Moscow:
Moscow State University of Civil Engineering (National Research University), pp. 96-100.

Namyslo, J. and Kaufmann, D. (2009). Chemical improvement of surfaces. Part 1: Novel functional modification of wood
with covalently bound organoboron compounds. Holzforschung, 63 (5), pp. 627-632.

Nassén, J., Hedenus, F., Karlsson, S., and Holmberg, J. (2012). Concrete vs. wood in buildings — An energy system
approach. Building and environment, 51, pp. 361-369. DOI: 10.1016/j.buildenv.2011.11.011.

Niemz, P., Sonderegger, W., Gustafsson, P.J., Kasal, B., and Polocoser, T. (2023). Strength properties of wood and wood-
based materials. Springer Handbook of Wood Science and Technology. Cham: Springer International Publishing, pp. 441-
505. DOI: 10.1007/978-3-030-81315-4_9.

Patent No. 2565204 C2 Russian Federation, IPC CO8L 83/04, CO9D 183/04, CO8L 5/08. Composition with impregnating
action: No. 2011153384/05: appl. 02.06.2010: publ. 20.10.2015.

Pokrovskaya, E. N. (2018). Increasing the strength of destroyed wood of wooden architecture monuments by surface
modification. MATEC Web of Conferences, 251, p. 01034.

Pokrovskaya, E. N. (2009). Preservation of wooden architecture monuments using organoelement compounds: chemical-
physical basis for increasing wood durability. Moscow: MGSU, 135 p.

Pokrovskaya, E. N. and Koteneva, I. V. (2003). Hydrophobization of wood materials with phosphorus- and organosilicon
compounds. Construction Materials, 5, pp. 40-41.

Pokrovskaya, E. N., Koteneva, I. V., and Naganovsky, Yu. K. (2004). Durability of the protective action of compositions for
wood based on organoelement compounds. Construction Materials, 5, pp. 52-54.

Pokrovskaya, E. N. and Portnov, F. A. (2015). Fire-bioprotective composition for wood with effective smoke-suppressing
components. Vestnik MGSU, 10, pp. 106-114.

Pokrovskaya, E. N. and Portnov, F. A. (2017). Thermodynamic optimization of wood surface layer modifiers. Fire and
Explosion Safety, 26 (5), pp. 29-36. DOI: 10.18322/PVB.2017.26.05.29-36.

Portnov, F. and Mikhaleva, D. (2020). Thermodynamic foundations of wood’s operational properties. /IOP Conference
Series: Materials Science and Engineering, 1001 (1), p. 012037. DOI: 10.1088/1757-899X/1001/1/012037.

Proshina, O. P. Ivankin, A.N., Kapustina, E.A., and Rasev, A.l (2013). Influence of impregnation with organosiloxanes on
the hydrophobicity and shape stability of birch wood. Forestry Bulletin, 2 (94), pp. 83-87.

Rodriguez-Melendez, D., Vest, N. A, Kolibaba, T. J., Quan Yu., Zhang Zh., Iverson E.T., Wang Q., and Grunlan Ja. C.
(2024). Boron-based polyelectrolyte complex nanocoating for fire protection of engineered wood. Cellulose 31,
pp. 3083-3094. DOI: 10.1007/s10570-024-05773-4.

Sébe, G. and Jéso, B. (2000). The Dimensional Stabilisation of Maritime Pine Sapwood (Pinus pinaster) by Chemical
Reaction with Organosilicon Compounds. Holzforschung, 54 (5), pp. 474-480.

Shamaey, V. A., Nikulina, N. S., and Medvedey, |. N. (2022). Wood modification, 2nd edition, revised and enlarged.
Voronezh: Voronezh State University of Forestry and Technologies named after G.F. Morozov, 571 p.

Shams, S. A, Ge, H., and Wang L. (2024). Hygrothermal modeling in mass timber constructions: recent advances and
machine learning prospects. Journal of Building Engineering, 96, p. 110500. DOI: 10.1016/j.jobe.2024.110500.

Sidorov, V. I. and Koteneva, I. V. (2008). Investigation of the nature of reactions between phosphorus- and organosilicon
compounds during sequential wood modification. Bulletin of Moscow State Forest University — Forestry Bulletin, 4,
pp. 104-106.

Sokolov, 1. V. (2023). Thermowood, its differences from ordinary wood, advantages and disadvantages. Bulletin of Science,
1 (8), pp. 194-200.

Stepina, I. V., Sidorov, V. I., and Klyachenkova, O. A. (2014). Biostability of wood in the presence of phenylborates.
Construction Materials, 3, pp. 102-103.

Ugalde, D., Almazan, J.L., Santa Maria, H., and Guindos, P. (2019). Seismic protection technologies for timber structures:
a review. European journal of wood and wood products, 77, pp. 173-194. DOI: 10.1007/s00107-019-01389-9.

Usikov, S., Fomina, E. V., and Shaidorov, R. (2016). Impregnation of wood with protective solutions. Intelligent Building
Composites for Green Construction, pp. 178-182.

Wojnowska-Baryta, |., Kulikowska, D., and Bernat, K. (2020). Effect of bio-based products on waste management.
Sustainability, 12 (5), p. 2088. DOI: 10.3390/su12052088.

Wu, Y., Chen, J., Xu, C., and Chen, C. (2025). Wood-Based and Wood-Inspired Thermal Management Materials. Chinese
Journal of Chemistry. DOI: 10.1002/cjoc.202401322.

82



Irina Stepina, Valeria Strokova, Viktoria I'ina — Pages 73—83
MODERN TRENDS IN THE CHEMICAL MODIFICATION OF “GREEN” BUILDING MATERIALS

COBPEMEHHbIE TEHAEHLUWN B XUMUWYECKOM
MOOANDPULUIMPOBAHUU «3ENNEHBIX» CTPOUTEJIbHbIX
MATEPUAIIOB

VpuHa BacunbeBHa CTtenuHa'*, Banepus BanepbesHa CTpokoBa?, Buktopus BaneHtuHoBHa UnbuHa®

"HaumnoHanbHbIN nccnegoBaTenbckunii MOCKOBCKMI rOCyAapCTBEHHBIN CTPOMTENbHLIN YHUBEpPCUTET, I. Mocksa,
Poccus

2Benropoacknin rocyaapcTBEHHbIN TeXHonorndeckuii yansepceutet um. B. T LLyxo.a, r. Benropoa, Poccust
3CaHkT-eTepbyprckuii rocyaapCTBEHHbIN MHCTUTYT KUHO U TeneBuaeHus, . CaHkT-Metepbypr, Poccus

*E-mail: sudeykina@mail.ru

AHHOTauuA

Llenb nccnegoBaHuaA: NpoBeaeHe KOMMIEKCHOro TEOPETUYECKOro aHanm3a COBPEMEHHbIX METOAOB MOANULIMPOBAHNS
TIMTHOLLENIONO3HbIX CTpouTenbHbIX MaTepuanos (JILLICM), Bkntovas gpeBecuHy, HEAPEBECHOE pacTUTENbHOE Chipbe U
KOMMNO3UThl Ha nx ocHoBe. OCHOBHOE BHUMaHWE yAEeNeHo NPeoaoneHnto NPUPOAHbIX OrpaHnYeHuin ucnons3osaxus JILICM,
TaKMX Kak rMrpocKonMYHOCTb, OMopasnaraeMocTb U HU3Kasi OTHECTOMKOCTb, MOCPeACTBOM XMMMUYECKOro MOAUMULMPOBAHMS
anemMeHTopraHmdeckumm  coegnHeHuammn  (O0C). MeTtogbl: aHanu3 u  0606LieHne TpaaWLMOHHBIX  METOO0B
MoancmLMpoBaHns; AeTarbHbIA CUCTEMHbIN aHanM3 MexaHU3MOB AEWCTBUSI 3NIEMEHTOPraHNYecknx MoanduKaTopos;
CcpaBHUTENbHAs oLeHKa 3PHEKTUBHOCTU Pa3NMYHbIX METOA0B U COeAUHEHNIA. Pe3ynbraTbl: pacCMOTPEHbI TPaANLMOHHbIE
MeTOoAbl (MMMperHaumsa KoHcepBaHTaMu, aHTUNMpeHamu, ruapodobrsatopamu), NONMMEpPHas NPONUTKa U TepMmUyeckas
obpaboTka, a Takke WHHOBALMOHHbIE MOAXOAbl C MCMOSIb30BaHMEM HAHOTEXHOMOrMi. [deTanbHO npoaHanuanpoBaHbl
mexaHuambl  genicteua OO0C, KnaccMdULMPOBaHHBIX MO  KMHYEBOMY 3MeMEHTY: KpemHuinopraHuydeckune (KOC),
docdopopraHmdeckne (POC), 6GopopraHunyeckne (BOC) coeguHeHus, meTannoopraHudeckne cuctemsl (MOC)
M MOSNMKOMMNOHEHTHbIE komno3uumu. [MokasaHo, 4Tto KOC obecneuvBaloT MNpeuvMyLLEeCTBEHHO ruapodobusauunio u
ctabunusauuo reometpun, ®OC n BOC — peluaoT 3agayy orHesawmTbl U BUOCTOMKOCTM, @ MONMUMYHKLMOHAMNbHbIE
cuctembl (P-Si-B-N) couyeTaloT KOMMMEKCHYK 3alMTy C MUHUMarnbHbIM BMMSIHUEM Ha MEeXaHU4Yeckue CBOWCTBA.
Oco06bIii aKUeHT caenaH Ha 3KOMOrMYeckMx MperMyLLecTBax U [ONTOBEYHOCTU MOAUMULMPOBAHHBIX MaTepuarnos,
COOTBETCTBYIOLLMX MPUHLMNAM «3€ereHoro cTpouTenbcTBa». B 0630pe npeactaBneHbl nocregHue OOCTWKEHUS B
paccmaTpvBaemol NpegMeTHol obnacTtu, nogyepkueasi nepcnekTnBHocTb OOC Ana co3gaHus KOHKYPEHTOCMOCOOHbIX,
3KOMOrMYHbIX 1 6Ge30nacHbIX CTPOUTENbHbLIX MaTepuarnioB HOBOrO NMOKONEHWS.

KniouyeBble cnoBa: JNIUrHOLUENITHONO3HbIE cTpouTerbHble mMaTtepuarnbl; mMoamduLmMpoBaHmne ApeBeCUHbI;

3MEeMEHTOpPraHn4Yeckne COEAMHEHUs; KPeMHUMopraHudeckme coeauHeHusl;  ocdopopraHnyeckme COoeauHEHUs;
BGopopraHnyeckne CoeMHeHNs; orHesalumTa; rmapodobursaums; GUOCTONKOCTL; TEpMUYECcKoe MOaUULIMPOBaHNE.

83



DOI: 10.23968/2500-0055-2026-11-1-84-98

INVESTIGATION OF THE TRIGGER MECHANISM OF SELF-HEALING
OF CONCRETE BY MICROGRANULES

Mingyuan Wang, Vasily Sergeevich Rudnov, Zheng Li
Ural Federal University Named after the First President of Russia B. N. Yeltsin, Yekaterinburg, Russia

*Corresponding author’s email: vanurfu@163.com

Abstract

Introduction. Concrete, as a traditional building material, was first developed by the British civil engineer John Smeaton
in the 18" century. In 1894, the Frenchman Joseph Monier first injected concrete into molds with steel bars, giving birth
to reinforced concrete structures. Since then, concrete has been used to protect steel bars and improve the load-bearing
capacity and safety of structures. However, concrete has a fatal flaw in its resistance to tension, so the repair of concrete
as a branch of concrete materials has received widespread attention from both academic and engineering communities
in the past decade. Methods. The addition of encapsulated millimeter particle units during the concrete mixing phase
has been proven to be an effective implementation of autonomous concrete repair. In the development of self-healing
concrete, the encapsulation unit and trigger design are important factors that determine the work performance of self-
healing units and the overall repair efficiency of concrete. Results. This article describes the passive and active trigger
in two directions, further explaining the main triggering mechanism of concrete self-healing and the corresponding repair
mechanism, as well as compares and analyzes the technical characteristics and application range of various self-healing

triggering mechanisms, providing a reference for future product development.

Keywords: microgranules; self-healing mechanism; trigger mechanism.

Introduction

Concrete is widely used in the construction
industry worldwide due to its high bearing capacity,
compressive strength, durability, and low production
cost. However, the low tensile strength and cracking
issues are two inherent defects that are difficult to avoid
in concrete materials. The tensile strength of concrete
can be effectively enhanced by adding reinforcement,
but there is currently no fundamental method to
inhibit crack formation. Although crack formation
and development are the only signs of damage and
failure in concrete structures, the causes of concrete
cracking are complex, with common factors including
plastic shrinkage, thermal stress, settlement, drying
shrinkage, weathering, rebar corrosion, and load
application (S and S, 2023). If these cracks are not
effectively prevented and repaired, they may cause
durability and reliability issues in concrete structures
(Sun et al.,, 2020). Therefore, necessary repair
measures are of great significance in extending the
service life of concrete structures. Traditional repair
methods for concrete cracking, such as filling and
sealing, and low-pressure grouting, although have
a certain positive effect on extending the service
life of concrete, also have many shortcomings.
Firstly, the service life of the filling material is
usually limited and requires regular inspections and
maintenance. Secondly, the timeliness of manual
repairs may pose safety hazards for the use of
concrete structures. In addition, from an economic

perspective, the inspection and maintenance
of concrete buildings or structures also consume a
large amount of manpower and resources, and the
related maintenance costs increase significantly with
the extension of service life.

In response to the cracking issues of concrete
materials, researchers have explored the use of
additives in the cement matrix to delay concrete
cracking (Sakir et al., 2020) and started using
supplementary cementitious materials such as
silica fume, granulated blast furnace slag, fly ash,
metakaolin, limestone powder, and rice husk ash to
replace part of the cement matrix, thereby reducing
early-age cracking in concrete. In recent years,
nanomaterials such as carbon nanotubes have also
been used to improve the performance of concrete.
Carbon nanotubes can bridge micro-cracks in
concrete and strengthen the interface transition zone
between aggregate and cement paste, to some extent
delaying the development of micro-cracks (Lan et al.,
2022). However, these modified methods still cannot
fundamentally address the issue of reduced durability
and safety of concrete structures after cracking.
Therefore, endowing concrete with the ability to
autonomously detect and heal cracks from a material
design perspective undoubtedly has important
scientific and social value in enhancing the durability
and structural toughness of concrete materials.

In the past twenty years, the innovative concept
of self-healing concrete has been the subject of in-

84 For citations: Wang, M., Rudnoy, V. S., Li, Zh. (2026). Investigation of the trigger mechanism of self-healing of concrete by microgranules.
Architecture and Engineering, No 1 (11), pp. 84-98. DOI: 10.23968/2500-0055-2026-11-1-84-98.
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depth research, with experts and scholars in the
relevant field having conducted extensive work on
the design of self-healing methods and self-healing
units applicable to concrete (Van Tittelboom and De
Belie, 2013). In fact, concrete itself has the ability
to self-heal cracks, as unhydrated cement particles
further hydrate and repair microcracks under the
combined action of water and carbon dioxide (Van
Tittelboom et al., 2012). However, natural healing
is only effective in microcracks of limited scale, and
has minimal effect on cracks wider than 200 microns.
In order to enhance the self-healing capacity of
concrete, researchers have developed autonomous
repair techniques based on externally added self-
healing units (Wu et al., 2012).

According to whether the self-healing process is
based on the chemical reaction of concrete’s own
binder or on the release of repair substances from
externally added self-healing units, researchers
generally classify concrete self-healing methods
into two categories: autogenous self-healing and
autonomous self-healing. The self-healing of
concrete cracks mainly depends on one or more of
the following mechanisms:

1) the formation of calcium carbonate precipitation
from calcium hydroxide in cement;

2) settling of debris and loose cement particles
caused by water flow;

3) rehydration  of
particles;

4) further swelling of hydrated cementitious
matrix.

Itcanbe seenthatthe maintriggering conditions for
self-healing are the presence of special environments
containing water and air. Researchers have also
attempted to promote the speed and efficiency of
autogenous self-healing through various additives.
For example, the use of superabsorbent polymers
(SAP) (Lee etal., 2010; Snoeck et al., 2012; Park and
Choi, 2018; Wu et al., 2021a) or other internal water-
retaining substances (Qian et al., 2010) to provide
a water source for unhydrated binders, thereby
promoting the further hydration and precipitation of
unhydrated products to repair cracks, or by directly
adding related minerals to the cement matrix to
accelerate secondary hydration and recrystallization
(Sisomphon et al., 2013; Marchon et al., 2018;
Vehmas et al., 2018; Chandra Sekhara Reddy and
Ravitheja, 2019). Compared to autogenous self-
healing, autonomous self-healing of concrete cracks
mainly relies on adding self-healing units containing
repair substances such as biological, organic or
inorganic materials to the cement matrix, and based
on certain triggering mechanisms, controlled release
of repair substances in the self-healing units to
achieve active repair of concrete cracks. In order to
improve the triggering efficiency and repair efficiency
of self-healing units, researchers have designed

unhydrated cementitious

a series of self-healing units with different triggering
mechanisms according to various factors and
environmental variables associated with concrete
degradation. In addition to using concrete cracking
as the triggering mechanism for self-healing units,
special ions, pH values, light energy, heat energy,
and other environmental factors have also been
used as triggering mechanisms to design functional
units for concrete self-healing (Mauser et al., 2004;
Bédard et al., 2010; Broaders et al., 2011; Kost and
Langer, 2001; Kim et al., 2013; Dong et al., 2015).
For example, in the marine environment, concrete
is susceptible to chloride ion damage, leading to
rebar corrosion, so researchers have used chloride
ion concentration as a triggering mechanism to
guide the repair of concrete degradation problems
by self-healing units (Xiong et al., 2015; Liang et al.,
2018). Recently, emerging triggering mechanisms
such as magnetic fields, electric fields, microwaves,
and ultrasonic waves have also been designed and
used to control the release of repair functions in self-
healing units (Dubinsky et al., 2008; Klibanov et al.,
2010; Yim et al., 2012; Wan et al., 2021).

The self-healing ability of concrete is not
generated out of thin air, and even the occurrence of
self-healing in concrete itself requires environmental
factors such as water and carbon dioxide as
triggering conditions. When designing repair units
suitable for self-healing concrete, the design of
the self-healing triggering mechanism will directly
affect the actual effect of its repair function and the
overall repair efficiency of the concrete, due to the
different types of repair agents, the physicochemical
environment within the concrete, and the repair
targets. Therefore, the selection of the self-healing
unit triggering mechanism is a crucial part of the
self-healing concrete system. Although there are
many different design methods and corresponding
triggering mechanism types for existing self-healing
units, there is a lack of overall understanding and
systematic comparative research on the triggering
performance of various self-healing units under
different triggering mechanisms and the repair
efficiency of concrete, which greatly affects the
systematic advancement of self-healing concrete
research and hinders the practical application of
self-healing concrete in engineering. In response to
these issues, this paper systematically summarizes
the main types of existing self-healing concrete and
the basic principles of the corresponding triggering
mechanisms; compares the differences in triggering
efficiency and triggering conditions among various
triggering mechanisms; and summarizes the repair
effects of different triggering mechanisms, repair
agent types, and repair conditions on concrete
cracks. Based on the comparison, this paper also
discusses in detail the evaluation methods for the
applicability and efficiency of self-healing triggering
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mechanisms, with the aim of providing guidance
for future research on self-healing concrete and the
design of its self-healing mechanism.

Methods

Self-repair triggering methods

The internal deterioration characteristics of
concrete (e.g. matrix cracking, pH, ion concentration)
as well as external service environment changes
(e.g. loading, temperature, light, magnetic field,
microwave and ultrasonic waves) are often used by
researchers as triggering conditions for self-healing
concrete repair units. Depending on whether the
triggering of the self-repair behavior of concrete
requires human control and intervention, the
triggering mechanisms for self-healing concrete
can be divided into passive triggering and active
triggering. The following is an introduction to these
two types of triggering mechanisms, respectively.

Passive triggering mechanisms mainly include
crack triggering, environmental triggering, ion
triggering, and other triggering methods. The working
mechanism is that when negative factors affecting
the stability or durability of concrete structures reach
the design threshold, the factor will act as a trigger to
activate the repair function of self-repair units in the
concrete, and the repair agent in the self-repair unit
will subsequently repair the concrete.

The working mechanism of crack-triggered self-
healing concrete can be summarized as follows: the
stress at the crack tip caused by the expansion of
micro-cracks damages the repair agent carrier and
provides a release channel for the repair material.
Since the release of the repair agent occurs almost
simultaneously with the crack propagation, the repair
behavior under the crack triggering mechanism
responds very quickly to deteriorating factors, and
the curing action of the repair agent can quickly
stop the further expansion of the crack. Although the
principle of the crack trigger mechanism is simple, the
triggering efficiency of this mechanism is influenced
by many factors, including: crack width; bond strength
between the repair unit and the concrete matrix;
material properties of the repair unit, etc.

Previous studies have shown that crack width
greatly affects the repair results (Van Tittelboom et al.,
2016). A crack width exceeding the repair threshold

value will significantly weaken the repair effect, while
a width which is too narrow may fail to trigger the
self-repair behavior (Sinha et al., 2022). In addition,
the properties of the repair agent carrier (self-repair
unit) are closely related to the triggering efficiency
of crack triggering. The morphology and surface
physical characteristics (roughness) and chemical
characteristics (chemical functional groups) of the
repair unit are important factors affecting the bond
strength between the encapsulant and the concrete
matrix (Apolinéario de Oliveira et al., 2021). Fig. 1
shows the triggering situation of two different-shaped
self-repair units in the concrete matrix. To increase
the surface roughness of the encapsulant, Araujo et
al. (2018) prepared five different surface roughness
capsules through polishing, the addition of a sand
layer, and other methods. Compared with the
untreated group, the capsules after surface treatment
had a higher triggering rate when passing through
cracks. Feng et al. (2020) successfully ruptured
microcapsules containing repairing agent powder as
the cracks passed by, by encapsulating the capsules
with quartz sand particles to increase their surface
roughness.

Shape memory alloys (SMAs) are metallic
materials that can “remember” their original shape.
The shape memory effect and superelasticity are
the two main properties of SMAs, and they are also
the theoretical basis for the application of SMAs in
self-healing concrete structures (Wool, 2008). The
working mechanism of SMA in self-healing concrete
can be summarized as follows: SMA, with pre-stress
applied, generates compressive stress on the crack
surface when triggered by external stress on the
concrete, forcing the crack to close and inhibiting its
propagation, restoring the deflection and deformation
of the concrete structure components. There are two
common methods for applying SMAs to self-healing
concrete. One method is to externally reinforce SMA
materials onto concrete components, and the other
is to incorporate SMA materials as self-healing units
into concrete structures, as shown in Fig. 2.

In existing research, the feasibility of using
SMAs for self-healing concrete has been thoroughly
demonstrated. Sakai et al. (2003) tested SMAs to
reinforce concrete beams and found that small

Fig. 1. Cracking induced autonomous self-healing in (a) concrete spherical capsules; (b)
cylindrical capsules. (Apolinario de Oliveira et al., 2021)
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Fig. 2. Application methods of two SMA alloys in self-healing concrete (a) interpolation method and (b) external connection
method

cracks almost completely closed after unloading.
Sun et al. (2013) embedded SMAs into concrete
beams and effectively repaired cracks with widths
of up to 0.4 mm. However, due to the uneven
distribution of SMAs, not all cracks can be effectively
repaired by SMAs alone, leading to uneven repair
areas. To address this, researchers have combined
SMAs with other self-healing materials to design a
new composite material consisting of Engineered
Cementitious Composite (ECC) and SMA fibers to
address this issue. Experimental results showed
that, compared to concrete specimens, SMA-ECC
specimens not only had significantly improved
strength and ductility, but also effectively reduced
the number and width of cracks, demonstrating
promising crack repair capabilities. Bonilla et al.
(2018) evaluated the self-healing effect of concrete
beams reinforced with calcium nitrate microcapsules
and SMAs. The experimental results showed that
the addition of microcapsules significantly enhanced
the self-healing capacity in the presence of SMAs.
The ionic trigger method is mainly used in capsule-
type self-healing units, often using ions harmful to
concrete structures as the trigger for the self-healing
unit. By setting up an ion-sensitive trigger unit inside
the encapsulated repair agent shell (capsule), it
can react with the corresponding harmful ions after
they enter the concrete, creating a channel for
the internal repair agent to be released from the
encapsulated shell, achieving the active repair of
concrete degradation.

It is generally believed that the corrosion of
steel reinforcement is the main cause of durability
problems in reinforced concrete structures, and
chloride ions are one of the factors causing
premature corrosion of steel reinforcement. Chloride
ions (CI) can reach the transition zone between
steel and concrete through micro / nano channels
in the concrete matrix. When the CI- concentration
exceeds a threshold, the protective passivation
layer on the steel surface will be destroyed, leading
to corrosion. Since chloride ion erosion of concrete
has already occurred before cracks appear and may
cause a certain degree of damage to the structural
durability, using crack triggering alone as the trigger
mechanism for self-healing has a certain lag. The

advantage of the ion trigger mechanism is that the
trigger unit can respond to concrete degradation
issues before cracks develop, avoiding damage to
the structural stability during the cracking period of
concrete components.

Researchers have been exploring the use of
Cl as a trigger for self-healing mechanism design
and its application in the self-healing of concrete
in marine environments. Liang et al. (2018)
synthesized microcapsules with an ion-responsive
shell consisting of multiple ionic liquids (Cpil).
Fig. 3 shows the mechanism of action of this ion-
triggered microcapsule. In water containing CI,
the PF, functional group in the capsule shell can
exchange with CI, transforming the hydrophobic
polymeric ionic liquid (PIL) on the outer shell of
the microcapsule into a hydrophilic channel. At this
time, the Ca(OH), healing agent encapsulated in
the capsule can be released through the hydrophilic
channel, chemically binding with CI to effectively
reduce chloride ion erosion. Another research
approach is to use response materials containing
metal ions (such as Ag*, Pb*) on the self-healing
unit, which can react with Cl upon encountering it to
produce precipitation, providing a pathway for the
overflow of the repair agentinside the capsule. Xiong
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Fig. 3. Schematic diagram of Ca(OH), release from CI- induced
microcapsules (Liang et al., 2018)
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et al. (2015) developed a novel capsule-based self-
repair system that intelligently responds to chloride
ions. The system uses silver alginate hydrogel as
the matrix material for the capsule, epoxy resin as
the repair agent, and the concentration of chloride
ions as the trigger for self-repair. When the silver
alginate hydrogel comes into contact with dissolved
chloride ions, the silver ions can quickly react with
the chloride ions to form silver chloride precipitation,
leading to the rupture of the capsule and the release
of the repair agent inside.

During the service life of concrete, the internal
temperature, humidity, and pH value will continue
to change with age, and these changes are closely
related to issues such as concrete cracking, rebar
corrosion, and strength degradation. Therefore,
researchers have attempted to use these
environmental factors as triggering conditions for
self-healing, in the design of self-healing triggering
mechanisms.

The pH trigger uses changes in the concrete’s
internal pH as the triggering condition for self-healing
(Matsuda et al., 2019). The pH trigger is mainly
applied in encapsulated self-healing materials, where
the encapsulation shell contains a large amount of
weak alkali or weak polyacid. When cracking or aging
issues cause a change in the pH inside the cement,
the weak alkali or weak polyacid undergo protonation
or deprotonation under the influence of pH. This
process causes the charged groups to repel each
other, leading to the expansion and rupture of the
encapsulation shell. Commonly used pH-sensitive
polymers include polyacrylic acid (PAA), polyvinyl
alcohol (PVA), polymethacrylic acid (PMAA),
poly-N-vinylpyrrolidone (PVP), polyallylamine
hydrochloride (PAH), polycaprolactone (PCL), and
polyethylene glycol (PEG) (Snoeck and N, 2016).
Matsuda et al. (2016) synthesized pH-triggered
microcapsules with ester chains as the shell, which
have the ability to hydrolyze under alkaline and
acidic conditions and form an oxide layer on steel
substrates. He et al. (2015) prepared ethyl cellulose
(EC) / calcium hydroxide microcapsules. The EC
shell of the microcapsule is pH-sensitive and can
be triggered by the changing pH value inside the
concrete and release calcium hydroxide to adjust
the environmental pH. Dong et al. (2015) prepared
a microcapsule system with polystyrene resin (PS) /
sodium monofluorophosphate (Na,PO,F, MFP),
and found that the triggering efficiency increases
as the environmental pH decreases, as shown in
Fig. 4, which displays microcapsules under different
pH conditions. Kim et al. (2020) synthesized
pH-sensitive microcapsules containing NaNO,
corrosion inhibitor using the water-in-oil-in-water
(W/O/W) double-emulsion method. They placed
the synthesized pH-sensitive capsules in deionized
water (pH 6.8), carbonate / bicarbonate buffer
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Fig. 4. Scanning electron microscope image of microcapsules
after soaking in different pH solutions for the same time
(Dong et al., 2015)

solution (CBS, pH 9.1), and simulated concrete pore
solution (SCPS, pH 12.6) and observed the release
process. The results show that the higher the pH, the
faster the release rate of the self-healing capsules.

Ultrasonic waves have the characteristics
of directional accuracy, strong penetration, and
concentrated energy, and are widely used as a non-
destructive testing method in the fields of medicine,
biology, and engineering. Previously, Klibanov et
al. (2010) used the unique cavitation and acoustic
streaming effects of ultrasonic waves to trigger and
target the delivery of drug-carrying microbubbles,
laying a scientific and technological foundation for
using ultrasonic waves as the triggering mechanism
for self-healing concrete. The mature application of
ultrasonic transducers in non-destructive testing of
concrete structures also proving the harmlessness
of ultrasonic waves to concrete structures (Yim et
al.,, 2012). As a non-destructive triggering method,
ultrasonic triggering can achieve the goal of targeted
self-healing of concrete by stimulating the self-
healing units before significant deterioration of the
concrete occurs.

The mechanism of ultrasonic triggering is as
follows (Nodehi et al., 2022): Under the mechanical
vibration caused by the propagation and reflection of
ultrasonic waves, the gas enclosed in the capsules of
the repair agent or the environmental medium (i.e., the
pore solution of the cementitious material) constantly
escapes outward and generates microbubbles.
Under the action of mechanical vibration, these
microbubbles undergo a series of dynamic processes
such as movement, expansion, and rupture. The
instantaneous high pressure of up to about 100 MPa
generated after the rupture of the bubbles will cause
damage to the microcapsule wall, thereby releasing
the repair agent (Fig. 5). Compared to traditional
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Fig. 5. Mechanism of ultrasound-induced rupture of microcapsules (Xu et al., 2018)

mechanical triggering methods, ultrasonic triggering
not only has higher triggering efficiency but is also
controllable, reducing the impact of defects such as
cracks on concrete to a minimum. Xu et al. (2018)
demonstrated through experiments that ultrasonic
waves can effectively improve the triggering and
release efficiency of UF / E microcapsules in cement
mortars. In contrast, the efficiency of traditional
crack triggering is generally lower, with only a small
percentage of microcapsules rupturing.

Among the available self-healing triggering
mechanisms, magnetic field triggering offers the
possibility of precise control and on-demand release,
and therefore has particular advantages. During
the triggering process, the magnetic particles in the
healing unit will shake, flip or gather under the low-
frequency magnetic field, thereby disrupting the
surrounding material structure and releasing the
healing components in the healing unit. In addition,
the heat generated by the magnetic and metallic
materials under the action of high-frequency magnetic
fields, through magnetic and inductive heating effects,
can also cause the self-healing units to rupture and
trigger the healing behavior. The electromagnetic
controlled release microcapsules designed by Li et
al. (2020) were prepared by melt-polycondensation
method, and under the electromagnetic field, the
mortar containing microcapsules could recover to
91.4 % of its initial compressive strength, nearly twice
as high as under room temperature conditions. The
main mechanism is that under the electromagnetic
field environment, nano-Fe,O, induces temperature
rise, causing the paraffin to melt, leading to the
release of the encapsulated healing agent toluene
diisocyanate (TDI).

It is worth noting that water in concrete will
evaporate and diffuse at temperatures exceeding
100 °C, and at temperatures exceeding 180 °C,
concrete will undergo micro-scale dehydration
and collapse (Hager, 2013). Prolonged action of
the magnetic field trigger will cause the overall
temperature of the concrete structure torise, affecting
the durability of the concrete specimens over the
long term. In order to better utilize the magnetic
triggering mechanism without compromising the
overall stability of the concrete structure, Loiseau
et al. (2016) proposed a magnetic triggering
encapsulation system (Explosive Raspberries).
This system consists of an induction heating core
and temperature-sensitive bursting microcapsules,
which can release their contents in a matter of
seconds without causing global heating of the main
structure. Fig. 6 shows the complete triggering
process of this system. One of the main advantages
of the Explosive Raspberries concept, compared to
traditional thermal triggering encapsulation systems,
is the spatial control of the heat generation process.
When a high-frequency alternating magnetic field
is applied, heat is generated only in the vicinity of
the cast steel particles. Induction heat is not applied
to the entire matrix, but directly to the microcapsules
in close contact with the heat source, thus having the
potential to be applied as a magnetic field-triggered
self-healing unit in concrete.

Microwave radiation heating is the result of the
interaction between polar molecules in the material
and the microwave electromagnetic field. It is
widely used due to its non-contact, selectivity, and
cleanliness. Gorin et al. (2006) previously confirmed
that nanosilver particles can be used to improve
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Fig. 6. Working principle of magnetic trigger blasting system
(Loiseau et al., 2016)

the efficiency of microwave radiation damage.
Nowadays, various microwave sensitizers, such as
Au, Ag, and Fe,O,NPs, as well as MoS, nanosheets
and nanodiamonds, have been used for remote
microwave-induced drug release. The working
mechanism is that microwave-sensitive particles
embedded in the capsule shell will cause local
heating damage to the outer shell under microwave
radiation. Table 1 summarizes the advantages and
disadvantages of the various triggering methods
mentioned above.

Trigger efficiency evaluation method

The self-healing trigger efficiency is one of
the important factors determining the self-healing
performance of concrete. Below is the summary and
introduction of existing evaluation methods for self-
healing trigger efficiency.

The methods for evaluating the trigger efficiency
of self-healing in experiments can be divided into
two categories: direct observation and indirect
evaluation. The direct observation method uses
optical microscopy, scanning electron microscopy
(SEM), environmental scanning electron microscopy
(ESEM), and other micro-imaging technologies
to evaluate the triggering of self-healing units by
observing the profile or fracture of the sample,

Table 1. Self-repair trigger mechanism

M::Lgaﬁ;m l\;lr:t%%‘:i; Advantages Disadvantages Reference
Passive Crack The triggering method is simple The triggering efficiency (Van Tittelboom et al.,
Trigger Triggering |and direct, able to react quickly is low, and it cannot prevent  |2016; Araujo et al.,
to cracks and promptly repair them. the generation of cracks, 2018; Feng et al., 2020;
It has relatively low application only take remedial measures |Apolinario de Oliveira et
requirements for concrete environments|for existing cracks. al., 2021; Sinha et al.,
and can function in complex conditions. 2022)
Stress It responds positively to the destructive |The repair behavior (Sakai et al., 2003; Wool,
Triggering |load and can improve the concrete’s is not repeatable, 2008; Sun et al., 2013;
resistance to tensile damage. and the repair effect is limited. [Bonilla et al., 2018)
lon lons can diffuse through micro-nano Special ions are usually (Xiong et al., 2015; Liang
Triggering |voids in the concrete matrix and trigger |only present in specific etal. 2018)
self-healing function without needing to |environments, so their use
go through concrete cracks, making the |as a triggering mechanism is
triggering method more intelligent. limited.
pH It can self-adjust trigger based pH triggering is based (He et al., 2015; Matsuda
Triggering |on the internal environment of the on changes in the pH value |et al., 2016; Snoeck and
concrete, able to actively repair of the concrete matrix, with a [N, 2016; Matsuda et al.,
extremely small micro-cracks single triggering condition, 2019; Kim et al., 2020)
in concrete. and is easily influenced
by additives.
Active Ultrasound |Accurate direction, strong penetration, [May increase the porosity (Klibanov et al., 2010;
Trigger Triggering |concentrated energy of the structure, with adverse |Yim etal., 2012; Xu et al.,
effects on durability. 2018; Nodehi et al., 2022)
Magnetic  |Efficient, and triggering does Triggering equipment (Hager, 2013; Loiseau et
Field not adversely affect the concrete is complex and expensive. al., 2016; Li et al., 2020)
Triggering |substrate
Microwave |High triggering efficiency, low May cause overheating (Gorin et al., 2006)
Triggering |cost, can be manuall y controlled of repair units or the substrate,
and environmentally friendly with adverse effects
on structural stability.
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which is the most direct experimental observation
method. Hu et al. (2018) judged the trigger
efficiency by directly observing the rupture of
macrocapsules after pre-compression of the test
block. For microcapsules at the micron or even
nanometer level, their rupture cannot be directly
observed by the naked eye, so the morphology of
the microcapsules within the crack surface can be
analyzed by observing them under a microscope to
determine the triggering situation. Xu et al. (2021)
proposed to judge the triggering situation based on
changes in microcapsule morphology. The specific
method is to observe the SEM image of the area
where the microcapsules are located in the cement
paste, as shown in Fig. 7. If the core material of the
microcapsule is completely released but the shell
is still embedded in the cement paste, it indicates
complete triggering and good bonding between the
microcapsule shell and the cementitious material. Lv
et al. (2020) used ESEM to study the crack surface
of the microcapsules embedded in the cement
paste, observed the fracture of the microcapsules in
the cement paste specimen, and judged their trigger
efficiency based on the morphological appearance
of the encapsulant.

New imaging technologies have been widely
used in the detection of trigger efficiency of self-
healing materials, and the visualization of the
release process of the repair agent using imaging
technology has also been proven feasible. The
main techniques involved include X-ray computed

Fig. 7. SEM images of microcapsules after crack triggering. and
ultrasonic triggering (Il) in a cement specimen (Xu et al., 2021)

tomography imaging technology, neutron computed
tomography imaging technology, and digital image
correlation technology. Mihashi et al. (2000) used
X-ray imaging technology to characterize the self-
healing ability of intelligent concrete containing urea-
formaldehyde resin microcapsules (UFF) developed
by them.

Direct observation method has certain limitations.
When the volume of repair units is small and the
quantity is large (Dong et al., 2016), it is difficult
to accurately characterize the triggering of repair
units through direct observation. The degree of
crack healing, mechanical property restoration rate,
durability characteristics, and other performance
recovery of self-healing concrete are closely
related to the triggering efficiency of the repair
units. Therefore, for micro-nano-level self-healing
triggering units, their triggering efficiency can be
indirectly characterized by the degree of concrete
performance recovery after their triggering.

Due to the large number and small volume
of self-healing units in self-healing concrete, it is
often difficult to statistically record the triggering of
all self-healing units using experimental observation
and counting methods. Compared to experimental
verification, using numerical simulation to evaluate
and analyze the triggering of self-healing is often
more comprehensive and accurate (Jefferson
et al., 2018). Research on the triggering efficiency
of self-healing using computer simulation analysis
mainly falls into two categories: direct and indirect
methods. The direct method involves modeling to
directly study the response probability of the repair
agent encapsulant under the triggering mechanism.
The indirect method characterizes the triggering
efficiency by simulating the recovery of concrete
performance after repair.

Selection of Triggering Mechanisms

Given the complex application environment of
concrete and the different performance recovery
requirements after deterioration, selecting suitable
and efficient self-healing triggering mechanisms for
self-healing concrete is particularly important. Due
to the lack of systematic summary and evaluation of
existing self-healing triggering mechanisms in current
research, this paper has identified three criteria
for selecting self-healing triggering mechanisms:
triggering efficiency, repair objectives, and constraints.
Based on these criteria, Table 2 compares the
triggering rates of triggering units under different
triggering mechanisms and clarifies the applicability
and limitations of each triggering mechanism,
providing a reference for relevant researchers.

The effectiveness of self-healing in concrete
largely depends on the triggering of self-healing
units. The response of triggering units to
triggering conditions, or triggering efficiency, is
the basis for evaluating the triggering situation.
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Table 2. Comparison of different triggering mechanisms in terms of triggering efficiency,

repair targets, and limitations

Performance
Recovery
] o
. . Triggering . . S | & | 52| Applicable
Trigger Unit Method Triggering Rate g = = § Environment Reference
5| E|E2
=]
2| a|8¢
Gelatin Capsule | Crack-triggered |95 % success rate Y \ — | Lighting (Lv et al., 2020)
in capsule rupture environment
Poly(methyl 100 % rupture when \/ N | = — (Aratjo et al.,
methacrylate) a 0.3 mm thick wall 2018)
(PMMA) based intersects a crack
macrocapsules with an average
width > 69 ym
Polyacrylamide Triggering rate up N S — |Humid (Gao et al., 2022)
(PAM) hydrogel to 90 % in simulated environment
capsules pore solution (RH > 95 %)
Polyethylene glycol — N S — | Water (Yuan et al.,
(PEG) based environment 2017)
macrocapsules
Polyethylene 100 % rupture when — \/ — | Lighting (Wu et al., 2021b)
(PE) based the crack width environment
macrocapsules is > 20 mm Water
containing TiO, environment
Ethylene-vinyl — v | — | — |Water (Xu et al., 2020)
acetate (EVA) environment
polymer
Ethyl cellulose pH-triggered — — | — v |Water (Thimmareddy
(EC) based environment and Theja, 2018)
microcapsules
Polyvinyl alcohol Over 80 % successful — | — N |Water (Lietal., 2021)
(PVA) based capsule release environment
microcapsules
Crosslinked lonic-triggered — — | — V' |Ocean (Liang et al.,
poly(ionic environment 2018)
liquid) based
microcapsules
Nano Fe,O, Electromagnetic- | 100 % release rate — | v | Electricity (Li et al., 2020)
and paraffin-based |triggered of microcapsules environment
microcapsules in an electromagnetic
field environment with
an output voltage
of 600 V and a
frequency of 124 kHz
Microcapsules Microwave- — \ \ v Electricity (Vijay et al.,
composed of triggered environment 2017)
graphite, paraffin,
and polyethylene
wax (PEW)

When triggering units are randomly and uniformly
distributed in the specimen, the triggering
mechanism under a pH trigger has a higher
triggering efficiency compared to a single crack
triggering mode. Ress et al. (2020) synthesized
pH-triggered microcapsules using resin as the
encapsulation material through the water-in-
oil-in-water (W/O/W) double emulsion method,
and fitted their release kinetics to a power-law
model, with results showing a release efficiency
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of over 80 %. Furthermore, for the self-healing
mechanism triggered by cracks, improving the
interface bonding strength between the capsule
surface and the concrete matrix can also enhance
the triggering efficiency of self-healing units.
Lv et al. (2020) used an alkyl coupling agent
[3-(2-aminoethylamino)  propyltrimethoxysilane
(KH792)] to increase the crack triggering rate of
phenol-formaldehyde (PPF) microcapsules. SEM
observation of the fractured surface of the test
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block revealed a significantly higher triggering rate
for the surface-modified microcapsules compared
to the untreated control group, reaching up to
63 %, while the triggering rate of the unmodified
microcapsules was only 22 %.

Some new triggering mechanisms have
surpassed ftraditional mechanical triggers in
triggering efficiency and overall performance
recovery. Ultrasonic triggering is an efficient,
controllable, and environmentally friendly self-
healing triggering mechanism, and extensive
research has confirmed its feasibility for application
in microcapsule self-healing concrete. Xu et al.
(2021) found that specimens triggered by ultrasonic
waves achieved a strength recovery rate 2—4 times
higher than mechanically triggered samples.
Morphological observations further indicated that
ultrasonic waves have a better triggering effect on
microcapsules. Similarly, electromagnetic triggering
also has high efficiency and precision, as Li et al.
(2020) achieved a triggering efficiency of 100 % by
placing microcapsules constructed with nano-Fe,O,
and paraffin in an environment with an output voltage
of 600V and a field frequency of 124 kHz. It can
be seen that the triggering efficiency, application
scenarios, and material preparation costs of different
triggering mechanisms vary, and therefore the
appropriate triggering mechanism should be chosen
based on specific requirements.

Due to the different service environments of
concrete structures, the potential degradation
issues and repair targets may vary. Therefore, it is
crucial to understand the performance restoration
of concrete after repair under different triggering
mechanisms when designing and applying self-
healing mechanisms for concrete. Crack-triggered
self-healing concrete mainly addresses cracking and
the durability of structures after cracking. Alghamri et
al. (2016) immersed healing agents into lightweight
aggregates (LWA) under negative pressure, and
encapsulated them with polyvinyl alcohol (PVA) to
obtain self-healing coarse aggregates. Cracked
specimens containing self-healing coarse aggregates
showed a maximum crack repair width of 0.135 mm
after 28 days of water curing, and the average
sorptivity index of the repaired specimen was very
close to that of the uncracked specimen. Rais and
Khan (2021) studied the use of recycled aggregates
(RAC) as the carrier for self-healing bacteria,
inducing CaCO, precipitation as a strategy for crack
self-repair. After 56 days of curing, the maximum
crack repair width in the self-healing concrete with
cracked bacterial colonies reached 0.63mm, and the
change in the permeability coefficient (Rk) ranged
from 143 % to 181 %.

pH-triggered and ion-triggered self-healing
mechanisms mainly target concrete degradation
caused by steel reinforcement corrosion. Liang et al.

(2018) studied the anti-corrosion effect of chloride
ion-triggered self-healing microcapsules on steel
reinforcement in concrete in a marine environment.
It was found that the addition of microcapsules
effectively slowed down the rate of steel
reinforcement corrosion after measuring the mass
loss rate of different groups of steel reinforcement.
Ress et al. (2020), in order to verify the protective
effect of pH-triggered resin microcapsules against
steel reinforcement corrosion, set up a three-
electrode system to test the changes in the corrosion
potential and corrosion current of different groups
using a potentiostat. The results showed that in the
experimental group containing microcapsules, the
degree of steel reinforcement corrosion was much
lower than in the control group.

The restoration of mechanical strength is also
one of the main parameters to consider when
selecting a concrete self-repair mechanism. Wan
et al. (2021) compared the strength recovery rates
of specimens containing microwave-triggered
microcapsules and blank control specimens. Due to
the combined effect of the repairing agent released
by the microcapsules and the heat generated
by microwave activation, the strength recovery
rate of the specimens containing microcapsules
was significantly higher than that of the control
specimens after the same microwave time. Li et
al. (2020) designed electromagnetic-triggered self-
healing microcapsules incorporated into mortar,
effectively improving the compressive strength
recovery rate of pre-damaged specimens.

For encapsulated self-healing concrete, the
triggering method and the type of healing agent jointly
determine its applicable range. Bédard and Liang
(Bédard et al., 2010, Liang et al., 2018) developed
a chlorine ion-triggered self-healing microcapsule,
which is only suitable for concrete structures in
coastal or marine environments due to the need for
chlorine ions to trigger the process, and may not
function in environments without chlorine ions. Wu et
al. (2021b) developed a CaO-NaAlIO, healing agent
that requires an environment rich in chloride ions and
sulfate ions to effectively carry out the repair work.
Zhou et al. (2022) designed a photocatalytic self-
healing material by adding photocatalyst TiO, to the
capsule shell. However, its application environment
not only requires sufficient light but also ample water
as a medium for the internal healing agent to react.

Water-oxygen-triggered self-healing concrete is
usually only applicable in areas with abundant rainfall
or in structures such as dams and underground
water pipelines. Roig-Flores et al. (2015) studied the
self-healing of concrete with crystalline admixtures
in different environments and found that cracks can
only be repaired when they are in direct contact
with water, with a repair rate of 0 % in laboratory
conditions or under humidity. Chandra Sekhara

93



Architecture and Engineering

Volume 11 Issue 1 (2026)

(Thimmareddy and Theja, 2018) found that the
higher the water content in the environment, the
better the mechanical performance recovery of
concrete containing crystalline admixtures (CA).
When submerged in water, the strength recovery of
CA concrete reached a maximum value of 95 %.

In order to meet the metabolic needs of bacteria,
the healing process of bacteria-based self-healing
concrete must involve water and air. Zhang et al.
(2021) found that to harness the repairing ability
of bacteria-based self-healing concrete, cracked
samples need to be cured in water for 28 days.
Other scientists (Rais and Khan, 2021; Xu et al.,
2021) developed a microbiological self-healing
mechanism based on artificial aggregates and
ceramic particles, which also requires water curing
to achieve crack repair. Feng et al. (2020) kept
cracked samples in a standard curing room and
continuously sprayed calcium lactate-containing tap
water onto the cracked area during the curing stage
to provide an appropriate ionic environment for crack
repair. Compared to passive triggering methods,
active triggering mechanisms are less restricted
by the environment, but they present issues such
as complex operation, expensive equipment,
and higher preparation costs during application.
Furthermore, some active triggering methods may
have adverse effects on concrete structures. Xu et
al. (2021) found that prolonged use of ultrasonic
waves or high-frequency ultrasonic waves may
increase the porosity of concrete structures, thereby
reducing their durability and service life (Table 2).

Conclusion

In the past twenty years, the concrete self-
healing technology has seen rapid development,
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as well as the design and development of self-
healing mechanisms. In order to further promote
the research and development of self-healing
technology and its widespread application in civil
engineering, this article provides a detailed summary
of the relevant triggering mechanisms for concrete
self-healing and systematically reviews existing
methods for evaluating self-healing triggering
efficiency. Subsequently, based on triggering rate,
repair targets, and limiting conditions, the article
summarizes the important factors that influence
the selection of self-healing mechanisms in order
to provide a more rational basis for researchers in
related fields to design and practice self-healing
concrete.

The selection of self-healing mechanisms
should take into account the service life, scope of
application, repair targets, preparation costs, and
the impact on the concrete’s inherent properties.
Ideally, the chosen self-healing mechanism should
ensure that it has no significant impact on the
working and mechanical performance of concrete,
which is a necessary condition for the engineering
application of self-healing technology. Furthermore,
the durability and resistance of the self-healing
mechanism within the concrete are also important
factors in determining the potential practical
application of this technology in engineering, as the
self-healing units will be sealed within the concrete
for an extended period. Lastly, the simplification of
the preparation process and control of preparation
costs are also important directions for future
research of this technology, while ensuring the
triggering efficiency and repair effectiveness of the
self-healing mechanism.
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AHHOTauus

BBeaeHue. BeTOH Kak TpaguUMOHHBIA CTPOUTENbHBIN MaTepuan 6bin BnepsBble pa3pabotaH GpUTaHCKMM MHXEHEepPOM-
ctpoutenem [xoHom CmutoHom B XVIII Beke. B 1894 rogy dopaHuy3 »Kosed MoHbe Bnepsble BBen 6eToH B hOpMbI
CO CTamnbHbIMW CTEPXHSAMMW, TMOMOXMB Ha4vano >Xenes3obeToHHbIM KOHCTPyKumsM. C Tex nop OeToH ucnomnb3yertcs
ONs 3aWuUTbl CTanbHbIX CTEPXHEN W MOBbILEHUS Hecyllei crnocobHocTn 1 6e3onacHoOCTM KOHCTPYKUmin. OpHako
6eToH MMeeT haTanbHbIl He4OCTATOK B CBOEW YCTOWYMBOCTM K PACTSKEHUIO, MO3TOMY PEMOHT OeToHa Kak oTpacib
GETOHHbIX MaTepuanoB B MOCNELHEE AECATUNETME MOMy4YMI LUMPOKOE BHWMaHWE KaK CO CTOPOHbI akageMuyeckoro,
Tak M UMHXeHepHoro coobuectBa. Metoabl. [JobaBneHve WHKaNCynMpOBaHHbIX MUMNMMETPOBbLIX YacTuy Ha 3Tane
nepemeLLMBaHnsi OETOHHOW CMecu [okasano CBOK 3(EKTMBHOCTb B peanusauuv aBTOHOMHONO BOCCTaHOBIIEHUS
6eToHa. lNMpu pa3paboTke camoBOCCTaHABNUBAOLLErocst 6ETOHa KOHCTPYKLUMUSI MHKaMNCYNMPOBaHHbIX YacTuL, U MEXxaHn3ma
3anycka sIBNSeTcs BaxHbIM (hakToOpoM, onpeaensiowmnm paboTocnoco6HOCTbL CaMOBOCCTaHABMNBAIOLLUXCS 3NIEMEHTOB U
061Uy ahPEeKTUBHOCTb BOCCTAHOBMNEHNS 6eToHa. Pe3ynbraThl. B aHHONM cTaTbe OnMcbIBaOTCSA NAacCUBHbIE U aKTUBHbIE
MEeXaHM3Mbl 3arnycka B ABYyX HanpaBneHunsx, nogpobHO 06BbSCHAETCS OCHOBHOWM MEXaHU3M 3arnycka CaMOBOCCTaHOBIEHUS
6eToHa M COOTBETCTBYIOLUUA MEXaHU3M BOCCTAHOBMEHWS, @ TakkKe MPOBOAUTCS CPaBHEHWE U aHanmM3 TEXHUYECKUX
XapakTepuCTKK 1 0b6rnacT NPUMEHEHMS PasnnNYHbIX MEXaHM3MOB 3arnycka CaMOBOCCTAHOBMEHWS, YTO CITYXXUT OPUEHTUPOM
ans 6yayuie paspaboTku NpoayKLUUK.

KnioueBble cnoBa: MUKPOrpaHyJsibl; MEXaHM3M CaMOBOCCTaHOBIEHUA; MEXaHNU3M 3anyckKa.
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