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THE BARBICAN ESTATE AS AN EXPERIMENT IN THE
ORGANISATION OF THE LIVING ENVIRONMENT

A.T. Akhmedova?® | T.Y. Karatseyeva'?*® .M. Aukhadiyeval?® | S.V. Ilvitskaya3 ®
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Abstract The organization of a comfortable living environment within
residential complexes is gaining increasing importance today for a variety of reasons.
This makes it necessary to look back and examine more closely the characteristics of
residential environments that have stood the test of time and remain relevant, using the
Barbican housing complex in London as an example. Through the analysis, synthesis,
and generalization of theoretical studies, online resources, and historical materials on
the subject, as well as from an interdisciplinary perspective, this article identifies the
specific features of how the residential environment is shaped. This involves not only
architectural and design considerations however also the psychological aspects of
human perception and the prerequisites for fostering community formation. A
comfortable, humane residential environment in an urban housing complex is
characterized by a diversity of architectural, spatial, and planning solutions,
integrating natural elements and placing a strong emphasis on human sensory and
perceptual experience.The article examines the methods and techniques used to create
spaces for living and leisure at the Barbican complex, highlighting humanistic aspects
of the residential environment, such as architectural and typological diversity, a
comfortable scale, distinctiveness, identity, and a harmonious blend of old and new
elements. The research findings may be applied in future projects when designing
contemporary residential environments.
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Anparna. Kazipei yakbimma mypeviH yi KeuleHoepinoe2i Hcatlibl oMip cypy
OpMAcvIH YUblMoacmulpy apmypii cebenmepze OAtlanbicmvl 6aAp2aH CaliblH 03eKmi
bona mycyoe. YVaxvim CblHbIHAH OMKeH JicoHe OyziHde 03 MAaHbI30bLIbIZbIH
HCORANMNARAH  MYPEbIH  OPMAHbL  KANBINMACMbIPY — epeKulelikmepin  mepenipex
3epoeney MaKkcamvlHOa OMKeHae HCY2iHy Manbl30bl 6onyoa. byn mypevioa Jlonoonoaswl
bapbuxan mypewvin  yii  Kewieni Mmuican peminoe Kapacmulpuliadvl. 3epmmey
Maxwvipviovl OOULIHWA MEOPUAILIK eHOeKmepoi, OHIAUH 0epeKKo30epol, mapuxu
mamepuanoapovl manoay, HCUHAKMAY HCoHe CUHMe30ey HImudicecinoe, COHOAuU-ak
NOHAPANLIK  OUCKYPC MYPEBICLIHAH MYPEblH YU KeWleHiHiH mMYpeblH OpmAachiH
YUbIMOacmulpyobly epeKuienikmepi aukKblHOALIA0bl — apXumekmypa MeH OUu3aliH
MYPELICbIHAH ~— 0a4,  adam  Kabwlioaybl  NCUXONO2UACHI  MeH  KaAYbIMOACMbIK
KaNblnmacmolpy aibliiapmmapsl mypevicblHan Oa. JKatinwl oicone 2ymanucmik
Oagpimmagvl Kanianwblk MYPEbiH il KeULeHIHIH OpMacsl apXumeKkmypaivl, KeHiCmikmix,
Jcocnapnay wewiMoepiniy apmypainicimer, maodousu 31emeHmmepoiy eHei3inyimeH
epexutenenedi dcane ey 6acmvicol — AOAMHBIH Ce3IMI MeH KaObLI0aybiHaA OA20APIAHEAH.
Maxanaoa bapbuxan mypeviH Yii KeuleHiHiH MYPEblHOApbl YUliH eMip Cypy MeH
demManvic KeHicmikmepin Kaiblnmacmolpy a0icmepi MeH maciloepi manoanvin,
MYPEbIH OPMAHbIY 2YMAHUCMIK KbIplapbl aHblKmanaosl. Onapea apxumexmypaiblk
JHCIHE MUNOTLOUSNBIK ATLYAHOBLIBIK, bIHRALIbL AYKbIM, KeUEHHIH MAHbIMAN0bLIbIEbl MEH
Oipezetiniei, COHOQU-AK eCKi MeH JCAHAHBIH YULeCIMOI OAULIAHbLCHL JHcamaovl. 3epmmey
Homudcenepi 3aMaHayu mypevlH Yi KeuleHOepiHiH MYPblH OpMAcChiH Hcobanay
bapvicbiHOa natioanlany2a YColHbliaobl.

Tyiinai cesnep: mypewvin yii xewieni, bapbuxan, oOpymanusm, mypevin Yil
9KCnepuMenmi, mypavlH opma.
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AnHoTtauus. Opzanuzayus KOMGOPMHOU HCULOU CPeObl HCULLIX KOMIIEKCO8 8
Hacmoswee 8pems npuobpemaem 8 Culy pa3iudHblx NPUYUH 8ce bonbuLee 3HayeHue.
Cmanoeumcs  8aMNCHLIM — 00pamumvbcs  HA3a0 ¢ Yyeuvlo 0Oonee 0emaibHO2O
paccmompenusi 0cobeHHoCmel GOopMUPOBAHUS HCUNOU CPeObl HCUNUUWA, KOMOPOe
NPOWLIO NPOBEPK)Y BPEMEHEeM U He YMPAmuio c8oell aKmyaibHOCMU 8 HACmosujee
8pemsi, Ha npumepe TOHOOHCKO20 U020 Komniekca bapouxan. Ha ochose ananusa,
0000ujeHUs U CUHmMe3a Meopemuyeckux padom, OHIANUH UCMOYHUKO8, UCMOPUYECKUX
Mamepuanos no meme UCCie008aAHUSA U C NOZUYULL MENCOUCYUNTUHAPHO2O0 OUCKYDCA
BBIABNIAIOMCS OCOOCHHOCMU OP2AHUZAYUU HCUTLOU CPEObL HCULO2O0 KOMNILEKCA, KAK CO
CMOPOHbI  ApXUMeKmypsvl U OU3AUHA, MAK U C MOYKU 3PeHUs NCUXON02UU
YenoBeyecKkoeo BOCNPUAMUSL U NPEONnOCHLIOK Ol (POpMUPOBAHUsL COOOUjecmaa.
Komghopmuas — eymannas scunas cpedoa 20poocko2o Huioeo Komniekca oonaoaem
MAaKum Kavyecmeom Kaxk pazHoobpasue apXumekmypHvix, NpOCMpaAHCMEEHHbIX,
NIAHUPOBOYHBIX PeuleHUll, C GKIIOYEHUEM NPUPOOHBIX 2NeMEeHMO8 U 0053ameibHO
OPUEHMUPOBAHA HA YYBCMBA U 8OCHpusimue 4einoseka. B cmamve ananuzupyromces
Memoobl U npuemvl GopmMupoBaruss NPOCMPAHCME OJIsL HCUHU U OMObIXA Hcumenel
Komnaexca bapoukan, umo no3eonuno evloenums SyManucmuyecKue acnekmaol HCUuLou
cpeobl, makKue Kaxk apxumexkmypHoe 1 munoiocuieckoe pasHooopasue, Kom@popmHbiil
macumao, y3HaeaemMocms KOMNIEKCA U €20 UOEHMUUHOCTb, d MAK’Cce 2APMOHUYHOE
couemanue cmapoz2o u Ho8o2o. llonyuenuvie pe3yibmamvl UCCIEO08AHUSL MOSYM
ObIMb  UCNONBL308AHLL 68  OdlbHEUWeM NpPU NPOEKMUPOBAHUU  JHCUTLOU  CPeObl
COBPEMEHHBIX IHCUNBIX KOMNILEKCOS.
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1 INTRODUCTION

The concept of the residential environment encompasses apartments, houses, residential
complexes, and external spaces such as courtyards, streets, and squares - essentially, the places where
the daily activities of residents unfold. The residential environment serves as a tangible reflection of
a society’s culture, structure, and relationships. When thoughtfully organised, it can shape behaviours
and improve the quality of life, thereby fostering a desirable living environment that remains relevant
for many years. The quality of the residential environment impacts not only the demand and
competitiveness of housing, but also the health and cohesion of its residents.

The design of mass housing in the post-war period became a topic of political and cultural
debate (Mumford, 1992). Architects believed that acceptable living conditions could be provided for
the masses primarily through large residential complexes (Strigalev & Han-Magomedov, 1972). It
was envisioned that such complexes would transcend the mere function of habitation, creating instead
a comfortable living environment (Smithson, 1955). A series of housing projects aimed to propose
experimental alternatives to the principles of the Athens Charter, offering innovative solutions to
urban challenges through residential organisation. Two parallel approaches can be identified in the
organisation of residential environments: one sought to overcome architectural limitations imposed
by industrial technologies and standardisation, while the other - a contextual approach - focused on
integrating existing urban contexts and cultural traditions (Shipicyna & Margushin, 2013).

Architects pursued humanistic goals, striving to create a new world free from overcrowding,
epidemics, conflict, and inequality. They believed architecture could play a role in shaping a sense of
community. Simplicity of form, honesty in materials, and the integration of spaces (Crosby, 1955),
became synonymous with democracy. The influence of architects and architectural design was seen
as profound and far-reaching (Ryabushin, 1983). Perhaps the most significant project in terms of
creating a humane residential environment is London’s Barbican Estate, built in the Brutalist style
between 1965 and 1982.

This study aims to identify the distinctive characteristics of the Barbican Estate’s residential
environment, focusing on its spatial and architectural planning, typological diversity, and developed
infrastructure — all factors that have contributed to its enduring comfort, relevance, and desirability.
The findings are expected to inform more deliberate approaches to the design of contemporary
housing, inspired by the ongoing success of the Barbican model.

2 LITERATURE REVIEW

The war-damaged housing, emergent crises, and pervasive poverty gave rise to numerous social
challenges that needed to be addressed rapidly. Key trends focused on finding solutions that
prioritized speed and cost-effectiveness, not only emphasizing production efficiency but also
considering societal needs. Equally significant was the spatial organization of housing within the
urban framework, which was driven by the goal of minimizing travel time, architects’ visions of a
comfortable living environment akin to traditional urban settings, and the imperative to resolve
pressing urban problems while respecting both heritage and future development.

During this period, efforts were primarily directed towards creating a humane environment, one
that embraced a wide range of material and spiritual dimensions - a crucial consideration for cities
and individuals ravaged by war. Such endeavours served as a foundation for more liberal and socialist
approaches (Moravanszky, 2017). A humane environment was understood as one that offered
psychologically and physiologically comfortable living conditions, shaped by internal social and
cultural factors that redefined housing as an interconnected system. In this context, Borthwick G.
(Borthwick, 2011), highlighted the importance of thoughtful planning from the outset, emphasizing
several key strategies essential for a residential complex’s long-term success as a thriving community
and desirable living space:

a) Sound planning — by taking into account development density, the diversity of buildings, and
the arrangement of buildings and open spaces within a mixed-use development, can enhance the
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community’s overall perception, foster a shared culture, and encourage shared consumption
experiences.

b) the philosophy of urban design - the theory upon which decisions were based within the
project framework - including those concerning pedestrian and vehicular movement, the diversity and
quantity of open spaces, and landscape solutions.

c) the significance and high level of attention to architectural and design details in the
organisation of public spaces.

d) a thorough consideration of socio-economic factors that contributed to the success of the
project, including multifunctionality, mixed-use development, variation in building heights, the
design of high-quality housing, local community management of the complex, and partial self-
sustainability through the inclusion of specialised cultural facilities.

The Barbican residential complex is a significant landmark of its time and a response to the
already established image of urbanized living (Mukhamedzyanova, 2009). The studies of this unique
complex in the heart of London, characterised by high population density and still relevant and
beloved by its residents, have attracted the attention of architects and urban planners for over half a
century (Tostoes & Ferreira, 2018). The architectural rigor of the project, its multifunctional
program, and scale make the Barbican a highly significant work in the evolution of post-war British
architecture. Although the complex is grounded in leading architectural concepts based on
rationalism, the organisation of its residential environment has become a subject of study for
specialists from various fields. The findings from these studies can undoubtedly be applied to the
design of residential environments in contemporary housing complexes.

In contemporary research, the interest in the Barbican complex as urban housing is quite diverse
and is linked to the examination of:

- the history of the site, archaeology, and the underlying assumptions of its design (Sandes, 2018;
Dzhenkins, 2021);

- the selection of spatial and planning solutions, along with architectural features of modernism
and brutalism (Tostoes, Ferreira, 2021);

- placement, organisation, and operation: public spaces within the residential complex; and the
integration of housing into the urban fabric (Mukhamedzyanova, 2009);

- the identity and identification of residents with the residential environment of the complex,
from the perspective of the relationship between the organization of the architectural space and the
formation of the community (Sandes, 2014; Semprebon, 2017), highlighting that not only do the
residents strongly identify with the place, but also many of those who work there (Biehl et al., 2014).
Furthermore, from the perspective of the designed public open spaces, which shape open areas
resembling London squares and create an atmosphere for residents reminiscent of the traditional old
London architecture (Dieffenbacher, 2018);

- methods for improving urban housing from the perspective of studying typologically diverse
buildings on the site, with mixed-use development (Chopalavov, 2003), and the organisation of
multi-level pedestrian spaces within the residential environment of the complex (Lisina, 2020).

Despite the diversity of theoretical studies, this article aims to explore the specific features of
the formation of the residential environment within the complex and to identify the humanistic
aspects, which, in our opinion, are reflected in the variety of approaches and methods used to create
spaces for living and leisure.

3 MATERIALS AND METHODS

The research methodology is based on a comprehensive approach, involving the analysis,
generalisation, and synthesis of literary, scientific publications, and online sources. The sources
considered directly addressed the research topic as well as the interdisciplinary discourse aimed at
defining the characteristics of the formation of the residential environment within the complex. The
materials selected for citation were those that most fully aligned with the objectives of the article.
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A significant contribution to the research was made by the photographic documentation and
observations of Dr. Architecture A.T. Akhmedova, based on her personal observations during a visit
to the Barbican complex.

The following tasks were set within the scope of the research:

- identifying the architects’ intentions regarding the organisation of the site, based on the
consideration of advanced ideas for residential environment formation in the 1950s-1960s;

- Identifying the characteristics (methods and techniques) of the residential environment
organisation at the Barbican complex, which remain relevant today.

When considering the organization of the living environment from a humanitarian perspective,
attention should be given to human activities and their spatial surroundings - the environment that
determines the behaviour of the user, unconsciously producing and reinforcing the values accepted
in society. In examining the qualities of the residential environment from the standpoint of traditional
housing development (Arakelyan, 2011), comprehensive land use based on theoretical methods of
information study and systematisation (Baluhina & Gibadulina, 2021), and empirical studies of the
physical activity of residents (Baluhina & Gibadulina, 2022), as well as research on the organisation
of residential quarters in European countries through methods of comparison and generalisation,
researchers identify the humane (qualitative, value-based) aspects. A key condition here is the
interconnection and mutual influence between the architectural environment and the individual's
awareness of their surroundings, i.e., the human factor — the “spiritual” (internal) factor, reflected
through cognitive features, visual perception, and behaviour. Based on an interdisciplinary approach,
Arakelyan R.G. (Arakelyan, 2011) identified key aspects of spatial behaviour, reflected in the
psychological and visual perception of the traditional environment, characterised by typological and
functional diversity, a well-developed infrastructure, the inclusion of natural elements,
recognisability, and a comfortable scale, which the author refers to as “traditional historical values”.
In our view, these “values” are an important condition for creating a humane living environment. The
starting point in forming a humane living environment, especially in the city, also includes the
successful implementation of construction-technological (Vologdina & Yarukov, 2018) and socio-
spatial characteristics, natural-landscape organisation of the territory, and the creation of spaces for
intensive pedestrian activity, promoting walking and interaction among residents, following the
important principle of “designing emotions” (Dagdanova, 2014). Approaching a high level of the
aforementioned characteristics determines the solution to the main task of a “humane” living
environment, namely, the comfort of living and the social effectiveness of the designed object. Based
on the qualitative characteristics of the living environment outlined above, the article discusses
architectural techniques and methods reflected in the design of the “space of dialogue” in the
development of the residential environment of the London Barbican complex.

4 RESULTS AND DISCUSSION

The area of London was severely damaged by bombing during the war, with many buildings
being destroyed. The vacant land, strategically located in the heart of London (a 35-acre site), long
known as the Barbican, was decided to be developed for mass housing. A competition was announced
by the city authorities, with the winning project coming from the architectural firm Chamberlin,
Powell & Bon. The architects — Peter Chamberlin, Geoffrey Powell, and Christoph Bon (Hughes,
2022) proposed creating a residential quarter on the site, a sort of architectural and social experiment,
equipped with housing and all the necessary infrastructure, embodying the leading architectural ideas
of their time. As advocates of modernist style, the architects used Brutalism as a symbol of London’s
revival after many years of horror and widespread destruction.

According to the master plan, the designated area accommodates residential buildings (in the
form of three towers, each 42-44 stories high, thirteen seven-story residential buildings, and
townhouses), educational and cultural facilities (a music and drama school, a girls’ school, a cultural
centre, a gallery, a library, a theatre, and a cinema), and recreational spaces (cafés, restaurants, a
greenhouse, a private artificial pond with rest areas and fountains). The entire complex forms a
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cohesive ensemble (Tsubaki, 2012), linked by air bridges, corridors, staircases, walkways, pedestrian
paths, and landscaped and water features, creating a unified space—a living organism in the heart of
the city (Figure 1). Architects considered the combination of housing, leisure, education, and culture
as key elements for the success of the project- both from a social and financial perspective. To achieve
financial objectives, the concept of mixed-use development was employed, integrating various
functions within the building.

It is no secret that as cities grow, their central areas gradually become emptied of residential
neighbourhoods, increasingly giving way to public and commercial spaces (Frearson, 2014). The
Barbican, on the other hand, is one of the largest residential complexes in terms of land area. Its
primary design concept focused on ensuring the maximum comfort for its residents and protecting
them from the negative effects of the bustling city centre. According to experts, the Barbican is a
unique project not only because of its scale and the infrastructure it provides, but primarily due to the
reintegration of a large residential development into the city centre. “... In our scheme, the need to
simultaneously meet three different requirements — high-density housing, schools, and large open
spaces - was addressed by transforming the existing, decayed area into a large garden” (Chamberlin,
Powell & Bon, 1959), which is a rare occurrence in large cities like London.

Raising the complex above street level on stilts allowed for the separation of pedestrian and
vehicular traffic, enhancing safety. Continuous ribbon windows ensured an influx of natural light—
an important consideration in the frequently overcast British climate. The integration of natural
elements such as water and greenery contributed to creating spaces with visual qualities reminiscent
of traditional residential architecture.

In summary, the Barbican’s distinctiveness lies in its successful balance of unity and variety.
Unity is embodied in its coherent compositional vision and brutalist architectural language, while
variety is reflected in the diverse array of living and recreational spaces. These spaces differ in design
yet are equally functional, comfortable, and human-centred.

@ (b)

Figure 1 — Master plan of the Barbican residential complex, 1959 (a); Model of the complex, 1959 (b)
(Chamberlin, Powell & Bon, 1959)

The diversity of the housing complex is evident in several key organisational features:

- the building volumes were determined by the inclusion of high-rise residential towers, mid-rise
apartment buildings, low-rise homes with individual entrances and plots, standalone public and
educational buildings, as well as large recreational areas with their own distinct atmosphere. “The
architectural scale evolves in three stages: from the modest and often intimate layer at the pedestrian
level, through the larger scale of the upper layer of long terrace-balconies... to the powerful vertical
dimension expressed by the towers. Everywhere, the main design goal was to create a sense of clarity
without monotony” (The Barbican Estate, 2021) as noted by the project architects.
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- in terms of spatial organisation, this involves a harmonious combination of greened and water-
enriched spaces, transitional and intimate areas, residential and public spaces, where buildings are
not perceived in isolation, but rather blend with the various levels of the landscape (Smirnova, 2015).
Furthermore, it is important to note the thoughtful separation of pedestrian and vehicular flows across
different elevation levels. The residential complex is situated on a concrete platform raised 5-10
metres above the surrounding area (Figure 2 (a)), Vehicle movement occurs at ground level, while
pedestrian walkways are positioned on the platform level, fully separated from traffic. Parking areas
for cars and bicycles are also located at ground level.

Mobility played a crucial role in the development of the project. The highwalk pedestrian
system is an integral part of the design. The concept of living just minutes away from work and
amenities, which helps reduce overcrowding and, consequently, the daily stress of urban residents,
was a key condition of the project. Some critics initially viewed the highwalk system as an unfortunate
aspect of the design (Benem, 1973). However, considering the architects' interest in creating a
secluded oasis for its residents, the elevated walkways achieve exactly that — they establish a
boundary around the complex, resembling a fortress:

- in the successful synthesis of open, semi-open, and closed spaces, a spatial and visual diversity
is created, revealing new views and perspectives. Bradley S. and Pevsner N. described the landscape
design of the Barbican as one created within the realm of the sublime and picturesque, evoking
grandeur and awe in its aesthetic and spiritual components. This was reflected in the contrast between
the tall towers and the horizontally stretched five-story residential blocks, as well as, for instance, in
the bridge - a crossing over the lake, from where “one can admire the swirling waters of the cascades,
as if from a bridge over a mountain gorge” (Bradley & Pevsner, 1997);

- the combination of straight and curved lines in the spatial design, where the environment and
form are created using primitive lines, with rounded forms providing not only structural integrity but
also symbolising the completeness of form and line, both in the buildings and the landscape, thus
creating a “pattern” in the facade designs;

- the volumetric-spatial dynamic contrast, where tower-type buildings, horizontally elongated
six-storey houses, and townhouses are successfully positioned. To emphasise the strict orthogonal
geometry of the towers and terraces, a semi-circular bend is highlighted in the floor plan, with vaulted
canopies on the terraces, round forms in the landscape organisation, and water recreational elements
such as fountains and waterfalls;

- the design of door and window openings, navigation systems (signs and markers), resting and
leisure areas, down to the smallest details for the apartments, such as stylish modern door handles
and light switches;

- methods and techniques in the organisation of water features: in one area, there is a lake with a
waterfall, in another — calm water surfaces, and in a third — fountains. Meanwhile, the creation and
integration of water elements and greenery into the living environment has contributed to the
“softening” of the visual perception of the harsh concrete surfaces of the main buildings, where the
contrast between the harsh architecture and nature creates a unique and distinctive atmosphere;

- the texture of the building surfaces. In concrete, as the main material for residential buildings
of the 1960s, architects saw honesty towards the residents and an unhidden beauty. However, in the
Barbican complex, the concrete surfaces were reinterpreted by the architects through the creation of
various textures: smooth polished, rough, with the inclusion of stone chips, which give the surfaces
visual diversity. To complement the concrete and balance its visual massiveness and monolithic
appearance, dull red brick was chosen, reminiscent of the old warehouse buildings that once stood on
the site. The colour of the red brick was selected for the public buildings, high-level walkways, and
some podium buildings, reflecting the colour contrast, scale, and texture;

- the colour scheme: the monotonous concrete surfaces of the building contrast with the brick
walls, the coloured coating of the pathways and playgrounds, and, of course, the greenery - lawns,
shrubs, trees - which change colour depending on the season;

- the integration of a 16th-century church building and an old preserved section of the fortress
wall into the modern construction (Allan, 2021), representing the organic combination of the old and
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new, tradition and modernity. References to the history of the place can also be traced in the naming
of the residential blocks, named after prominent figures (e.g., the Defoe House, More House,
Shakespeare House, etc.).

- in the layout of the apartments — from one-bedroom studios to three-storey penthouses and
houses with adjacent plots - the design was developed to maximize natural light in all rooms. As such,
bedrooms, dining rooms, and living rooms are positioned along the outer walls, while kitchens and
bathrooms are placed along the inner walls. Meanwhile, the open spaces are designed to reflect the
typical size familiar to Londoners — akin to the classic residential garden spaces of early London
buildings - on a human scale. This design allows for the awareness of others using or living on the
opposite side of the space, while still providing a comfortable level of privacy.

The arrangement and design of the apartments reflect a strong modernist influence: this is
evident in the interior organisation, the careful attention to spatial proportions, and the “open” layouts
with private balconies. Typically, an apartment would have only two doors - one to the bathroom and
one to the entrance - leaving the remainder of the space configured to accommodate various functions
and the diverse needs of residents.

The transformation potential of the living space was addressed through the use of sliding
shutters, which expanded the room by integrating the balcony, visually merging it with the natural
environment of the courtyard. This approach extended the concept of the home beyond the doorstep,
transforming it into a beneficial surrounding environment - a personal habitat.

A synthesis of private living and urban life was achieved by creating spaces equally accessible
and convenient for both local residents and city dwellers. For example, the Barbican Centre, located
in the heart of the development, houses contemporary art galleries, performance halls, a public library,
a winter garden, theatres, cinemas, and schools. These facilities attract people from across London,
embodying the idea of blending private and public life. As Europe’s largest multi-functional arts
centre, the Barbican offers public spaces that serve various audiences - residents of the complex, local
community members, and visitors from the wider city. These spaces can be indoors, outdoors, or
sheltered, spanning levels from ground floor to the elevated podium. Furthermore, the spaces
themselves vary in nature, from open public areas connected to the external city environment to more
intimate semi-private gardens adjoining the residential blocks (Figure 2(b)). This variety of public
spaces has been one of the key conditions fostering a sense of community.

Figure 2 — The Barbican residential complex: view from the bridge (a); the recreational area of the Barbican residential
complex (b) (author’s material)

The thoughtful design of public spaces, on the one hand, encourages interactions among
residents, and on the other, supports visual oversight of the complex’s territory. This balance between
interaction and supervision has helped establish an active local community that maintains order,
deliberates on the necessity and feasibility of modifications to the housing structure, organises events,
and provides spaces for communal activities and hobbies (such as club rooms accessible to all
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residents). They also arrange children’s playgrounds, strengthening social ties and passing on cultural
values. In doing so, they bring to life the architects’ aspiration to create an ideal way of living.

A socially diverse resident population was anticipated, with apartments of varying sizes and
configurations placed in buildings of differing heights, offering choices based on financial means
and/or desired level of comfort (Barbican Londen, 2020). Regarding occupancy, the architects
aimed from the outset to ensure a balanced composition of the projected permanent population,
comprising families, couples, and single individuals. As a result, while preliminary research indicated
the greatest potential demand would come from young urban professionals, only 4% of the 2,014
completed units are single-room apartments. The remaining distribution includes 40% three-room
units, 26% two-room units, 22% four-room units, and 8% five-room units.

It is worth noting that the architects’ approach to the design and spatial organisation of the
residential complex was based not solely on housing as a material expression, but also took into
account the visual and psychological aspects of human perception. This resulted in an integrated
living environment that is equally comfortable for people of varying income levels, occupations,
family structures, and ages. The complex today stands as evidence that, with well-considered
residential planning, it is possible to create comfortable living conditions while simultaneously
achieving high-density development.
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Figure 3 — The Humanitarian aspects of organizing the residential environment of the Barbican Complex (author’s
material)

The duration of construction and the shift in societal priorities regarding the Brutalist style in
the early 1980s led to criticism of the residential complex. However, despite the critical responses,
the experiment in creating a comfortable living space for urban dwellers was hugely successful, both
among residents and architects worldwide. The alienating architecture of the complex’s buildings,
combined with the carefully considered organisation of the living environment, provides residents
with conditions that are distant from the realities of the noisy, fast-paced urban life. It fosters a sense
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of community and safety while simultaneously creating a comfortable living environment. From this
perspective, one can conclude that a comfortable and humane living environment in an urban
residential complex should possess qualities such as architectural, spatial, and planning diversity, the
inclusion of natural elements, and a clear focus on the feelings and perceptions of the individual
(Figure 3).

5 CONCLUSIONS

The diversity in the volumetric and spatial planning solutions of the Barbican residential
complex’s living environment is achieved through the harmonious combination of open and enclosed
spaces, interior and exterior design elements, and the incorporation of natural elements, despite the
monotonous concrete construction typical of the Brutalist style. This thoughtful and meticulously
planned organisation of the living environment ensures a comfortable space for living, recreation, and
work.

Approximately 60 years after the construction of this large residential complex, the following
observations can be made:

1. contrary to the usual tendency for residential areas to be pushed out from city centres, a large
residential district has been established in central London, alleviating its residents from many of the
negative issues typically associated with living in an intensively functioning city centre;

2. despite the unpopularity and seemingly inappropriate nature of Brutalism for residential
buildings, the Barbican area remains highly popular and demonstrates a high level of functionality
across all of its zones;

3. the concept of a ‘fortress’ did not result in a rigid separation from surrounding areas. Instead,
it manifested in the clear and successful functional division of residential, pedestrian, and recreational
zones from traffic routes, car parks, and other service functions. The Barbican is open for visits and
walks not only to its residents but also to anyone wishing to enjoy it. Thus, the complex is fully
integrated into the urban environment. Despite being located in the historical centre of a large
metropolis, it provides its residents with conditions comparable to living in a green suburban area,
which means that the desired comfort and quality of life have been achieved at a sustainable level.

The humane aspects of the Barbican residential environment can be identified as:

1. architectural and typological diversity and a comfortable scale;

2. the recognisability and identity of the complex, blending old and new elements;

3. a high level of natural elements;

4. high-quality landscaping;

5. a well-developed infrastructure.

The modernist architecture of the Barbican residential complex continues to attract people
primarily due to its carefully considered organisation of the living environment. Despite the Brutalist
style being ostracised by residents and architects in many countries, due to numerous unsuccessful
projects, the Barbican estate demonstrates how the harmonious combination of architecture, design,
nature, and society (active community) can be a successful realisation of utopian architecture, both
comfortable and in demand for many years.

Today, the Barbican is considered a significant architectural achievement and has been
designated as a Grade Il listed building due to its architectural interest, scale, planning, and social
cohesion. It is no coincidence that Queen Elizabeth II, during the complex’s opening in 1982, referred
to it as one of the wonders of the modern world. The living environment of the Barbican continues to
be highly sought after, providing not only comfortable living spaces for its residents but also attracting
local citizens and numerous tourists.
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Abstract. Alongside the urgent need to address large-scale urban population
growth and adapt housing to the natural and climatic conditions of the region, the first
attempts to incorporate elements of the national architectural heritage emerged from
the mid-1930s in Almaty, leaving a distinctive mark on the city’s residential
architecture. Through the analysis, generalisation, and synthesis of theoretical and
historical sources - primarily the works of architects and eyewitness researchers of the
period -this study explores the directions of theoretical searches for a new architectural
course in connection with the formation of Kazakhstan'’s regional style. Examples of
residential buildings in Almaty of the 1930s and early 1950s are presented to illustrate
the practical embodiment of the “synthesis of the arts”, reflected in regional elements
of residential architecture and in the broader organisation of the city’s living
environment. The article examines methods of shaping the residential environment in
Almaty and identifies approaches to creating a harmonious, identity-reflective urban
environment through regional stylistic features. These include the incorporation of
architectural details such as cornices, balconies, and loggias; landscaping and
irrigation of residential quarters; the integration of ornamental compositions as a link
with national cultural traditions; and, more generally, the creation of coherent urban
ensembles and interiors. The findings of the study may be applied to the contemporary
formation of the residential environment of modern Almaty.
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Anparna. Kana mypevinoapviHvly ayKbiMObl OCYI HCIHEe MYPRbIH YUl KYPbLIbICHIH
atmMaKkmoly maouu-KIUMAmmolK HCag0aublHa Oellimoey MaceneciH UWY2bll uleuty
Kasxcemminicimen kamap, 1930 scvinoapoviy opmacvinoa Aimamvloa yimmelx cayiem
OHEpIHIH NleMeHmmepin NAuoailaryOblH AleAUKbl MAINbIHLICMAPbL Nalioa 6010bl, OY
KanlaHvly mypavlH il cayieminoe eneyii i3 Kanovipovl. Cunammanan yaKblm Ke3eHiHiy
caynemuiinepi MeH 3epmmeyuli — Kyazepiepi #apusiazan meopusiblK Hcane mapuxu
mamepuanoapovl manoay, HCAmnvliay dcoHe cuHmeszoey Hezizinoe Kazaxcmarnnuly
OHIPIIK CMUNIHIY epeKuieliKmepiMen 63apa OallaHbICa HCAHA apXumeKkmypablk
bagvimmol meopusiIvlK i30ecmipy bazvlmmapwvl aukbiHOaniaovl. Maxanada kenmipineen
1930-wwr orcotnoap men 1950-wi sncviioapoviy 6acvlnoagbl Aamamel mypevin yi
SUMApammapuvlHbly,  MbICAI0APbl  MYPRUIH YU APXUMEKMYPACLIHbIY — AUMAKMbIK
lemMeHmmepinoe JHcoHe KANAHblH MYPRbIH YU OPpMACbIH YUbIMOACMbIPYOa KOPIHIC
mankan OHep CUHME3IHIY NPAKMUKAILIK KOPIHICIH Kepcemy KadiCemmiliciMeH
batinanvicmol. Makanaoa AnmamelHbly mMYpevlH Vi OpmMAacbli KalblNmMacmsipy
macinoepi manodanHaowvl HcaHe cayiem dNeMeHmmepin MYpevlH Yii UMapammapbiHa—
KapHu30epoi, 0anKoHOapobl, 100NCUSIAPObL DelHeciHe KOCY, MYPEblH ayO0aHOapobl
CYLAHOBIPY JHCIHE KO2ANOAHObIPY MaceleNepin uleuly, YAmmolK MaOeHU 0dCMYpPMeH
baiinanvlc snemenmmepi peminoe CIHOIK KOMNOZUUUSLAPObL KOCY CUSKMbL OHIDILIK
CmunbOiy acnekminepi apKulibl XalblKKA Oipoell YiieciMOoi mypavlH Y Opmacbii
YUbIMOACMbIPY MACiN0epi atiKbIHOANAObL, HCAINbL, KALANbIK AHCAMONb MEeH KAlAIblK
unmepvepoi Kypy. 3epmmeyoiy anvlHeaH Hamudicenepi Kazipei Aimamol KaniacwbiHbIH
MYPEbIH VUi OPMACHIH KALINMACMbIPY Ke3iH0e 00aH api natioalanbliybl MYMKIH.

Tyuingi ce3mep: mypewvin yu coyremi, auMakmslk CMuUlb, OHEp CUHME3I,
KaLAIblK OMIp cypy opmacwl, Aimamol.
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OB30PHAS CTATbHA

®OPMUPOBAHUE CTHJIA B KUJIUIIIHONU APXUTEKTYPE
AJIMATDBI 1930-1950-X T'OA0OB: IOUCK HOBOT'O KYPCA
IHPOBJIEMA BbIBOPA

T. 10. Koporeesal?*® A.T. Axmenosa'?® | C.B. MibBuukan®®

Mexnynapoanas o6pasosatensHas kopropanus, 050028, Anmartsl, Kasaxcran
2TOO «Ka3axckas TOJOBHAs apXUTEKTYPHO-CTPOUTENIbHAS aKageMus», AnmMarsl, Kazaxcran
*ocynapcTBeHHBIH YHHBEPCHTET 1O 3emueycTpoiicTBy, 103064, Mocksa, Poccus

AnHoranusi. Hapsady c¢ ocmpoii Heobxooumocmvlo peuieHusi npooiembvl
mMacumabrHo2o pocma 20pOOCKO20 HACENeHUsl U  A0anmayul  HCUTUUHO2O
cmpoumenscmea K HNPUPOOHO-KIUMAMUUECKUM YCLOBUAM DPESUOHA, UMEHHO C
cepedunvl 1930-x 20008 8 Anmamul NOABUNUCL NepBble NONLIMKU UCNONb308AHUS
9/1eMeHmo8 HAYUOHATbHO20 APXUMEKMYPHO20 HACeOUs, Ymo 0CMAasuio 3aMenHbll
cneo 8 Jcunou apxumexkmype copooa. Ha ocnose ananuza, 0000wenus u cunmesa
meopemudeckux U UCMopuyecKux Mamepuaios, npeumyuecmeeHHo onyoIuKo8aHHbIx
3004UMU U UCCTe008AMENIMU — OYeBUOYAMU ONUCLIBAEMO20 NepUood B8pemeHU,
8bIABNAIOMCA HANPABIICHUSI MEOPEeMUYecKUx NOUCKO8 HO8020 apXUmMeKmypHo20 Kypcd,
80 63AUMOCEA3U C 0COOEHHOCMAMU pe2UuoHanbHo20 cmuaa Kasaxcmana. Ilpugedennvie
6 cmamue npumepwvl KHcunvix 30anui Anmamot 1930-x u nauana 1950-x 2e. 06ycnosnernvi
HeoOXo00UMOCMbI0  NPOOEMOHCMPUPOBAMsb NPAKMUYECKOe BONJOWeHUe CUuHme3a
UCKYCCM8, KOMOPblll HAel OMPaXiceHue 8 pecUOHAIbHLIX NIeMEeHMax apXumeKmypbol
HCUNUWYA U OP2AHUZAYUU HCUTLOU CPeObl 20po0a. B cmambe ananuzupyromes npuemsl
Gdopmuposanusi  Hcunol cpedvl Aamamvl U BbIAGNEHbI NOOX00bl OP2AHU3AYUU
2APMOHUYHOU, UOSHMUYHOU JCUNLOU  Cpedbl NOCpPeoCm8oM MAKUx dcnekmos
PEGUOHATILHO20 CIMUIIA, KAK BKIIOYEHUE APXUMEKMYPHBIX 21eMEeHMO08 8 00pa3 HCUN020
30AaHUSL — KAPHUZ08, OATKOHOB, I00NCUL, peuleHUe 60NPocos 00800HEHUS U 03€eleHeHUs.
HCUNBIX  KBAPMATIO8,  BKIIOYEHUE OPHAMEHMANbHLIX KOMHO3UYUL 8 Kauecmee
I/IeMEHMO8 C853U C HAYUOHAILHOLU KVIbMYPHOU mpaouyuet, u, 8 yeiom, co30aHuu
20pOO0CK020 aHCambnsi U 20pOOCKUX unmepvepos. Ilomyuenuvie pesynvmamol
uccne0o8anusi Mo2ym Oblms UCHONL308AHbL 8 OdIbHeluleM NPU GOPMUPOBAHUU HCUTOU
cpeovl CO8PeMeHH020 20po0a Anmamai.

KuroueBble cli0Ba: oicunuwnas apxumekmypa, pe2uoOHANbHbIL CMULb, CUHME3
UCKYCCM8, 20p0OCKAsL cpeda obumanus, Animameol.
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Makastanpl naiibiHaay OapbIChIHAA aBTOpIAp >kacaHabl MHTEUIEKT KypangapbiH (ChatGPT) ek
peNaKkIUsIBIK KOMEK MaKCaThlHIa MaiAalaHAbl: TY>KbIPBIMIAPABI KETUIAIPY, TpaMMaTHKAIIBIK,
opdorpadusabIK KOHE TBHIHBIC OENTUIEpIHACT1 Karelepai TeKcepy YIniH. bapnbik wuaesap,
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COACPIKAHUC CTATbU.
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1 INTRODUCTION

The 1932 resolution, entitled “On the Restructuring of Literary and Artistic Organizations”,
gradually influenced the development of Almaty, albeit with some delay compared to the European
part of the USSR. The neoclassical style, through which architects sought to define a “universal,
timeless architectural language” (Selivanova, 2010), was closely aligned with the adopted ideology
and readily accepted by the broader public. The architectural shifts of this period were intrinsically
connected to the transformation of socio-political ideals, which shifted from utopian aspirations
toward a more pragmatic focus on economic survival (Han-Magomedov, 2010) and competition
with capitalist nations. Soviet state authorities strategically consolidated political power, aiming to
regulate the economy and shape social dynamics (Kassymbekova, 2017). This alignment of
architecture with state objectives fostered the consolidation of totalitarian and authoritarian systems,
with construction activities entirely funded by the state. Art and architecture were proclaimed the
principal instruments of Soviet power and ideology. The avant-garde movement virtually ceased to
exist, as functional architecture was declared illegal and banned (Starostenko, 2021). It can be noted
that the construction of projects with elements of the neoclassical style was relevant in Kazakhstan
from the mid-1930s to the second half of the 1950s (Pronina, 2020).

It is important to emphasize that, when designing and discussing issues of residential
architecture in the press or in speeches at Congresses, soviet architects paid wide attention to
developments in the field of dwelling construction in the countries of Europe and America for
example, in such issues as: residential arrangement, its functional-planning organization, placement
of a car in the structure of a house, differences in building standards, identifying positive aspects that
can be applied in Soviet design practice or, conversely, criticizing issues that are not suitable for
adoption. For this study, the works of soviet and Kazakhstan’s architects were important: Ginzburg
M., Shchusev A., Mendykulov M., Basenov T., Glaudinov B. A., as well as the articles that began to
appear mainly in the periodical press (for example, Kalmykov V., Lavrov V., Rempel L.) about
traditional techniques and methods of building houses in Central Asia, the principles of organization
that were regarded as potentially adaptable to new construction (Zhalmagambetov et al., 2024).

The objective of the article is to present a comprehensive picture of the prerequisites, directions
and outcomes of the search for a new regional style (where a regional style is a materialized subject-
spatial object created on the basis of a cultivated aesthetic image and a way of life in a given area) in
the architecture of a Kazakhstan’s urban residential of the 1930-1950s, as an integral part of the model
of a comfortable urban living environment in Almaty in conjunction with theoretical research by
soviet architects (on the synthesis of arts in architecture) and the ideological situation of the
considering period (Akhmedova, 2016; Akhmedova, 2020; Akhmedova et al., 2022).

Revisiting this past - particularly the most vivid stage in the search for a national style, is highly
relevant in our time, when the borders of Almaty are expanding, and the problems of a well-thought-
out organization of a living environment identical to the people, corresponding to climatic conditions,
emphasizing the conditions of the area and life, are becoming more and more relevant every year
(Glaudinov et al., 1987; Samoilov, 2003; Karatseyeva et al., 2025).

2 LITERATURE REVIEW

The design practice of the early 1930s began with critical views on the architecture of the
previous period. Avant-garde architecture in the Soviet Union was labeled bourgeois. However, the
core of soviet architecture was still “state property, a state order and an ideological orientation”
(Kalashnikov, 2010). A series of resolutions led to a decline in scientific and creative discussions of
architectural problems, which were entirely under the control of the authorities.

In 1929, Almaty received the status of the republic's capital. Architects were tasked with
creating the image of a large capital city of Kazakhstan — the capital of the Union Republic (Posocco
& Akhmedova, 2016). In Kazakhstan, the first design office, Kazgosproekt, opened in October 1930.
(Glaudinov et al., 1987). In 1932, the Union of Soviet Architects was established — a unifying unit
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of previous architectural movements and groups. This year marked a turning point in the development
of Soviet architecture, which led to a complete revision values of society and ideas about the aesthetic
ideal of architecture.

The main prerequisites included: the limited quantity and low quality of residential buildings,
the dominance of “box” architecture, homogeneous development — the inability of the new
architecture to express the real expectations and needs of society, the poverty of figurative language
and the “nihilistic attitude (of architects) to architectural values” (Soviet architecture, 1934).
Researchers also named the following prerequisites for choosing a new style of the architectural
movement: the need for the style to be close to nature (Shchusev, 1935) and “plainness™ accessible
to the people; the opportunity to realize creative abilities, where “the classics give wide scope to
fiction, pathos in the field of architectural creativity” (Munc, 1940); the universality of the language
of forms, which with equal success ensured to represent both bourgeois democracies and totalitarian
regimes, and was used to express the ideas of a socialist utopia. In addition, the new style was
necessary for the authorities as a means of unifying an architectural activity.

In this period, the primary role was given not to residential construction, but to monumental
public buildings and infrastructure facilities. At the same time, the search for an architectural
socialistic image of new residential buildings (Marcomini, 2024; Meuser & Khmelnitsky, 2021)
and planning solutions for apartments continued, however, on a smaller scale compared to the
twenties. However, in practice, design and construction according to the new rules of architectural
creativity found expression in the formation of an urban dwelling mainly from the aesthetic side
(Samoilov, 2005).

The main goals that the architects set were:

- overcoming the consequences of the form-creation of the previous period;

- critical mastering of the historical heritage (VVas’kin & Nazarenko, 2009).

Soviet architects saw the task of the new architectural style in creating an artistic image through
the synthesis of arts (Bachynska, 2021). This image was to be interpreted from the position of social
prerequisites, as a concept “complex and subtle, rather than the concept of pure rhythm and bare
construction” (Lazarev, 1937), that is, to focus the search on the general volumes of the house, where
with successfully found “proportions of spans, supporting pylons - no decoration of the wall with
ornamentation or sculpture will be required” (Fomin, 1933). At the same time, the fundamental
principles of classical architecture, which were not entirely the subject to imitation, but implied
rethinking in accordance with the requirements of the era; in the fight against eclecticism, the search
for new forms and new content, which “must be understood in development dialectically,
ideologically and artistically as well” (Vesnin, 1933), through a creative functional method
(Ginzburg et al., 1934), reflected the unity of goals, means and architectural image. Ginzburg defined
the tasks of the architects of the era as follows: “To find the correct relationship between the elements
of knowledge and science, to invent an artistic image on their basis, to find a synthesis of what
previous eras demolished, to equip themselves in order to be able to fulfill the social order of the era”
(Ginzburg, 1933). In other words, the aim was to create both a materially and aesthetically
comfortable environment for human living.

Drawing a parallel between the architectural theme of the classical world (Shchusev, 1937),
which was closely connected with the folk epos and the mythology of the worldview, the architect A.
Shchusev concluded that the folk epic should be included in modern architecture, but with the note
“its own”: “its own heroism and its own lyricism”, thereby emphasizing the importance of searching
for means of national identity of architecture. The architect determined that “our heroism was the
heroism of free labor, and lyricism was the one of a joyful life”. Shchusev A. also believed that the
mechanical transfer of the classical heritage would give results only in conjunction with the existing
worldview and ideology. This condition was expressed through the inclusion of modern attributes of
the era in the art sphere in architecture - if sculptural, then of a soviet worker, and in the post-war
period — the attributes of a defender, if in painting - the image of peace and harmony of the people
who held victory. The inclusion of ornament and decoration in the consideration the issue of searching
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for the style of architecture of Kazakhstan was reflected in the synthesis of arts, where painting,
sculpture and sculptural decorative elements acted as ornament (Glaudinova et al. 2019).

The search for the aesthetic imagery of the building was not limited to decorative expression
alone. Architects emphasised the importance of constructive means. In the architecture of a residential
building, the main elements were to be “window openings, doors, balconies and bay windows, that
is, the elements which are distinctive for a dwelling. Logically developing this concept, the architect
must seek ways to create a new architectural style” (Shkvarikov, 1941) including rethinking the
original principles of construction and architecture. Architects needed to learn to adopt the knowledge
of builders, their ability to understand the native landscape, the local nature, and the principles of
creating complex pictorial compositions.

It is important to note that the architecture of the considering period was perceived by the
authorities as a means of introducing social ideas into the consciousness of the “national masses” and
had to be implemented ... in familiar, clear and understandable forms that appeal to the nationality
for which it was intended” (Kolotkov, 1935). Thus, it functioned as a link between the architect-
designer and the people, where the national style was reflected through the integration of classical
and traditional architecture (Glaudinov et al., 1987; Samoilov, 2004). It was assumed that national
architecture was most understandable to the people, and its essential features were the truthfulness
and clarity of the architectural-spatial image, harmony with nature and with the social and everyday
environment.

The centuries-old construction culture that was formed in the climatic conditions of Central
Asia and Kazakhstan developed distinctive compositional methods, traditions and techniques that
were reflected in vernacular architecture. Pre-revolutionary housing types in many Central Asian
settlements shared common features that reflected the conditions of life (where the house was a hearth
inaccessible to the gaze of others) — which was architecturally reflected in the complete isolation of
the plan, the presence of one street entrance and blank walls surrounding a folk dwelling. In
examining the traditional dwellings of the peoples of Central Asia, the architect V. Kalmykov
(Kalmykov, 1934) identified the obvious need for new construction to reorganize the social and
everyday basis of a dwelling and to reveal it in a new interpretation, using the basic compositional
principles of architectural refinement of the external volume and internal spaces of folk dwellings of
the region (for example, division into summer and winter parts, inclusion of internal courtyards, the
contrast of almost blank walls and terraces, open and semi-open (iwans) rooms - recessed loggias,
awnings, balconies).

Architects (Dwelling architecture issues, 1936) increasingly raised the question of the
ensemble, according to which the image of a residential building should reflect the principles of
spatiality and plasticity, due to the introduction of national elements into architecture. It was assumed
that the principle of spatiality in the architecture of a residential building could be expressed through
the richness of light and shade and the introduction of loggias, terraces, balconies, cornices and other
details into the architecture of the house, creating a game of light and shade on the facade of the
building. In the architecture of the East, according to Professor Rempel L. - the leading role belonged
to the problem of light - from internal spaces to external planes of buildings, as well as - compliance
with shadow protection and the spread of green areas, fountains, irrigation ditches in the urban
environment.

The founder of architectural science in Kazakhstan, a professor of architecture Mendikulov
Malgabar believed that the inclusion of traditional elements in the architecture of Kazakhstan “is
appropriate in the conditions of a southern city and give variety, picturesqueness and the necessary
shading to facades and other parts of the building” (Baragin & Belocerkovskij, 1950). Meanwhile,
the development of architectural and artistic heritage in the capital of the Kazakh SSR occurred from
“generalized regional to finely differentiated national in combination with internationally interpreted
order forms” (Mendikulov, 1953; Margulan et al., 1959; Samoilov, 2002). However, in the post-
war period the widespread use of classical orders in synthesis with national motifs in Almaty
frequently resulted in eclectic or archaic outcomes.
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3 MATERIALS AND METHODS

The research methodology is based on a comprehensive approach, which involves analysis,
generalization and synthesis of literary, historical publications and articles. The selected sources, that
were taken into consideration, touched the research topic, which was aimed at finding a new regional
style for the formation of the residential environment of the city and an urban dwelling of Almaty in
the 1930s - early 1950s from the point of view of the synthesis of arts, as a process of combining arts
(including traditional elements and techniques of organizing a national dwelling) into a single artistic
unit. Those sources, that most fully met the purpose and objectives of the article, were selected as
cited materials.

In the context of the research, the following tasks had to be solved:

- to identify the most complete understanding of the prerequisites, directions and results of the
search for a regional style, mainly in theoretical studies and publications of architects of the 1930-
1950s;

- to trace the relationship between theory and practice, through the given examples of dwelling
organization and the formation of the living environment of Almaty in the considering period.

4 RESULTS AND DISCUSSIONS

In general, the large-scale development of residential buildings in Almaty during this period
was concentrated along the city’s main arterial roads - Furmanov, Kalinin, Stalin - the central arterial
roads of the city. The dominant compositional approach was district-based development. In the
organization of the city district, the task was to use the spatial solutions of folk architecture, taking
into account the living and natural-climatic conditions. On the whole, in this period, the district began
to be defined not as an isolated unit, but as part of the city system (acting as a group of residential
complexes and as a group of residential districts surrounded by arterial roads). The development of
the enlarged blocks of Almaty had to be necessarily linked to urban development tasks and combined
with the tasks of improving a dwelling - landscaping, watering, connecting the house with the site -
it was believed that such measures would most fully solve the problem of the architectural and artistic
image of a residential building (Murzabayeva et al., 2022). At the same time, the silhouette had to
be not sharply contrasting, but harmonious, thus creating a memorable architectural image. The
practical implementation of the described techniques allowed the newly built dwellings to be
harmoniously integrated into the structure of new urban areas, creating chamber protected spaces of
residential districts and maintaining a visual connection with the distinctive foothill landscape
(Pakina & Batkalova, 2020).

Meanwhile, a separate residential building, organically fitting into both the architecture of the
square and the main city road, had to replicate “the compositional principles of the ensemble in
miniature - centricity, symmetry, weighting towards the bottom” (Hmelnickij, 2006), and had to
include elements of facade decoration in the architecture - the introduction of bas-reliefs, architectural
decorative elements (arches, cornices, balconies, rustication), mosaics and paintings with a new
socialist theme or newly rethought ornaments (Figure la, b) as decoration of external facades.
Among the traditional elements in the architecture of Almaty dwelling were pointed arch, domes of
different shapes, portal-pishtaq, recessed entrances and loggias, blind plane of the wall
(Nussipkozhaeva, 2020). Decorative treatments extended further to figured brickwork, ceramic
cladding, and the widespread use of ornamental stone carving (Karpykov & Kakorin, 1980),
alabaster, and woodwork in ornamental compositions.

Along with the ornament, decorative functions in the residential architecture appeared to be
structural elements as well; they were specific for folk architecture, mainly those that best embodied
the concept of “oriental style”, but interpreted in a unique way. According to Figure 1, in it can be
noted that in the design of the facade of the House of the Ministry of Water Management (architect
Bapishev, 1950), such techniques as national ornament, lancet windows on the second floor, balconies
with metal grilles and figured brackets were reflected. These techniques were a part of the creation
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of an identical living environment - they reflected the reworked forms of traditional architecture in
combination with the use of new building materials and the use of new technology in construction
(Medykulov, 1953; Abdrassilova & Aukhadiyeva, 2025).

b"; £ T -
‘M.n)..mmn

b)
Figure 1 — Traditional elements of architecture in the residential architecture of Almaty in the 1930s-1950s.: a)
fragment of the southern facade of the Ninth dwelling complexes; b) fragment of the eastern facade of a residential
building on Uigurskaya Street; c) the northern facade of a semi-detached residential building of the House of the
Ministry of Water Management (architect Bapishev), 1950. (Baragin & Belocerkovskij, 1950)

The period of creative exploration was reflected in the widespread use of porticoes, pediments,
cornices, which decorated residential buildings in Almaty. At the same time, despite the rich decor
and wide use of bay windows, loggias and balconies in the architecture of residential buildings as an
integral part of a national dwelling, the architect Basenov believed that in such residential buildings
before 1946, the rich architectural national heritage and folk art were not considered enough
(Basenov, 1951). The emphasis in the search for regionalism was reduced to attention to the
decorative design of external solutions, while the planning solutions for apartments, for the most part,
remained typical and did not take into account either demographic or national traditions of life
(Sarzhanov & Schurch, 2023).

Soviet architects maintained that the study of architectural heritage for imitation and adoption
should include not only Greek and Roman motifs (international order forms), elements and
composition of the building facade, but also modern architecture of America and Europe, which was
expressed in the adoption of technical, design principles, and methods of the most rational use of
building materials. There were also opinions that in the “search” for a new course it was necessary to
include in the legacy fifteen years after the revolution: namely, “open, ventilated courtyards..., the
necessary provision of natural light to living premises... the elimination of single-story buildings”
(Fomin, 1933). Thus, the question of the necessity of combining the results of innovative experiments
of the past period with historical national and world experience arose acutely. At the same time, it
was necessary not only to “assimilate” all the results of both historical periods and modern times
(positive developments of foreign countries), but also to understand them and even surpass them.
With regard to the architecture of Almaty dwelling, such “understanding” was reflected through the
selection of the most rational principles from traditional architecture: by including architectural and
decorative details, ornamentation, and rethinking of traditional methods of organizing a dwelling, and
the combination of these principles with the latest achievements - in the development of technology
and everyday culture (Akhmedova et al., 2022). The use of decoration and the stylization of the order
system required the appropriate proportioning of architectural details, as a result of which the external
appearance of residential buildings became more solid and large-scale (Akhmedova, 2009).

Figure 2 illustrates a project of a forty-apartment residential building on Uygurskaya Street,
Gogolya Street, Mechnikov Street, and Yunyh Kommunarov Street, which is successfully oriented to
the cardinal points, where the kitchens and staircases were located on the western side of the building.
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The apartments were equipped with built-in closets and a bathroom with a shower. The three-story
building included loggias “recessed” behind the building’s fagade line — important elements of a
southern dwelling. The layout of the apartments called for through and corner ventilation. The facades
reflected motifs of national architecture and ornamentation, embodied in the stucco motifs of the
entrances and window openings, and in the architraves. The portals-entrances were designed in the
form of a pointed arches.

a)
Figure 2 — House on Uygurskaya Street (architect Bobovich), 1951-1952: a) second floor plan, section; b) the eastern
facade of the building (Medykulov, 1953)

Soviet architects have repeatedly noted the importance of the issues of ensemble, composition,
standardization, but in practice, to a large extent, everything was limited to the consideration of any
of the listed aspects of a dwelling design. Only in a few cases all aspects of one architectural theme
merged into a single composition. In this case, the house became a real object, successfully included
in the whole ensemble, associated with nature, terrain, space (Alexander, 2020). In Almaty, such
examples can be called the buildings of dwelling complexes along Furmanov Street (a drawing of the
plan of the second floor and a fragment of the facade of the second dwelling complex are presented
in Figure 3).

The placement of residential complexes of this period of construction in Almaty (the second —
the ninth), created by architects according to individual projects, made it possible to create a single
deep-spatial composition (Akhmedova, 2009). Residential buildings not only formed a holistic
composition of the city's block development but also fenced off the interior spaces of courtyards from
streets and roads, thereby serving as a powerful compositional tool for ensuring competent functional
zoning. The characteristic features of the composition were: the formation of a holistic facade part of
the street and the creation of a system of open comfortable spaces and territories, interconnected by
means of architecture and design: taking into account the terrain (stairs, retaining walls, safe descents
were thought out); considering the opposition of the complex of buildings to natural and climatic
conditions through landscaping, inclusion of fountains and placement of dwelling complexes in
accordance with historically formed architectural planning and urban planning solutions; design
elements - by decorating courtyard spaces with small architectural forms. Large apartment blocks
were arranged in block-by-block development, forming a residential complex with the necessary
courtyard and the service part: retail and storage facilities in the basement.
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a)
Figure 3 — dwelling complexes (Zhilkombinaty) no 2 (architect Borisenko): a) second floor plan; b) fragment of the
facade, photo (Medykulov, 1953)
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Figure 4 clearly illustrates that the residential buildings in the historic districts of modern-day
Almaty still preserve elements of the architectural and artistic explorations pursued by architects of
the 1930s. These are visible in the ornamental decorations of facades—ceramic panels, uniquely
interpreted national motifs, elaborately crafted column capitals and pilasters, cornices, spires, friezes,
window surrounds, ceramic inserts, balcony railings, and the artistic-architectural treatment of
entrance features found on Seifullin Avenue, Abilaykhan Avenue, Gogol Street, Tole Bi Street,
Kunayev Street, Mailin Street, among other prominent thoroughfares.

Figure 4 — Methods for organizing the living environment: a) the spire in the architecture of the Turksib workers'
apartment building (architect 1l'enko); b) fragment of the facade of the House of Scientists (architect Bobovich); c) arch
portal in the architecture of the residential building for specialists of the Kirov Plant (architect Bobovich) (author’s
material).

5 CONCLUSIONS

The synthesis of arts became a significant means of expressing the style of Soviet architecture,
shaping ideology, the city, and even the everyday life and perception of citizens. s. Mainly, the
synthesis of arts through the search for regional architecture in Almaty meant the decoration of
architectural objects with the help of painting and ornament, but one can note a broader area - the
synthesis of architecture and design, where design materialises the cultural measure of history. The
main goal of this synthesis of arts in the formation of residential architecture in the city of Almaty is
the organisation of a harmonious, people-identical environment of new urban territories, which was
reflected in the following approaches:

1. careful organisation of apartments adapted to climatic conditions - ventilation, placement of
rooms in the structure of the apartment according to the cardinal points, inclusion of traditional
elements of folk architecture - loggias and balconies;

2. integration of housing with the urban environment, for example, through the inclusion of
small architectural forms: skillfully ornamented lampposts, fountains, flowerpots (along Kabanbai
Batyr Street, Zhandosov Street, etc.), which were an integral part of the composition of the city and
the residential environment;

3. thoughtful solutions to issues of creating green spaces, watering of residential areas, and
maintaining a visual connection with the unique foothill landscape;

4. extensive use of ornamental compositions in the architecture of a residential building;

5. attempts to create an urban ensemble and urban interiors, creating chamber, protected spaces
of residential areas.

Theoretical guidelines and attempts at practical integrated design of the urban living
environment, incorporating elements of national heritage through the synthesis of architecture and
design, established the humanistic orientation of architecture towards its inhabitants. These became
important prerequisites for further research into the organisation of urban dwellings and the creation
of a comfortable living environment in Almaty.
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3D PRINTING IN THE ARCHITECTURE OF KAZAKHSTAN:
FROM EXPERIMENTAL HOUSES TO SUSTAINABLE
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Abstract. The analysis of the potential of introducing 3D printing technology
into the architectural and construction practice of the Republic of Kazakhstan includes
examples of the implementation of 3D-printed buildings both in the international arena
(the Netherlands, Angola) and in Kazakhstan. The article considers the possibility of
introducing 3D printing into national practice with an emphasis on sustainability,
adaptability and energy efficiency. The purpose of the study is to assess the
technological readiness and practical applicability of 3D-printed solutions in the
context of Kazakhstan. The work uses a comparative analysis of international and
domestic projects, a review of relevant literature, a study of the engineering
characteristics of materials and mixtures, as well as interviews with specialists.
Projects such as Milestone, Power2Build, and local implementations using COBOD
printers are considered as the main examples. The advantages of 3D-printed solutions
using local materials are revealed: reduction of construction time and labor costs,
improvement of thermal engineering parameters of enclosing structures and reduction
of carbon footprint. The ability of the technology to form complex geometries, provide
integrated thermal insulation and adapt to earthquake-prone conditions is shown. The
prospects of biodegradable composites and digital workflows (BIM/CAM, parametric
design) are noted. 3D printing has already moved into the category of applied
technologies ready to scale in Kazakhstan, subject to standardization of formulations,
development of a regulatory framework and training of personnel. The technology
offers economic and environmental benefits, especially for remote and seismically
hazardous regions, and can become a tool for mass sustainable housing construction.
The authors offer recommendations on the adaptation of mixtures to climatic
conditions, the development of standards and the integration of educational programs
to accelerate the introduction of technology and ensure the quality of construction.
Further research should focus on the durability of printed structures and the economic
assessment of large-scale projects.
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KA3SAKCTAH COVJIETIHAEI'T 3D-BACIIA: SKCIIEPUMEHTTIK
YWJ/IEPAEH TY¥PAKTbHI HHEINIMAEPI'E TEUIH

A.Viima' @ | 10.B. Onnmenxo?® @ | A.C. Akynos?*® | 1.J1. Ynnrucos? ®

'Herc Konpan6amst Feueimpap yausepcureri, 448-300, Heica, [Tosmbima
2XaneIkapaislk Oiniv 6epy xoproparmscel, 050028, Anmatsl, Kasakctan
3"Kasak 6ac coyrer xoHe Kypsuibic akagemusce”" XKIIIC, Amvarsr, Kazakcran

Anparna.  Kazaxkcman — Pecnybnuxacvinvly — cayiem — JicoHe  KYPbLIbIC
npakmukacvina 3D-6acna mexnono2uscbln eH2izy aneyemin manoay XaablKapaiblk
apenaoa (Huoepnanowl, Aneona), conoati-ax Kazaxkcmanoa 3D-6acna sumapammapuln
icKe acvlpy mvicanoapvii Kammuowvl. Makanaoa mypakmsiiviKka, oOeuimoenyze HeaHe
SHepeusi MmuiMmoinicine Hazap ayoapa Omulpvln, YAmmulK maxcipubece 3D 6acwin
wwleapyovl eHeizy MyMKiHOiei Kapacmulpuliaowvl. 3epmme)oiy makcamol-Kazaxcman
Konmexcminoe 3D-bacna  wewimOepiHiy — MEXHONO2UANLIK — OAUbIHObIZLL  MEH
NPAKMUKANILIK KONOAHBLIYbIH Oazanay. Kymvicma XanvlKapanblK HcoHe OMAHObIK
AHCOOANAPObL CALICMBIPMANLL MAL0Ay, OeliHOIK a0eduemmepee WOy, MAMepualoap
MeH  KOCnanapowly — UHICEHEpNiK  CUNammamaniapvly — 3epmmey,  COHOAU-ax
mamanoapmer cyxoam natoaranvliovl. Heeizei mvicandap peminde Milestone,
Power2Build cusxmul srcobanap, conoati-ax COBOD npunmepnepin Konoana omulpolin
Jrcepeinikmi icke acvlpy Kapacmulpuliaowvl. Kepeinikmi mamepuanoapovl nauoaiamy
Ke3inoe 3D oOacwin wwvleapy wewiMOepiniy apmulKUbLILIKMAPbl  AHbIKMANObL.
KYpulablc ~ Mep3imoepi  MeH  eHOeK  WbIRbIHOAPbIH — KblcKapmy, — Kopuiay
KOHCMPYKYUSTLAPBIHGIY  JCHLLY MEXHUKANbIK KOPCeMmKIWmepin caKcapmy HcoHe
Kemipmeei i3in  azatmy. TexHonocusHvly Kypoeni 2eoMempusiHbl KalblNmAacmvipy,
UHMESPAYUATIAHRAH JHCLLTY OKUAYIAYbIH KAMMAMACHI3 emy JHCIHEe CelCMUKAbIK
Kayinmi dicazoaiinapea bevimoeny kaoitemi kopcemineen. buonocusnvik viovipatimviu
Komnosummep MeH yu@pavlk odcymvic npoyecmepiniy (BIM/CAM, napamempnik
ouzatin) borawazvl aman eminodi. 3D-b6acvin wwizapy Kypamoapovl cmaHoapmmay,
HopMamuemix 6azamsl a3ipiey dcane Kaopraposl oaapnay wapmeimen Kasaxcmanoa
Macwmabmayea oauvin Konoanbanvl mexuonoeusnap camamvina eHoi. Aeémopnap
MEXHONLO2UAHBL JHCe0el0emin eH2i3y HCaHe KYPbLIbIC CANACLIH KAMMAMACHI3 emy YUliH
KOCnanapovl KIUMammulk xca20ainapea beuimoey, cmaHoapmmapovl 0aMblmy HCIHE
oinim bepy bOazoapnamanapuvii Oipikmipy O00UbIHWA YCbIHbICIAD YCbIHAOLL. Opi
Kapatievl 3epmmeynep 0acvlizaH KOHCMPYKYUALApObIY Oepikmicine dHcaHe ayKblMObl
HCODANAPObI IKOHOMUKANBIK OAeanayea 6agbimmanybl Kepex.

Tyitin ce3nep: 3D 6acwvin wwieapy, coyiem, mypakmel Kypolivic, Oeuimoerny,
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VJIK 72.036 (520)
MPHTH 67.07.11
OB30PHAS CTAThS

3D-IIEYATDb B APXUTEKTYPE KA3AXCTAHA: OT
IKCHEPUMEHTAJIbBHbBIX TOMOB K YCTONYUBbBIM
PEHIEHUAM

A.Viima' @ | 10.B. Onnmenxo?® @ | A.C. Akynos* @ | 1.J1. Ynnrucos? ®

'Vuusepcurer npuknanueix Hayk B Heice, 448-300, Heica, [Tonbina
2Mesx myHapoaHas obpasoBaTenbHas koprnopanus, 050028, Anvarsl, Kazaxcran
3TOO «Ka3zaxckas roJoBHas apXUTEKTYPHO-CTPOMTEIbHAs akajeMus», Anmatsl, Kazaxcran

AHHOTANUA. AHanuz nomenyuana eHeopeHusi mexHonocuu 3D-newamu 6
apxumexkmypHyro u cmpoumenvuyro npakmuxy Pecnybnuxu Kazaxcman exniouaem
npumepvl  peanruzayuu 3D-neuamuvix 30aHULl KAK HA MeNCOYHAPOOHOU apeHe
(Huoepnanowl, Aneona), max u 6 Kazaxcmane. B cmamwve paccmampueaemcs
803MOJHCHOCMb @HeOpeHusi 3D-neuamu 6 HAYUOHATLHYIO NPAKMUKY C AKYEHMOM Hd
YCMOU4UBOCMsb, A0ANMUBHOCMb U IHep2odhhekmuenocmo. Llenv uccredosanus -
OYeHUmMsb  MexXHONOSUYECKYI0 20MOBHOCMb U  NPAKMUYECKVI0  NPUMEHUMOCHb
3D-neuammuwix pewenuti 6 kKowmexcme Kazaxcmanma. B pabome ucnonbzoeaHul
CPABHUMENbHBIU  AHAU3 MENCOYHAPOOHLIX U OMeYeCmBeHHbIX NpPOeKmos, 0030p
npo@uUIbHOU Tumepamypsvl, UsydeHue UHHCeHEPHbIX XapaKmepucmux Mamepuanios u
cmecell, a makadce UHMeEpPBbIO O cneyuarucmamu. B xauecmee ocnosnvix npumepos
paccmompensvl maxue npoekmsl, kax Milestone, Power2Build, a makaice nokanvhvie
peanuzayuu ¢ npumenenuem npuumepos COBOD. Buwisgnenvt npeumywecmsa
3D-neuammuvix pewieHull npu UCNOIL308AHUU MECMHLIX MAMEPUALO8: COKpaujeHue
CPOKO8 —cmpoumenbcmea U — mpyoozampam, — Viyyulenue — MmeniomexHu4ecKux
nokasamenei 02paxcoarowux KOHCMPYKYULl U CHUJCEHUe Y2lepooH020 cleod.
llokasana cnocobHocme mexHono2uu  HoOpMUPOBAMb  CLONCHYIO — 2e0MEmPUIo,
obecneuugams — UHMESPUPOBAHHYIO — MENIOUZONAYUIO U AOANMUPOBAMbCA K
ceticmoonachvim — ycnosusim. Ommeuena  nepcneKmMu8HOCHs — OUOPA3LAAEMbIX
KomMnosumog u yugposvix pabouux npoyeccos (BIM/CAM, napamempuueckuii
ouzatin). 3D-neuamo yoce nepewiia 8 pazpsiao NPUKIAOHBIX MEXHOLO2UL, 2OMOBbIX K
Macwmabupoganuio 6 Kaszaxcmane npu ycrnosuu cmanoapmusayuu cocmaegos,
paspabomku  HOpMamueHou 0asvl U NOO20MOBKU KAOpos. Aemopwl npedrazaiom
peKomeHOayuu no aoanmayuu cmecell K KIUMAMUYECKUM YCLOBUAM, PA38UMUIO
HOpMamueo8 u unmezpayuy 00pazo8ameibHulX NPocPaAMM Oisl YCKOPEHHO20 BHEOPEeHUS
MexHoNo2UU U 0becnevenus Kavecmea cmpoumenbcmea. /lanvHetiuue uccie0o8anus
OO0JIICHBL  COCPEOOMOUUMBC HA  O0JI208EYHOCNU  HANEYAMAHHBIX KOHCMPYKYULL U
IKOHOMUYECKOU OYeHKe MACUMAOHbIX NPOEKMO8.

KuaroueBsble cinoBa: 3D-neuams, apxumexkmypa, ycmouuugoe cmpoumeibcmeo,
aoanmusHocms, Ouopasziazaemvlie Mamepuanvl, Hepcoddhgdekmusnocms, yugpposoe
NpoeKmuposanue.
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3epTTey Keke KapKbUIaHIbIPY KO3JepiH Maiijasiana OThIPHII KYPri3uil.

MYJIAEJEP KAKTBIFbICBI

ABTOpIap Myienep KaKThIFBICHI JKOK JIeTl MaTIMIEH 1.
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TOJIBIK >KayarThl.

BJATOJAPHOCTU/UCTOYHUK ®UHAHCUPOBAHUSA
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HUHTCpHIpCTAll U BBIBOABI IIPUHAJICIKAT aBTOPaM, KOTOPBIC HECYT IMOJIHYHO OTBECTCTBCHHOCTD 34
COACPIKAHUC CTATbU.

39



QazBSQA Xaoapmbichl. Ne3 (97), 2025. Cayuer
1 INTRODUCTION

Modern architecture increasingly turns to technologies that are capable not only of shaping new
aesthetic solutions but also of responding to the challenges of sustainable development, energy
efficiency, and environmental safety. One of the most promising technologies in this field is 3D
printing, which in recent years has evolved from an experimental method into a fully-fledged tool of
architectural and construction practice. Its advantages are evident: the ability to construct buildings
within shorter timeframes, reduce construction waste, employ innovative materials, and create
complex forms that are unattainable by conventional construction methods.

The relevance of this study is determined by the need to understand how 3D printing
technologies can be integrated into the architectural practice of Kazakhstan, taking into account the
country’s natural, climatic, and cultural factors.

The aim of the research is to analyze the potential of applying 3D printing and innovative
materials in Kazakhstan’s construction sector and to identify their role in shaping a sustainable
architectural environment.

The scientific novelty of the study lies in a comprehensive approach to examining 3D printing
not only as an engineering and technical tool but also as a driver of architectural and cultural
transformation. For the first time, the technology is considered in the context of Kazakhstan’s climatic
conditions and cultural traditions, which makes it possible to propose ways of adapting it and
outlining prospects for further development.

2. LITERATURE REVIEW

Research confirms that 3D concrete printing is a well-established process, encompassing digital
modeling, mix preparation, and layer-by-layer material deposition (Gosselin et al., 2016; Buswell et
al., 2018). Key parameters include rheology, extrusion speed, and interlayer bonding, which influence
strength and accuracy (Wolfs, Bos, & Salet, 2019; Meurer & Classen, 2021). Dry mixes and
modified cementitious composites with functional additives are actively being developed (Le et al.,
2012; Paul et al., 2018). There is growing interest in local materials (clay, earth) and biodegradable
composites (PLA, PHAS) to reduce carbon footprint (Kolesnikova & Alguzhina, 2021; Tkachenko
et al., 2025; Pineiro, 2025). Projects like Milestone (Netherlands) and Power2Build (Angola)
demonstrate the successful application of 3D printing for creating energy-efficient buildings with
complex geometries and addressing housing shortages (Walsh, 2018; Souza, 2021; Frearson, 2018;
Pineiro, 2025). The experience of BM Partners 3D Print in Kazakhstan confirms the feasibility of
constructing earthquake-resistant buildings adapted to local conditions (authors' materials).
Digitalization of processes through CAD/BIM/CAM allows for optimized design and production,
translating architectural solutions into machine code (Buswell et al., 2018; Raphael et al., 2022). 3D
printing offers time and resource savings, as well as environmental benefits through the use of
optimized and local materials (Strohle et al., 2023; Souza, 2021). However, barriers exist due to a
lack of standards, regulatory frameworks, and data on long-term performance in diverse climatic
conditions (Strohle et al., 2023; Zareiyan & Khoshnevis, 2021). For Kazakhstan, relevant research
areas include seismic resistance, energy efficiency, adaptation of technologies to local conditions,
and the development of national standards (Le et al., 2012; Strohle et al., 2023).

3 MATERIALS AND METHODS

The analysis is based on a comparison of international and Kazakhstani experience in 3D
construction, the examination of specific case studies, and the inclusion of data from interviews with
developers and project managers of 3D-printed construction projects. In addition, publications and
scientific studies on biodegradable composites, energy-efficient poured concretes, and the principles
of adaptive design were consulted.
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4 RESULTS AND DISCUSSIONS

The Milestone project became the world's first commercial 3D-printed residential development
(Figure 1). It comprises five houses, each printed layer by layer from a concrete mix, with the final
house intended to be fully assembled on site. The homes exhibit high energy efficiency, complex
geometries and an aesthetic that would be impossible to achieve with conventional construction.
Thanks to digital control of the construction process and optimized material use, the project achieved
a significant reduction in its carbon footprint (Souza, 2021; Walsh, 2018).

Figure 1 - The world’s first residential project constructed from 3D-printed concrete, Eindhoven, Netherlands.
Architects: Houben & Van Mierlo Architecten (Souza, 2021).

In the context of a rapidly expanding housing shortage, particularly in developing countries, 3D
printing is increasingly regarded as a tool for accelerated, adaptive and sustainable construction. A
notable example is the Angolan innovator Power2Build, which aims to address the country's housing
crisis - the company estimates a shortfall of up to 3 million dwellings, concentrated above all in the
Luanda metropolitan area, one of the fastest-growing cities in Africa (Figure 2), (Le, T. T., et al,,
2012).

Since 2022, Power2Build has been carrying out large-scale housing projects using large-format
concrete 3D printing, deploying the Danish company COBOD’s BOD2 and BOD3 printer series.
These units feature a modular design and are capable of constructing structures up to 15 m high, 15
m wide and 40 m long, with printing speeds of up to 500 mm/s. This approach substantially shortens
construction schedules and reduces labor demands by minimizing the need for manual work in
masonry and other preparatory on-site operations (Frearson, A. 2018).
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Figure 2 — Architectural plan of a residential duplex project implemented using 3D-printing technology in Angola.
Architect: llidio Daio, Power2Build (Frearson, A. 2018).

The printing process consists of three stages: modelling, preparation of a construction mix
composed of cement, sand, crushed stone and other fillers, and the actual printing (Figure 3).
Specialized printers deliver high precision, geometric stability and strong interlayer bonding, in part
through the use of continuous tangential material-deposition techniques (Gosselin et al., 2016;
Buswell et al., 2018).

The use of locally sourced materials helps reduce the carbon footprint and enhance the
sustainability of projects. As part of its continued development, Power2Build plans to introduce
clay- and earth-based mixes as well as modular construction solutions for social housing - an approach
that makes this experience particularly relevant for resource-constrained regions (Pineiro, A. 2025).

Figure 3 — Construction process of the residential duplex implemented using 3D-printing technology in Angola.
Acrchitect: Ilidio Daio, Power2Build (Pineiro, A. 2025).
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The Angolan experience demonstrates the potential of adaptive construction at the scale of mass
housing, highlighting its relevance not only in high-tech contexts but also for social architecture. Such
cases can be instructive when assessing the feasibility of implementing similar approaches in
Kazakhstan’s architectural practice, taking into account the country’s climatic and infrastructural
realities. BM Partners 3D Print executed the first residential building in Central Asia constructed with
a COBOD BOD?2 3D printer (Figure 4). The project was adapted to seismic conditions of up to 7 on
the Richter scale. The overall construction process took less than two months, while the wall printing
itself lasted only five days. The company is also developing proprietary mix formulations that account
for local climatic specifics.

Figure 4 — The first residential building in Central Asia constructed with a COBOD BOD?2 3D printer.
Architect/Builder: BM Partners 3D Print (authors’ material).

Contemporary studies point to the promise of employing biodegradable composites-such as
poly (lactic acid) (PLA), polyhydroxyalkanoates (PHASs) and polycaprolactone (PCL)-in architectural
applications. These materials demonstrate favorable thermal and mechanical properties, align with
environmental standards, and facilitate the integration of circular-economy principles. Their use
enables the development of sustainable architectural solutions with minimal environmental impact
(Tkachenko T., et al., 2025).

Specialized dry building mixes, optimized for extrusion-based application, are used in
construction 3D printing. Their formulation typically comprises a modified cementitious composite
with functional additives, reinforcing fibers, and hydrophobizing and frost-resistant agents. The
material’s rheological properties-particularly its plasticity and setting rate-are of primary importance
(Kolesnikova & Alguzhina, 2021).

The adoption of 3D printing in Kazakhstan’s architectural practice opens up opportunities to
address the housing shortage, especially in remote and seismically active regions. The combination
of digital design, novel construction materials and adaptive principles enables the creation of
architecture that responds to contemporary challenges - from climatic threats to requirements for
energy efficiency and local identity.

The architectural expressiveness afforded by construction 3D printing opens fundamentally
new horizons in form-making. The technology allows the erection of spatial volumes with complex
geometries while bypassing traditional constraints linked to formwork and manual labor. This
expands the creative palette available to architects and designers, making it possible to realize
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previously unattainable compositional solutions with minimal time and material expenditures
(Strohle, M., et al., 2025).

Alongside this, the technology demonstrates high economic efficiency. Shorter construction
schedules are accompanied by reduced operating costs through the use of multilayer assemblies with
integrated thermal insulation and by optimizing the thermal performance of the building envelope. In
some cases, final finishing stages can be partly omitted thanks to the high dimensional accuracy and
surface uniformity achieved by printing.

Digitalization of the design and construction process is an integral component of the
technology. The application of building information modeling (BIM), parametric design and CAM
technologies enables a shift from empirical design to controlled, quantified and resource-optimized
solutions. This is particularly relevant for Kazakhstan, where climatic diversity, territorial remoteness
and the need for scalable approaches present pressing design challenges.

The digital model is developed in CAD environments (AutoCAD, ArchiCAD, Revit); thereafter
the architectural data are adapted for printing in specialized CAM programs, such as Rhino with the
Grasshopper module or the proprietary interfaces provided by 3D-printer manufacturers. The final
stage is the generation of the machine control code (G-code), which the printing system executes to
realize the object’s geometry in the chosen material.

5 CONCLUSIONS

The conducted analysis indicates that 3D printing in architecture has transitioned from an
experimental technology to a practical tool capable of addressing sustainable-construction tasks.
Accordingly, we arrive at the following conclusions:

1. 3D printing in architecture has moved out of the experimental domain and is now a practical
instrument ready for deployment in construction.

2. International and Kazakhstani examples (the Milestone project, Power2Build, and the BM
Partners 3D Print residential building in Almaty) confirm the technology’s potential for rapid
and resource-efficient building delivery.

3. For Kazakhstan, the adoption of 3D printing is particularly relevant given seismicity, climatic
heterogeneity and the need to modernize the housing stock.

4. The use of locally sourced materials, modified concretes and biodegradable composites,
combined with digital design methods, enables the creation of adaptive and energy-efficient
architectural solutions.

5. Form-making freedom, material savings and the integration of BIM/CAM systems reinforce
the competitive advantages of 3D printing within the construction industry.
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MODERNIZATION OF RESIDENTIAL MICRODISTRICTS
THROUGH THE INTEGRATION OF ECO-AGRO-
ARCHITECTURAL ELEMENTS
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Abstract. Modern residential microdistricts in post-Soviet cities are
characterized by building wear, a shortage of public spaces, high thermal loads, and
an unstable water regime. The integration of eco-agro-architecture elements-courtyard
vegetable gardens and orchards, green roofs, rooftop greenhouses, vertical farms, and
nature-based stormwater infrastructure-is considered an engineering-architectural
solution that combines climate adaptation, increased energy efficiency, and
improvement of urban environmental quality. The aim of this study is to substantiate
engineering-architectural approaches to the modernization of post-Soviet residential
microdistricts through the integration of eco-agro-architecture elements and to
determine the conditions for their effective and safe implementation in Kazakhstan. The
research methodology includes a qualitative comparative analysis of “green”
infrastructure solutions as well as a synthesis of design principles and a phased
implementation model. The study results are presented as a three-step model-quick
measures on existing roofs and courtyards; pilots on public buildings with monitoring
of energy use and water drainage, scaling through municipal programs and standards.
The practical significance lies in reducing peak stormwater runoff, mitigating thermal
loads, and increasing the resource efficiency of buildings, as well as in forming social
practices for the shared use of courtyard and rooftop spaces. The results are intended
for akimats, designers, and management organizations and can be applied when
preparing modernization passports and developing pilot projects.

Keywords: eco-agro architecture; urban agriculture; green roofs; rooftop
greenhouses, vertical farms; microdistrict modernization.
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Anparna. [locmxeyecmix Kananapowiy 3aMaHayu mypevih uagbli ayoaHoapbl
eumapammapowly — mo3yvl, KOAMOLIK  KEeHICMIKmep  MAanuibliblebl,  HCbLIVIbIK
HCYKMEMEHIH HCO2apbl OONYbL HCIHE CY PEHCIMIHIY MYPAKCHIZ0bIZbIMEH CUNAMMAIA0bI.
Oxoacpoapxumexkmypa snemenmmepin - ayia 6Oazanapvl MeH OAKMAPbIH, HCACHLL
wamuipnapovl, WAmvlp HCOLILIHCALIAPLIH, MIK azpogepmanapobl xane madbueamya
yKcac Hecepilik UHMPAKYpulibiMObl - UHmMe2Payusiay Kiumamsa oetimoenyoi,
OHEP2OMUIMOINIKMI  apmmublpyobl JHCoHe KANAablK OPMAHbIY CANACbiH  Komepyoi
YUuimacmulpamoit UHIHCEHEPNIK-CayIemmiK wiewim peminoe Kapacmulpvliaovl. Ocbl
3epmmeyoiy MaKcamol - 39KOAZPOAPXUMEKMYpa JleMeHmMmepiH UHMe2payusnay
ApKbLLIbL NOCMKEHeCMmIK MYPeblH UlARbIHAYOAHOAPObl HCAHRLIPMYOLIY UHHCEHEPIK-
cayniemmik macinoepin Hecizoey dwcane onapovi Kazaxcmanoa muimoi api xayinciz
eH2i3Y0ly  wapmmapvlH  QUKbIHOAY.  Odicmeme  «HCACblly — UHDPAKYPLLIbIM
wewimMoepiniy  cananvlk — CANbICMbIPMAIbl  MALOAYblH,  COHOAU-AK  HCobANay
Kazuoammapvl MeH Ke3eH-Ke3eHIMeH eHei3y MOOelin cunmezoeyoi Kammuobi.
Homuowcenep yuicamvinel modenv mypinde Ycuinblizan: 6ap wamelpiap MeH
aynanapoa siceoen wapanap, dHepeusi mymsiHybl MeH cy O¥pyObly MOHUMOpPUHei bap
KO2aMOblK — umapammapodgvl — NUIOMmMap,  Kaiauwlk — bazoapiamanap  MeH
cmaunoapmmap apkvlivl aykbimoay. Tunmix wewimoep ywiH diCykmemenep MeH
navoanamy mananmapvl OOUbIHWA 0a20apivlk Mauoep keamipindi. Ilpaxkmuxanvlk
MAaybI30bLIbIEbL - HOCEPTIK ARbIHHBIY UWLORbIPIAHRAH UbIHOAPbIH MOMEHOENY, JHCHLIYIIbIK
HCYKMEMEHI JHCYMcapmy JHCoHe UMapammapobly pecypc muiMOiniein apmmuipy,
COHOQU-AK aYNanblK HCIHE WUAMbBIPIbIK KeHicmikmepoi opmak nauodaniany O0UblHuA
aneymemmix — maoicipubenepoi  Kanvinmacmolpy.  Homuowcenep — aximoikmepee,
Jrcobanaywsiiapea JicoHe OacKapyuibl YubiMoapaa AapHANEAH JHCIHE IHCAHRBIPIY
nacnopmmapvii  0aublHOAy MeH NUIOMMbIK H#co0anapovl azipieyoe KOLOAHbLLIY b
MYMKIH.

Tyiiin ce3aep: sxkoazpoapxumexmypa, Kaiauivlk aybll UApyaubLIbI2bl, HCACHLI
wamelpnap, wamvlp HCHLILIICAULAPLL, MIK azpogepmanap; wablHayoaHoaposl
HCAHRBIPM).
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Annotauusi. CospemenHble KHcuble MUKPOPALIOHbL HOCHICOBEMCKUX 20P0008
Xapaxkmepuzyomcs U3HOCoM 30anuti, 0epuyumom 0OUeCmeeHHbIX NPOCMPAHCMS,
8bICOKOU MENI060U HASPY3KOU U HECMAOUIbHLIM BOOHbIM pexcumom. Mnmeepayus
NIEMEHMO8 IKOACPOAPXUMEKMYPbL - OB0POBbIX 020POO08 U CAO08, 3ENEHbIX Kpbllld,
KDbIUHBIX —~ Menauy, BepmuKaIbHblX ¢epm U NpupoOonoo00OHOU  TUBHEBO
UHDPACMPYKMYPbI - PACCMAMPUBAENICI KAK UHIHCEHEPHO-APXUMEKMYPHOe pelueHue,
cosmeujaroujee KIUMAMUYECKyIo adanmayuro, pocm 3Hep2odghghekmuenocmu u
nosvluleHue Kauecmea 20poocKoli cpeovl. Llenvlo 0anno2o ucciedo8anus A6nsaemcs
000CHOBAHUE  UHIICEHEPHO-APXUMEKMYPHLIX ~ H00X0008 K MOOEpHU3aAyUU
NOCMCOBEMCKUX — JCUNLIX —~ MUKDODAUOHO8  NYyméM  UHmezpayuu  31eMeHmos
9KOAZpOApXUMeKmypsl U onpeoenenue yciogus ux 3@p@exmusrHo2o u 6e30nacno2o
eHeopenus 6 Kazaxcmane. Memooonozus ucciedosanusi 6Kaoyaem KayecmeeHHbulll
CPABHUMENIbHBIU AHANU3 PeUeHULl «3eEHOUY UHPPACMPYKMYpPbl, A MaKice CUHmes
NPOEKMHbIX ~ NPUHYUNOE U  NOIMANHOU Modenu  6HeopeHus. Pezynomamol
UCCe008aHUSL NPeOCMABeHbl 8 ude CHOPMUPOBAHOU MPEXUAL0B0U MOOelU -
Ovicmpovle Mepbl Ha CYWecma8yIiouux KpoeJax U 060pax, NUiLomsl Ha 00U eCEeHHbIX
30aHUAX ¢ MOHUMOPUH2SOM  2HepeonompeOleHuss U 80000MEEOeHUs,
Macumabupoganue uepes 20po0cKue npozpammuvl u cmanoapmol. Ilpaxmuueckas
SHAYUMOCMb COCMOUM 8 CHUNCEHUU NUKO8 TUBHEB020 CIMOKA, CMALYEHUU MeNn0801
Ha2py3Ku U MNOGbIUEHUU pecYPCHOU 3dpgexmusHocmu 30aHull, a makxice 8
Gopmuposanuu coyuanbHLIX NPAKMUK COBMECMHO20 UCHONb308AHUSL 0B80POBLIX U
KPOBEIbHLIX npOCMpPAHCMS. Pezynomamei aopecogaHvl akumamanm,
NPOEKMUPOSUUKAM U YIPABTAIOWUM OP2AHUSAYUAM U MO2YM NPUMEHAMbCA Npu
Nn0020MO6Ke NACNOPMO8 MOOEPHUZAYUU U pa3pabomKe RULOMHBIX NPOEKMO8.

KuroueBble cjioBa: skoazpoapxumexmypa, 20p00CKoe CelbCKoe XO03AUCMEO;
3e/IéHble Kpblulu, KpblUHbIe Menauysbl, GepmUKAIbHble ¢hepmbl, MOOepHU3AYUSL
MUKPOPAUOHOS.
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AJIFBIC / KAP/KBIJIAHABIPY KO31

3epTTey Keke KapKbUIaHIbIPY KO3JepiH Maiijasiana OThIPHII KYPri3uil.

MYJIAEJEP KAKTBIFbICBI

ABTOpIap Myienep KaKThIFBICHI JKOK JIeTl MaTIMIEH 1.

Makanansl JaiiblHaay GapbIChiHIa aBTOpiap »acaH el UHTEEKT KypanaapelH (ChatGPT) Tek
peNaKkIUsIBIK KOMEK MaKCaThIHIa MaifanaHAbl: TY>KbIPbIMIAPABI KETUIAIPY, TpaMMaTHKAIBIK,
opdorpadusabIK KOHE TBHIHBIC OENTUIEpIHACT1 Karelepai TeKcepy YIIiH. bapnbik wuaesap,

MHTEpIpEeTAUIap MEH KOPBITHIHBLIAP aBTOPIIapFa THECLIL, KoHE OJlap MaKaJlaHbIH Ma3MYHbIHA
TOJIBIK >KayarThl.

BJATOJAPHOCTU/UCTOYHUK ®UHAHCUPOBAHUSA

Hccnenoanue mpoBOAUIIOCH C UCMOIB30BAaHUEM YaCTHBIX HCTOYHUKOB (DMHAHCHUPOBAHUSI.
KOH®JIUKT UHTEPECOB

ABTOpBI 3asIBJISIOT, YTO KOH(IUKTa HUHTEPECOB HET.

[Ipu moAroToBKE PYyKOMHMCH aBTOPHI MCIIOJIB30BaIN MHCTPYMEHTHI UCKYCCTBEHHOTO HMHTEIICKTa
(ChatGPT) uckio4uTensHO A PENAKTOPCKOW MOANEPKKU: KOPPEKTUPOBKU (HOPMYIHUPOBOK,
MIPOBEPKU TpaMMaThyeckux, opdorpaduyeckux M NYHKTyallMOHHBIX ommOoK. Bce wupew,

HUHTCpHpECTAll U BBIBOABI IIPUHAJICIKAT aBTOPaM, KOTOPbIC HCCYT ITOJIHYIO OTBETCTBCHHOCTD 3a
COACPIKAHUC CTATbU.
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1 INTRODUCTION

Residential districts formed during the Soviet and post-Soviet periods played a key role in
providing affordable housing and shaping the urban structure. Their architectural and planning model
was based on standardization and utilitarianism: typical panel and brick apartment blocks, a minimal
set of social facilities and green areas, and a rigid functional hierarchy. This system made it possible
to address the housing shortage of its time efficiently, yet under contemporary conditions its
significant limitations have become evident.

A large share of the housing stock has now been in operation for more than 40-50 years, leading
to structural deterioration, obsolescence of engineering systems, and reduced energy efficiency.
Equally evident is the moral and functional obsolescence of planning solutions: standardized
apartments and courtyard spaces no longer meet current demands for quality of life, functional
diversity, and social expectations of urban residents.

An additional challenge is the shortage of public and recreational areas. Spaces originally
designed as utilitarian or transit zones do little to stimulate resident interaction and fail to create
conditions for local community building. The underdevelopment of ecological infrastructure further
exacerbates the situation: systems for waste separation and recycling, rational water use, and energy
conservation were either not envisaged or remain fragmented. This reinforces the social alienation
typical of standardized environments, where people often remain anonymous users of space and feel
neither attachment to nor responsibility for it.

The combination of these factors makes the modernization of residential districts one of the
priority tasks of contemporary urban development. Importantly, this process cannot be reduced to
building refurbishment or cosmetic landscaping. A comprehensive approach is required, one that
reinterprets the residential district not merely as a place of dwelling but as a fully-fledged socio-
ecological unit of the city-adaptive to new challenges, resilient in operation, and capable of ensuring
high urban environmental quality.

The microdistrict model of development provided mass housing and basic infrastructure, yet
today it requires profound modernization. The physical deterioration of envelopes and engineering
systems, the obsolescence of courtyards, low energy efficiency, and climate vulnerability necessitate
integrated solutions. Traditional measures (major repair, “cosmetic” landscaping) often fail to deliver
sustainable improvements in quality of life. The integration of productive green solutions-eco-
agroarchitectural elements-makes it possible to view the building and courtyard as a unified socio-
ecological system with partially closed loops of energy, water, and materials.

This includes courtyard gardens and orchards, green roofs (extensive/intensive), rooftop
greenhouses and vertical farms, as well as nature-based stormwater infrastructure (rain gardens,
bioswales, rainwater harvesting). Such measures simultaneously improve the microclimate, reduce
stormwater runoff, support biodiversity, and create new scenarios for the use of shared spaces. The
social impact is reflected in the development of local communities, co-governance, and
environmental education.

The present study systematizes international experience and scientific evidence, highlights
engineering-ecological effects, organizational requirements and constraints, and proposes a phased
implementation model for the context of Kazakhstan, oriented toward pilot projects, monitoring, and
subsequent scaling up.

Residential districts of the Soviet and post-Soviet period in Kazakhstan are characterized by
physical and functional obsolescence, low energy efficiency, and vulnerability to climatic and
hydrological impacts. Traditional measures (capital repairs, cosmetic landscaping) deliver only
limited and short-term improvements. Under these conditions, the integration of eco-agroarchitectural
elements-green roofs (extensive and intensive), rooftop greenhouses, vertical farms, and nature-based
stormwater infrastructure is considered a multifunctional strategy that simultaneously reduces peak
stormwater runoff, mitigates urban overheating, increases the resource efficiency of buildings, and
enhances resident engagement.
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The scientific problem lies in the absence, within the Kazakhstani context, of systematized
engineering and architectural principles and regulations for implementing such solutions, accounting
for local snow, wind, and seismic loads, water and energy management, selection of resilient species,
sanitation, operation, and co-governance models.

The aim of the study is to substantiate approaches to the modernization of residential districts
through the integration of eco-agroarchitectural elements and to define the conditions for their
effective and safe implementation in Kazakhstan.

To achieve this aim, the following objectives are addressed:

—to conduct a qualitative comparative analysis of typical interventions using a unified
parameter matrix;

—to synthesize design principles and operational regulations;

—to propose a phased model (“quick measures - pilot projects - scaling up”) supported by target
monitoring metrics;

—to refine load benchmarks and safety requirements.

A brief review of contemporary literature shows that green roofs and related solutions provide
energy, hydrological, and ecosystem benefits when properly adapted to climate-specific construction
and maintenance requirements, while integrated greenhouses and vertical farms demonstrate the
potential for resource synergies between buildings and agro-systems. The success of implementation
is determined by regulatory support, operational discipline, and resident participation.

2 LITERATURE REVIEW

Green roofs are considered a multifunctional ecosystem technology that combines climate
adaptation with improvements to urban environmental quality. Studies by Oberndorfer, Lundholm,
Bass, Mentens, Raes, Hermy (Oberndorfer, Lundholm, Bass et al., 2007; Mentens, Raes &
Hermy, 2006) demonstrate in detail that the structure of the roof layers and the selection of
vegetation determine the range of ecosystem services-from reducing peak stormwater runoff to
mitigating the urban heat island effect in metropolitan areas.

The energy effect of green roofs is manifested in the reduction of summer heat gains and the
lowering of building cooling loads. For accurate evaluation, researchers emphasize the need to
calibrate numerical models with data from in-situ measurements on real buildings across different
climatic regimes (Jaffal, Ouldboukhitine & Belarbi, 2012).

The hydrological efficiency and long-term performance of green roofs depend on design and
operational parameters. Reviews by Susca, Li, Babcock (Susca, 2019; Li & Babcock, 2014)
systematize the influence of substrate depth and properties, drainage solutions, and maintenance
regimes on stormwater retention and detention, including seasonal variability.

The biological composition of green roof systems requires conscious selection of plant species
suited to specific climatic conditions and operational objectives. Research has shown that the
resilience of plant communities and their contribution to microclimatic effects depend on diversity,
life forms, and stress tolerance of species, as well as on maintenance strategies (Shafique, Kim &
Rafiqg, 2018; Dvorak & Volder, 2010).

Rooftop urban agriculture confirms the practical feasibility of combining the technological and
food-producing functions of rooftops. Whittinghill, Rowe, and Sanye-Mengual, Oliver-Sola,
Montero, Rieradevall (Whittinghill & Rowe, 2012; Sanye-Mengual, Oliver-Sola, Montero &
Rieradevall, 2015) describe requirements for sanitation, logistics, and product quality, and assess the
environmental and economic consequences of integrating agricultural practices into the urban fabric
using life-cycle assessment methods.

Building-integrated rooftop greenhouses (BIRG/I-RTG) utilize the exchange of heat and
moisture between heated indoor spaces and the greenhouse volume. Several studies (Sanjuan-
Delmas, Rovira-Val, Nadal, Rieradevall & Josa, 2018; Nadal, Ceron-Palma, Cuervaetal., 2017)
demonstrate the potential for heat recovery, utilization of CO, from ventilation, and rainwater
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harvesting, which improve the energy performance and environmental profile of urban food
production.

The organizational dimension of such projects requires cross-sectoral collaboration among
municipalities, businesses, and residents. Research by Benis, Reinhart, Ferrao, and Specht, Siebert,
Hartmann et al., (Benis, Reinhart & Ferrao, 2018; Specht, Siebert, Hartmann et al., 2014)
emphasizes the importance of stakeholder mapping, early-stage communication, and overcoming
institutional barriers-from rooftop access regulations to operational regimes and insurance
requirements.

A systematic review of rooftop urban agriculture highlights typologies, governance models,
and key barriers to implementation Kalantari, Tahir, Joni, Fatemi (Kalantari, Tahir, Joni & Fatemi,
2018). It is noted that successful scaling depends on municipal support programs, standards, and
cooperative forms of resident participation.

Vertical farming is evolving at the intersection of agricultural technology, microclimate
engineering, and digital control. Studies by Al-Kodmany, and Beacham, Vickers, Monaghan 2019
(Al-Kodmany, 2018; Beacham, Vickers & Monaghan, 2019) underline the sensitivity of project
economics to energy efficiency, tariffs, and the quality of thermal integration, as well as the
importance of modular design.

LED-based horticultural lighting has become a key driver of productivity in controlled
environments. Spectral tuning and dosing strategies allow optimization of photosynthesis and product
quality while reducing specific energy consumption, as comprehensively reviewed by Pattison, Tsao,
Brainard, Bugbee (Pattison, Tsao, Brainard & Bugbee, 2018).

Assessments of the food production potential of cities indicate that a significant share of
vegetable output can be localized, provided that climate, building morphology, and sanitary-hygienic
standards are properly considered. Such assessments are useful for scenario planning of urban food
systems and logistics (Payen, 2022).

The ecological effects of green roofs include reductions in air and water pollution, as well as
the filtration of dust and particulates (Rowe, 2011; Van Mechelen, Dutoit & Hermy, 2015). At the
same time, plant selection and the development of monitoring metrics for vegetation quality have a
critical influence on the resilience of ecosystem services and the long-term performance of these
systems.

The concept of “reconciliation ecology” applied to rooftops and walls emphasizes the
compatibility of urban development with biodiversity. Operational reports underline the necessity of
scheduled maintenance and condition monitoring, while long-term observation series are documented
in studies by Francis, Lorimer, Liu, Minor (Francis & Lorimer, 2011 and Liu & Minor, 2005).

Empirical data confirm the contribution of green roofs to maintaining and enriching urban
biodiversity (Williams, Lundholm & Maclvor, 2014; Roehr & Kong, 2010). Parallel findings
show a substantial reduction of surface runoff in temperate climates when design and operational
requirements are met.

Extensive green roofs in several cities have demonstrated reductions in energy consumption
and improvements in indoor thermal comfort. In addition, attenuation of the urban heat island effect
has been recorded at the neighborhood and microclimate levels (Getter & Rowe, 2006; Alvarez &
Velasco, 2020).

Regional research within the post-Soviet context, including case studies in Almaty, highlights
the importance of regulatory support and the inclusion of green solutions in modernization roadmaps.
The influence of renovation governance regimes on the success of green infrastructure
implementation is discussed in comparative works by Murzabayeva, Lapshina, Tuyakayeva, and
Khmelnitskaya, lhalainen, (Murzabayeva, Lapshina & Tuyakayeva, 2022; Khmelnitskaya &
Ihalainen, 2021).

Design recommendations for rooftop agriculture establish requirements for access, safety, and
operation, including rainwater harvesting and the management of organic waste. Long-term
observations of rooftop vegetation clarify successional trajectories, resilience, and maintenance
volumes (Daneshyar, 2024; Kohler, 2006).
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Socioeconomic assessments demonstrate that when externalities are accounted for
(microclimate, runoff, health, community effects), the benefits of green roofs increase significantly
(Bianchini & Hewage, 2012; Lundholm, 2006). The “habitat template” approach provides a
framework for linking architecture and biodiversity, setting design guidelines for facades and
rooftops.

3 MATERIALS AND METHODS

The comparative method involved a qualitative analysis of typical interventions-extensive and
intensive green roofs, rooftop greenhouses, vertical farms, and nature-based stormwater
infrastructure-using a unified parameter matrix. The parameters included:

—Design loads and verification of load-bearing capacity (including snow, wind, and seismic
actions);

—Structural nodes and detailing;

—Water and energy management (rainwater harvesting, heat recovery/utilization);

—Operational and maintenance requirements;

—Sanitation and safety standards;

—Indicative CAPEX/OPEX values, where available.

Based on the resulting intervention profiles, a synthesis of design principles and a phased
implementation model was developed, tailored to the conditions of residential district modernization.

3.1 Main directions of modernization

The modernization of residential districts implies a comprehensive set of transformations that
affect not only the architectural and spatial organization of development but also its engineering,
environmental, and social dimensions. One of the priority directions is the renewal of the housing
stock: facade reconstruction, thermal insulation of building envelopes, replacement of outdated
engineering networks, and the implementation of modern energy-efficient technologies. These
measures can significantly reduce operating costs, improve comfort levels, and extend the service life
of buildings.

It is also important to reconsider attics, basements, and technical floors, which previously
served exclusively utilitarian purposes: they may be adapted for household and public functions,
cultural venues, and educational spaces.

Equally important is the creation of new public and recreational areas. Courtyard territories,
once perceived as secondary or transit spaces, acquire multifunctional roles during modernization:
they become places for recreation, sports, cultural activities, and resident interaction. Such
transformation redefines the district from a collection of individual buildings into a cohesive social
space that strengthens horizontal connections and fosters local identity.

Special attention is given to environmental aspects. In modern cities, modernization is
impossible without systems for rational water use, waste separation and recycling, the application of
renewable energy sources, and the enhancement of ecological resilience in urban development.
Architectural and engineering solutions must be integrated into a single concept in which buildings
and courtyards function as interconnected elements of a unified environment.

Ultimately, the modernization of residential districts becomes a tool for shaping a qualitatively
new urban environment, where architectural, engineering, and social transformations reinforce one
another and are directed toward creating a sustainable, comfortable, and adaptive living space.

3.2 Integration of eco-agroarchitecture into modernization processes

A key principle of such transformation is multifunctionality. Spaces previously regarded as
purely utilitari

an or secondary (courtyards, passage zones, parking areas) can be reimagined as places for
shared living and activity. Here, gardening communities may emerge: residents cultivate greens,
organize workshops, host lectures, festivals, and neighborhood gatherings. The user becomes a co-
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author of the environment, which increases engagement and responsibility, strengthens horizontal
ties, and supports local identity.

In conditions of dense urban development and a shortage of available land, the importance of
vertical greening and green roofs grows considerably. These solutions compensate for land scarcity,
provide additional recreational areas, and deliver a wide range of benefits: reducing air and noise
pollution, improving building insulation, and contributing to energy savings. When integrated with
systems for rainwater harvesting, organic waste recycling, and smart sensor technologies, green roofs
and facades become elements of closed ecological cycles: each building functions as a miniature
“living organism” embedded within the microdistrict system.

Small-scale agricultural production represents another essential component. International
experience demonstrates that urban food cultivation is both possible and effective, offering significant
educational and therapeutic potential. Under contemporary conditions, such practices evolve through
rooftop and basement greenhouses, modular farms, micro-facilities for organic waste processing, and
compost production. These facilities may operate as community initiatives, cooperatives, or social
enterprises, simultaneously stimulating the local economy, creating jobs, and reducing dependence
on external food supplies.

Particular attention is also given to ecological water infrastructure. Traditional engineering
solutions for stormwater drainage are gradually giving way to nature-based systems: rain gardens,
bio-ponds, and water-retentive landscape forms. These reduce the load on urban sewer systems,
prevent localized flooding, and create aesthetically appealing and comfortable recreational spaces. In
the context of climate change and increasingly frequent extreme precipitation events, such solutions
become critically important, shaping a resilient system of interaction between the urban fabric and
natural processes.

A significant direction is the architectural adaptation of existing buildings. Attics, technical
floors, and other “dead zones” can be converted into greenhouses, conservatories, co-working spaces,
or cultural pavilions, thereby activating previously unused areas. The addition of photovoltaic panels,
rainwater harvesting systems, composters, and household waste processing units renders buildings
partially autonomous and resource-efficient, reducing operating costs and enhancing the resilience of
the urban environment.

New practices require not only engineering but also cultural change. Programs of “green
education” are essential for raising environmental literacy, developing skills in gardening and
sustainable consumption. Resident engagement through educational initiatives, joint projects, and
volunteering not only broadens knowledge but also fosters a responsible attitude toward the
environment, laying the foundation for long-term transformation of urban lifestyles.

Thus, the eco-agroarchitectural approach spans all levels of the urban environment-from
individual courtyards and buildings to entire blocks. Its implementation reduces ecological pressures,
strengthens climate resilience, develops social connections, and supports the local economy.
Importantly, this is not merely a technical modernization, but a large-scale socio-cultural process in
which every resident plays an active role: the city of the future is born from the synergy of engineering
solutions and collective efforts striving for harmony between people and nature.

3.3 Case example

Havana (Cuba). The urban organoponicos system, covering areas of up to several hectares
across sites of varying scale, emerged during a food crisis and demonstrated the effectiveness of
utilizing vacant land-along streets, on rooftops, and in courtyards-for organic vegetable cultivation
with minimal resource inputs (Figure 1). By 1998, Havana hosted more than 8,000 urban farms,
supplying a substantial share of the residents’ vegetable.
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Figure 1 - Rows of the “Organopoénico Plaza” area with seasonal greens: lettuce, spring onion, and others (Cuba's
organic revolution, 2008)

Bosco Verticale (Milan, Italy). A residential complex with vertical facade greening: more than
90 plant species, including trees and shrubs, integrated into the architecture to enhance biodiversity
and microclimate (Figure 2).

Figure 2 - Greened loggias of Stefano Boeri’s iconic building Bosco Verticale. (Boeri Studio’s Bosco Verticale was
the most significant building of 2014, 2025)

One Central Park (Sydney, Australia). A multifunctional building developed as part of the
Central Park redevelopment project. The skyscraper features a “hanging garden” fagcade, LED
illumination, and an integrated irrigation system within the framework of sustainable architecture. It
was recognized as one of the world’s best high-rise residential complexes in 2014. At 116 meters in
height, the building’s facades present challenging conditions for vegetation due to strong winds and
intense solar radiation (despite its orientation away from the south). For this reason, 350 plant species
capable of withstanding such stresses were selected for greening. Irrigation is supplied by the
complex’s wastewater, treated on-site through its own filtration system (Figure 3).
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Figure 3 - Terrace of the residential complex planted with vegetation. (N.Frolova, 2014)

Lufa Farms (Montreal, Canada). Commercial greenhouses located on the rooftops of industrial
buildings, supplying the city’s population with fresh vegetables while minimizing logistics and
enhancing food system resilience (Figure 4).

Figure 4 - The largest greenhouse located on the rooftop of Lufa Farms’ wholesale distribution center (Top 5 largest
greenhouses in the world, 2024)

Figure 5 diagram classifying solutions: courtyard gardens/orchards, green roofs
(extensive/intensive), rooftop greenhouses, vertical farms, and nature-based stormwater
infrastructure. For each typology, the diagram illustrates placement zones and key construction details
(root-resistant waterproofing, drainage and filter layers, structural frames/anchoring, water supply
and access points). Minimum requirements for engineering interfaces (irrigation, drainage, power
supply) and load limitations are indicated. The scheme is intended to support the selection of
configurations according to the baseline conditions of a given site.
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TYPOLOGIES OF ECO-AGRO
INTEGRATION

COURTYARD GARDENS AND
VEGETABLE PLOTS

GREEN ROOFS (EXTENSIVE /
INTENSIVE)

ROOFTOP GREENHOUSES
(BIRG)

VERTICAL FARMS AND
FACADE SYSTEMS

NATURE-BASED WATER
INFRASTRUCTURE

Figure 5 - Typologies of eco-agroarchitectural element integration (authors’ material)

Figure 6 - Three-phase model: quick interventions on existing roofs/courtyards; pilot projects
on public buildings with baseline monitoring; and scaling-up based on standards and programs. For
each phase, the inputs (structural assessment, utilities), target metrics (runoff retention, AT, energy
consumption), and decision points are indicated. The structure of the phases is aligned with
scheduling, resources, and management risks.

DIATE EFFECTS

STAGE 2: PILOTS ON PUBLIC

n BUILDINGS

STAGE 3: LARGE-SCALE
IMPLEMENTATION

Figure 6 - Phased model for implementing solutions in residential districts (authors’ material)
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Table 1 presents additional permanent loads, indicative capital and operating expenditures, as
well as expected effects and constraints for each type of solution. For green roofs, load benchmarks
are given in the water-saturated state: extensive ~ 0.6-1.2 kN /m?, intensive >1.5 kN /m?; for rooftop
greenhouses, the self-weight of glazing/structural frames together with wind and snow actions are
considered; for vertical farms, the weight of equipment and water is taken into account.

The consolidated indicators are intended for pre-design structural capacity checks, preliminary
selection of construction solutions, and high-level budgeting (CAPEX/OPEX). At the same time,
operational constraints (access, sanitary requirements, energy demand) are recorded, to be further

detailed at the project documentation stage.

Table 1
Comparison of Solutions by Loads, Costs, and Characteristics (author’s material)
Solution Additional Capital Operating .
Load Expenditures Expenditures Key Effects Constraints
Community building, Need for plot
Courtyard Low Low Low educational effect, local management and
Gardens : . )
microclimate improvement water supply
: 0.6-1.2 kKN/m? Reduction of surface Maintenance of
Extensive . runoff, mitigation of
(saturated Low-Medium Low L . substrate and
Green Roof o overheating, increase in .
condition) L drainage elements
biodiversity
Requirements for
Intensive . . . Food production, climatic load-bearing
> 2 - ’
Green Roof 2 1.5 kN/m Medium-High Medium and recreational benefits structures and
irrigation system
Building-
Integrated  Medium (weight Food production, Increased energy
Rooftop of frame and High Medium-High integration of closed demand, sanitary
Greenhouse glazing) resource cycles requirements
(BIRG)
. Increased energy
Vertical Lovy—Medlum . . High yield and year-round  demand, need for
(equipment and High High ; -
Farm . production specialized
water weight) ;
expertise

Table 2 systematizes elements of nature-based water infrastructure (rain garden, bioswale,
rainwater storage tank, composting, and PV-green roof combination), indicating their target
functions, maintenance requirements, and typical locations.

Operational regimes include periodic removal of sediment, inspection of filters and overflows,
checks of pumping equipment, and seasonal care of vegetation. The information provided defines the
composition of the stormwater management chain and the operational practices required to ensure
the designed hydraulic efficiency.

A unified parameter format ensures comparability of alternatives when developing operation
and maintenance regulations.

Table 2
Elements of Water Infrastructure and Maintenance Requirements (author’s material)
Intervention Maintenance Typical Locations

Rain Garden
Bioretention System (Bioswale /
Biofilter)

Seasonal plant care, removal of sediment
Regular removal of debris and sediment,
inspection of inlets/outlets
Filter and pump maintenance, tank
flushing
Periodic aeration and mixing, moisture
control
Regular cleaning and monitoring of
panels and vegetation layer

Courtyard spaces
Edges of pedestrian paths and
parking areas

Rainwater Harvesting Tank Rooftop or basement areas

Composting Courtyards and service areas

Photovoltaic Panels

Combined with Green Roof Accessible/operated rooftops
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4 RESULTS AND DISCUSSION

The challenge of modernizing residential districts today extends far beyond engineering and
technical solutions. Contemporary cities face environmental, social, and food-security pressures, and
only comprehensive approaches can deliver durable outcomes. Integrating eco-agroarchitectural
elements into residential environments appears to be a promising direction that simultaneously
enhances the quality of urban infrastructure and creates new opportunities for residents.

Although Kazakhstan currently lacks examples of the systematic integration of agro-ecological
solutions into microdistrict development, international practice demonstrates successful models of
urban agriculture: rooftop greenhouses and farms, vertical farms, and community agro-spaces have
been implemented and operate stably in major metropolitan areas. Moreover, academic studies and
peer-reviewed publications offer methodological guidance for designing such systems in residential
settings, forming a basis for adaptation to the Kazakhstani context.

Thus, the modernization of residential districts with the integration of eco-agroarchitectural
elements can become one of the key directions in the development of Kazakhstan’s urban
environment. This approach would not only improve the energy performance and environmental
quality of the housing stock, but also foster new forms of social activity, strengthen local food
security, and move cities closer to a sustainable development model. The absence of domestic
precedents should not be viewed as a constraint; on the contrary, it opens opportunities for pioneering
projects capable of setting new standards for the design and operation of the residential microdistricts
of the future.

The analysis of sources confirms that combining green roofs with nature-based stormwater
infrastructure consistently reduces both total volumes and peak stormwater flows, while
simultaneously improving the microclimate through evaporative cooling and increased thermal
inertia of the building envelope. These measures help mitigate the urban heat-island effect and, with
appropriate substrate and plant selection, enhance the structural and species diversity of urban
biotopes. For durable outcomes, not only the types of interventions matter, but also their coordination:
rain gardens, bioretention systems, rainwater storage, composting, and green roofs must operate as a
unified courtyard- and block-scale ecosystem.

The hydrological effect manifests through two mechanisms: retention and detention. Green
roofs and rain gardens “cut” peak runoff by redistributing flows over time, thereby reducing loads on
existing storm sewers and lowering the likelihood of courtyard flooding. Biologically based
stormwater systems (bioswales, biofilters) improve water quality via filtration through vegetative and
mineral layers and promote infiltration where geotechnical conditions allow. Rainwater tanks enable
partial capture of precipitation for subsequent irrigation, reducing potable-water demand and
stabilizing vegetation water regimes during dry periods. The effectiveness of these measures depends
on proper hydrologic siting within courtyard topography, the specified share of pervious surfaces,
and the overflow capacity during peak rainfall.

The microclimatic effect is expressed in lower surface temperatures of roofs and pavements
due to evaporation and shading, which improves pedestrian-level thermal comfort and decreases
building cooling loads in warm seasons. Green roofs additionally shield roofing assemblies from
extreme temperature swings and ultraviolet exposure, extending the service life of waterproofing. At
the block scale, a mosaic approach is important: alternating green elements with pervious coverings
and tree-shrub groupings creates heat-resilient micro-zones and improves the aeration of courtyard
spaces.

Biodiversity support is achieved through careful selection of substrate and plant species.
Practice shows that the use of native and drought-tolerant species reduces irrigation demand,
increases stress resistance, and promotes the formation of stable trophic networks (pollinators,
entomofauna, urban birds). Gradual development is important: first establishing a resilient baseline
floristic composition, then introducing continuous-bloom flowerbeds and “pockets” with seed-
bearing plants to enable natural self-seeding. At the same time, invasive species must be excluded,
and allergenicity requirements must be considered.
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4.1 Productive solutions

Rooftop greenhouses and vertical farms-add new value but impose higher requirements on
engineering integration. Rooftop greenhouses effectively utilize surplus building heat and solar
radiation; with recovery systems, it is possible to stabilize thermal regimes and reduce auxiliary
heating costs. Vertical farms typically require precise control of artificial lighting and microclimate,
which imposes demands on power supply, heat removal from light sources, and water treatment
systems. In both cases, sanitary regulations are mandatory: monitoring water quality for irrigation,
maintaining hygienic working conditions, pest management without toxic agents, ensuring adequate
ventilation, and preventing condensation that could damage building envelopes. Without these
measures, productive systems risk becoming sources of operational problems.

For post-Soviet microdistricts, structural capacity assessment and operational safety are critical.
Before implementing a green roof or greenhouse, load-bearing structures must be verified: accounting
for permanent loads from water-saturated substrate, snow and wind actions, and dynamic loads from
maintenance. Fire-safety measures (fire breaks, fire-service access), safe roof access, and
maintenance protocols that avoid damage to waterproofing are essential. At the courtyard scale,
existing networks, slopes, and potential internal flooding zones must be considered; bioswales and
rain gardens should be placed to avoid soaking building foundations and to ensure safe overflow
discharge.

4.2 Operation and maintenance are key determinants of long-term performance.

For green roofs, this includes seasonal servicing of the vegetative layer, inspection of gutters,
drains, and gravel firebreaks, and restoration of mulch. For biobased stormwater systems, routine
removal of debris and sediment is required, along with inspection of filter layers and re-establishment
of turf after extreme rainfall. Rainwater tanks require filter and pump checks, preventive flushing,
and water-quality monitoring. Introducing composting closes the organic loop: green waste from
courtyards and roofs becomes a resource for substrates and mulch. Effectiveness increases when a
responsibility matrix defines the roles of the homeowners’ association/management company,
landscaping contractors, and active residents, as well as baseline service levels and response times to
events (drought, heavy downpour, windthrow).

Co-governance models and resident participation enhance system resilience.

Pilot plots can be assigned to courtyard communities under the guidance of professional
curators: residents participate in species selection and conduct simple end-to-end monitoring (e.g.,
sediment gauges, visual checklists), while the management company handles high-risk professional
tasks (pump maintenance, waterproofing repairs). Public displays and digital panels at building
entrances that show accumulated rainwater volumes, the number of irrigation events without potable
water, and surface-temperature trends make results visible and build trust.

A phased strategy reduces risks and builds datasets for scaling.

Phase 1 (quick wins): low-risk interventions-rain gardens in flow-accumulation zones, localized
biofilters along parking edges, small tanks for landscape irrigation.

Phase 2: extensive green roofs on technical areas with easy access and minimal additional
weight.

Phase 3: integration of photovoltaic panels with green roofs to improve energy and
microclimatic performance.

Phase 4: productive solutions-rooftop greenhouses and compact vertical farms-in buildings
with verified structural reserve and ready engineering infrastructure.

Each phase is accompanied by monitoring and iterative refinement of O&M protocols.

Monitoring should be structured as an evidence-based management system. Core indicators
include: the proportion of runoff reduced and frequency of overflows, surface temperature of roofs
and pavements, substrate moisture, plant survival rates, maintenance costs, and number of complaints.
Additional indicators may cover biodiversity (pollinator and bird counts), while for productive
systems they include yield and specific energy intensity. Data collected over at least one full
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hydrological year enables adjustments to design solutions, optimization of maintenance schedules,
and evidence-based scaling of successful prototypes to adjacent courtyards and rooftops.

The economic dimension consists of initial capital investments and operating expenditures.
Operating costs can be reduced through deliberate selection of durable materials, standardization of
details, and training of staff and residents in simple maintenance protocols. Additional value is created
by the “stacking of effects”: water savings from storage tanks, reduced cooling costs, extended service
life of waterproofing, localized production of fresh produce, and the enhancement of courtyard “social
capital.” The presence of a clear co-financing model (municipal programs, grants, business
partnerships) accelerates scaling, but it is critical that each solution remains viable within realistic
budgets and load conditions.

Taken together, the results demonstrate that the integration of green roofs, nature-based
stormwater infrastructure, and productive agro-elements into post-Soviet residential districts is
technically feasible and managerially achievable, provided phased implementation, strict adherence
to O&M regulations, and transparent monitoring are in place. This approach mitigates climatic and
hydrological risks, enhances the quality of the urban environment, and generates sustainable added
value for both residents and management organizations.

5 CONCLUSIONS

1. Integrating eco-agroarchitectural elements in the modernization of residential districts
simultaneously addresses environmental, social, and food-security objectives while improving energy
efficiency and overall urban environmental quality.

2. The absence of Kazakhstani precedents is not a barrier: drawing on international practice and
scholarly guidance enables the launch of pilot projects that can establish new standards for design
and operation.

3. Eco-agroarchitecture functions as a truly multidisciplinary modernization tool: it reduces
stormwater risks and urban overheating, enhances thermal comfort and biodiversity, and stimulates a
local care economy and resident cooperation. The effect is robust when solutions are integrated into
a unified courtyard - block system.

4. Starter measures - extensive green roofs, rain gardens, and community gardens - deliver “quick
wins” with moderate costs and low risk. They cut peak runoff, improve the microclimate, and raise
social engagement; simple O&M regulations and clear roles for responsible parties are essential.

5. Rooftop greenhouses and vertical farms should be introduced as pilots on public buildings.
Load calculations, integration with heat and lighting systems, and sanitary requirements are
mandatory. Energy and water monitoring (kWh/kg, L/kg) enables rapid process adjustment and cost
control.

6. System resilience rests on three pillars: reliable structural calculations and details; clear O&M
protocols (seasonal inspections, cleaning, safe access); and co-governance models with resident
participation, formalized through a responsibility matrix and a dedicated budget.

7. For Kazakhstan, an optimal pathway is a phased model - “quick effects - pilots - scaling up”
within municipal programs and standards: typified solutions, procurement criteria, target monitoring
indicators, and funding for maintenance ensure reproducibility and the wide replication of best
practices.

REFERENCES
1. Oberndorfer, E., Lundholm, J., Bass, B., et al. (2007). Green roofs as urban ecosystems:
Ecological structures, functions, and services. BioScience, 57(10), 823-833.

https://www.researchgate.net/publication/232694304 _Green_Roofs_As_Urban_Ecosystems_
Ecological_Structures_Functions_And_Services

61


https://www.researchgate.net/publication/232694304_Green_Roofs_As_Urban_Ecosystems_Ecological_Structures_Functions_And_Services
https://www.researchgate.net/publication/232694304_Green_Roofs_As_Urban_Ecosystems_Ecological_Structures_Functions_And_Services

QazBSQA Xaoapmbichl. Ne3 (97), 2025. Cayuer

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Mentens, J., Raes, D., & Hermy, M. (2006). Green roofs as a tool for solving the rainwater
runoff problem in the urbanized 21st century? Landscape and Urban Planning, 77(3), 217-226.
https://doi.org/10.1016/j.landurbplan.2005.02.010

Jaffal, I., Ouldboukhitine, S.-E., & Belarbi, R. (2012). A comprehensive study of the impact
of green roofs on building energy performance. Renewable Energy, 43, 157-164.
https://doi.org/10.1016/j.renene.2011.12.004

Susca, T. (2019). Green roofs to reduce building energy use? A review on key structural factors
of green roofs and their effects on urban climate. Building and Environment, 162, 106273.
https://doi.org/10.1016/j.buildenv.2019.106273

Shafique, M., Kim, R., & Rafig, M. (2018). Green roof benefits, opportunities and challenges-
A review. Renewable and Sustainable Energy Reviews, 90, 757-773.
https://doi.org/10.1016/j.rser.2018.04.006

Dvorak, B., & Volder, A. (2010). Green roof vegetation for North American ecoregions: A
literature review. Landscape and Urban Planning, 96(4), 197-213.
https://doi.org/10.1016/j.landurbplan.2010.03.005

Whittinghill, L. J., & Rowe, D. B. (2012). The role of green roof technology in urban
agriculture.  Renewable  Agriculture and  Food  Systems, 27(4), 314-322.
https://doi.org/10.1017/S174217051100038X

Sanyé-Mengual, E., Oliver-Sola, J., Montero, J. |, & Rieradevall, J. (2015). An
environmental and economic life cycle assessment of rooftop greenhouse (RTG)
implementation in Barcelona, Spain. The International Journal of Life Cycle Assessment, 20(3),
350-366. https://doi.org/10.1007/s11367-014-0836-9

Sanjuan-Delmés, D., Rovira-Val, M. R., Nadal, A., Rieradevall, J., & Josa, A. (2018).
Environmental assessment of an integrated rooftop greenhouse for food production in cities.
Journal of Cleaner Production, 177, 326-337. https://doi.org/10.1016/j.jclepro.2017.12.147
Nadal, A., Ceron-Palma, I., Cuerva, E., et al. (2017). Building-integrated rooftop
greenhouses: An energy and environmental assessment. Applied Energy, 187, 338-351.
https://doi.org/10.1016/j.apenergy.2016.11.022

Benis, K., Reinhart, C. F., & Ferrao, P. (2018). Development of a simulation-based decision
support workflow for the implementation of rooftop greenhouses. Journal of Industrial Ecology,
22(1), 138-152. https://www.sciencedirect.com/science/article/abs/pii/S0959652617301452
Specht, K., Siebert, R., Hartmann, 1., et al. (2014). Urban agriculture of the future: An
overview of sustainability aspects of food production in and on buildings. Agriculture and
Human Values, 31, 33-51. https://doi.org/10.1007/s10460-013-9448-4

Kalantari, F., Tahir, O. M., Joni, R. A., & Fatemi, E. (2018). Opportunities and challenges
of rooftop urban agriculture: A systematic review of literature and stakeholders’ analysis.
Journal of Cleaner Production, 197, 1039-1056. https://doi.org/10.1016/j.jclepro.2018.06.052
Al-Kodmany, K. (2018). The vertical farm: A review of developments and implications for
the vertical city. Buildings, 8(2), 24. https://doi.org/10.3390/buildings8020024

Beacham, A. M., Vickers, L. H., & Monaghan, J. M. (2019). Vertical farming: A summary
of approaches to growing skywards. The Journal of Horticultural Science and Biotechnology,
94(3), 277-283.
https://www.researchgate.net/publication/331130061 Vertical _farming_a_summary_of appr
oaches_to_growing_skywards

Pattison, P. M., Tsao, J. Y., Brainard, G. C., & Bugbee, B. (2018). LEDs for photons,
physiology and food. Nature, 563(7732), 493-500. https://doi.org/10.1038/s41586-018-0706-x
Payen, F. T., (2022). How much food can we grow in urban areas? Food production and
consumption potential in any city worldwide. Earth’s Future, 10(5), €2022EF002748.
https://pubmed.ncbi.nim.nih.gov/36246543/

Rowe, D. B. (2011). Green roofs as a means of pollution abatement. Environmental Pollution,
159(8-9), 2100-2110. https://doi.org/10.1016/j.envpol.2010.10.029

62


https://doi.org/10.1016/j.landurbplan.2005.02.010
https://doi.org/10.1016/j.renene.2011.12.004
https://doi.org/10.1016/j.buildenv.2019.106273
https://doi.org/10.1016/j.rser.2018.04.006
https://doi.org/10.1016/j.landurbplan.2010.03.005
https://doi.org/10.1017/S174217051100038X
https://doi.org/10.1007/s11367-014-0836-9
https://doi.org/10.1016/j.jclepro.2017.12.147
https://doi.org/10.1016/j.apenergy.2016.11.022
https://www.sciencedirect.com/science/article/abs/pii/S0959652617301452
https://doi.org/10.1007/s10460-013-9448-4
https://doi.org/10.1016/j.jclepro.2018.06.052
https://doi.org/10.3390/buildings8020024
https://www.researchgate.net/publication/331130061_Vertical_farming_a_summary_of_approaches_to_growing_skywards
https://www.researchgate.net/publication/331130061_Vertical_farming_a_summary_of_approaches_to_growing_skywards
https://doi.org/10.1038/s41586-018-0706-x
https://pubmed.ncbi.nlm.nih.gov/36246543/
https://doi.org/10.1016/j.envpol.2010.10.029

QazBSQA Xaoapmbichl. Ne3 (97), 2025. Cayuer

19

20

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

. Van Mechelen, C., Dutoit, T., & Hermy, M. (2015). Qualitative parameters for urban green
roof vegetation. Landscape and Urban Planning, 143, 121-133.

. Francis, R. A., & Lorimer, J. (2011). Urban reconciliation ecology: The potential of living

roofs and walls. Journal of Environmental Management, 92(6), 1429-1437.

https://www.sciencedirect.com/science/article/abs/pii/S0301479711000132

Williams, N. S. G., Lundholm, J., & Maclvor, J. S. (2014). Do green roofs help urban

biodiversity  conservation?. Journal of Applied Ecology, 51(6), 1643-1649.

https://besjournals.onlinelibrary.wiley.com/doi/full/10.1111/1365-2664.12333.

Roehr, D., & Kong, Y. (2010). Runoff reduction effects of green roofs in Vancouver. Urban

Water Journal, 7(6), 407-418. https://doi.org/10.4296/cwrj3501053

Getter, K. L., & Rowe, D. B. (2006). The role of extensive green roofs in sustainable

development. HortScience, 41(5), 1276-1285. https://doi.org/10.21273/HORTSCI.41.5.1276

Alvarez, A. E., & Velasco, E. (2020). Mitigating urban heat island through green roofs. Urban

Climate, 34, 100700.

Murzabayeva, K., Lapshina, E., & Tuyakayeva, A. (2022). Modernization of the living

environment space using the example of an urban array of residential buildings from the Soviet

period in Almaty. Buildings, 12(7), 1042. https://doi.org/10.3390/buildings12071042
Khmelnitskaya, M., & lhalainen, E. (2021). Urban Governance in Russia: The Case of
Moscow Territorial Development and Housing Renovation. Europe-Asia Studies, 73(6), 1149-

1175. https://www.tandfonline.com/doi/full/10.1080/09668136.2021.1937573

Daneshyar, E. (2024). Residential Rooftop Urban Agriculture: Architectural Design
Recommendations. Sustainability, 16(5), 1881. https://doi.org/10.3390/su16051881

Kohler, M. (2006). Long-term vegetation research on two extensive green roofs in Berlin.
Urban Habitats, 4(1), 3-26.

Bianchini, F., & Hewage, K. (2012). Probabilistic social cost-benefit analysis for green roofs.
Building and Environment, 58, 152-162. https://doi.org/10.1016/j.buildenv.2012.07.005
Lundholm, J. (2006). Green roofs and facades: A habitat template approach. Urban Habitats,

4(1), 87-101.

Boeri Studio's Bosco Verticale was the most significant building of 2014 (2025). Dezeen.
https://www.dezeen.com/2025/01/20/bosco-verticale-stefano-boeri-21st-century-architecture
Frolova, N. (2014). “Zelenaya” arkhitektura nalitso [“Green” architecture in sight]. Archi.ru.
https://archi.ru/world/58450/zelenaya-arkhitektura-nalico_(In Russ.).

Top 5 largest greenhouses in the world [Top 5 samykh bol’shikh teplits v mire]. (2024).

Svoefermerstvo.ru. https://svoefermerstvo.ru/svoemedia/articles/top-5-samyh-bol-shih-teplic-

v-mire (In Russ.).

Cuba’s organic revolution. (2008, April 4). The Guardian.
https://www.theguardian.com/environment/2008/apr/04/organics.food

63


https://www.sciencedirect.com/science/article/abs/pii/S0301479711000132
https://besjournals.onlinelibrary.wiley.com/doi/full/10.1111/1365-2664.12333
https://doi.org/10.4296/cwrj3501053
https://doi.org/10.21273/HORTSCI.41.5.1276
https://doi.org/10.3390/buildings12071042
https://www.tandfonline.com/doi/full/10.1080/09668136.2021.1937573
https://doi.org/10.3390/su16051881
https://doi.org/10.1016/j.buildenv.2012.07.005
https://www.dezeen.com/2025/01/20/bosco-verticale-stefano-boeri-21st-century-architecture/
https://www.dezeen.com/2025/01/20/bosco-verticale-stefano-boeri-21st-century-architecture
https://archi.ru/world/58450/zelenaya-arkhitektura-nalico
https://svoefermerstvo.ru/svoemedia/articles/top-5-samyh-bol-shih-teplic-v-mire
https://svoefermerstvo.ru/svoemedia/articles/top-5-samyh-bol-shih-teplic-v-mire
https://www.theguardian.com/environment/2008/apr/04/organics.food

QazBSQA Xaobapmbicsl. Ne3 (97), 2025. Kypbuibic

UDC 699.841
IRSTI 67.07.11
RESEARCH ARTICLE

ASSESSMENT OF SEISMIC RISK AND RELIABILITY BASED ON
THE RESULTS OF PASSPORTIZATION

Y.S. Aldakhovt2® | V.A. Lapin*® | zh.N. Moldamuratov2® | 5.D. Aldakhov! @
B. Piatek® ®

'Kazakh Research and Design Institute of Construction and Architecture,
050046, Almaty, Kazakhstan

International Educational Corporation, 050043, Almaty, Kazakhstan
SRzeszow University of Technology, 35-959, Rzeszow, Poland

Abstract. In the city of Almaty, a complete certification of the housing stock of
multi-apartment buildings was carried out for the first time. A total of over 10 thousand
buildings were inspected. The structure of the housing stock was revealed, with groups
of buildings identified based on design solutions and reliability assessment. Based on
the certification results, quantitative assessments of the failure probability values for
various types of buildings were obtained for the first time. Formulas for assessing the
quantitative value of seismic risk were obtained. The results of seismic vulnerability
assessment using the classification of buildings according to the European
macroseismic scale EMS-98 and the seismic scale MSK-64(K) used in the Republic of
Kazakhstan are presented. The obtained results are compared. The number of multi-
story residential buildings of various design types located on tectonic faults was
identified. Based on global statistical data, the number of people killed in a design
earthquake was assessed. An integral assessment of the reliability (probability of
failure-free operation) of the multi-story housing stock of Almaty was obtained. It was
shown that the demolition of non-earthquake-resistant wooden buildings will increase
the overall reliability of a group of multi-story residential buildings by almost 15%. It
has been established that the most dangerous buildings are those with external load-
bearing walls and an internal frame; buildings with load-bearing walls made of
brickwork and precast reinforced concrete floors; buildings with a height of 2 or more
floors with load-bearing walls made of brickwork and wooden floors,; single-storey
buildings with load-bearing walls made of brickwork. The results of the quantitative
assessment of seismic risk values can be used to develop rational urban development
schemes and economic assessment of the territory used.
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vulnerability, tectonic faults.
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IMACIIOPTTAY HOTUKEJIEPI BOUBIHIIIA CEUCMUKAJIBIK
TOYEKEJ MEH CEHIMILJIIKTI BAFAJIAY
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AHaaTna. Anmamul KAlacelHOa anleaul pem KONnnamepii UMapammapobvly
MYPbIH YUl KOPbIHA MOJILIK, MOIKYHcammay i ypaizinoi. bapavizer 10 mviynan acmam
eumapam sepmmendi. Kouncmpykmuemi wewimoep men ceHimOinikmi 6Oaganay
OoUbIHWA 2UMAPAMMap MonmapvlH 6esie OMbipbln MYPEbIH Vil KOPbIHbIH KYPblIbIMbL
anvikmanovl. Tenkyscammay Hamudcenepi OOUbIHWIA an2aul pem UMApammapobly
apmypni munmepi ywin akay nauoa 6001y bIKMUMALIObIZbIHLIY CAHObIK 0aeanapul
anviHovl. CelicMuKanvlk mayekenioiy CaHoblK MaHIH baganayea apHaneau hopmyaanap
anvinovl.  Kazakcman Pecnybnuxacvinoa xonoanviiamein EMS-98  eyponanvik
maxpoceucmurkanvlk wkanacel xcone MSK-64(K) ceticmuxanvlk wkanacel 60tbiHUA
aumapammapOobly HCIKMeMeCiH Naudaiana Omvlpbin, CEUCMUKATILIK O0CALIObIKMbL
bazanay Hamuoicenepi Kenmipinoi. AnviHean Hamudicenepoi CanblCmulpy OPbIHOALObL.
Texmonuxanvlk sHcapolkmapoa OpHANACKAH apMYPAi KOHCMPYKMUGMIK munmezi Kon
Kabammul mypaeit yunepoiy canvl aHblkmanovl. Cmamucmukanivly a1emoik oepexmep
He2i3iHOe ecenmeneer xcep CLIKIHICI Ke3iHOe Ka3a Mankamoap camvbli 60azanay
AHCYP2I3IN0L. ANMamyl KanidacvblHbIY KONKAOAmmul MYpPEblH Vil KOPbIHblY CeHIMOLNICIHIY
(akaycolz oicymblc icmey bIKMUMALObIEbIHA) UHmMe2panobl 0aganayvl anibliHObL.
Celicmuxkaza me3imoi emec azawi umapammapowvl 6y3y Ken Kabammvl MYpblH
aumapammap moOblHbIY HCAINbL CeHIMOinicin 15%-ea apmmuipamseiibl KOpcemineeH.
Ey kayinmici ceipmkbl Kyw mycemin KaOvlpeanapvl MeH WK dcakmayvl 6ap
umapammap, Kipniui KaiayoaH Hcacan2aH Kyul mycemin KaOblp2anapbul HcaHe Kypama
memipboemon dHcabviHOapsbl O6ap eumapammap,; Kipniul KAalayoaw Hicacaneaum Kyul
mycemin Kabvipeanapvl MeH azaul xabvlHoapvl bap ouixmiei 2 Hemece 00aH 0a KON
Kabammol umapammap, Kipniu KaiayoaH Hcacanzan Kyuw mycemin KaOwvlp2aiapbsl
bap 0ip xabammul eumapammap. An celicMUKanivlk mayeKeil Wamanapblii CAHObIK
bazanay Hamudicenrepi YmulMObl Kald KYpblabiCbl, NAUOAIAHLLIAMbIH AYMAKMbl
IKOHOMUKATILIK OARANAY CXeMANAPbIH J3ipiey Yulin nauoalaHbLLybl MYMKIH.

Tyiiin ce3nep: menxyscammay, mayeken, umapam, WbIEbIHOAP, CEHIMOILNIK,
Kaumanauy, 0canovlk, MeKmOHUKAIbIK HCAPLIKMAP.
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OIIEHKA CEMUCMUYECKOI'O PUCKA U HAJJEXKHOCTH IO
PE3YJIBTATAM HACIHIOPTU3ALIMU
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AHHOTaUUsA. B 20poode Anmamvl énepsvie nposedeHa NOAHAS NACNOPMUAYUS
AHCUNO20 (POHOA MHO2OK8APMUPHBLIX 30anuil. Bcezo oOvlio obcredosano ceviwe 10
mulcay 30anull. Bviasnena cmpykmypa scuno2o ¢poroa ¢ gvloeneruem epynn 30anutl no
KOHCMPYKMUBHbIM —~ peuleHusM U  oyeHKu Haldexcnocmu. Ilo  pezyromamam
nacnopmu3ayuuy 8nepevle Noay4eHbl KOIUYeCmeeHHble OYEeHKU 8elUYUH 8ePOSMHOCMU
omkaza Ons  pasiuuHelx munog 30anuti. Ilonyuenvt Gopmynvt 0ns  oyeHKu
KOJIUYEeCB8EHH020 3HAUEHUs. celicMuyecko2o pucka. Ilpusedenvl pesyibmamol oyenKu
celicMU4eckol  VA36UMOCMU C  UCHONb308AHUEM  Klaccuukayuu 30aHuti  no
Eeponetickou maxpoceticmuueckoui wkane EMS-98 u ceticmuueckot wikanor MSK-
64(K), npumensiemoui 6 Pecnyonuxe Kazaxcman. Bwinonweno conocmaenenue
NONYYEHHbIX Pe3yIbmamos. Bvisigneno Koauuecmeo MHOS0IMANCHBIX HCUNBIX 30AHULL
DPA3TUYHBIX KOHCIPYKMUBHBIX MUNOS, PACNON0HCEHHBIX HA MEKMOHUYECKUX PA3TIOMAX.
Ha ocnoge cmamucmuueckux Mupogvlx OAHHbIX HPOGeOeHA OYEeHKA KOIUudecmed
noaubwiux npu pacuemHom 3emaempscenuu. Ilonyuena unmezpanvHas oyeHKa
HaodedicHOCmu  (6epOsSIMHOCMU  0e30MKA3HOU pabomvl) MHO20IMANCHO20 IHCUTO20
¢onoa copooa Anmamul. [lokazano, ymo cHOC He CeUCMOCMOUKUX OePEeGAHHBIX 30AHULL
yeenuuum oouyo HA0eHCHOCHb 2PYNNbl MHOLOIMANCHBIX JHCUILIX 30AHULL NOYMU HA
15%. Ycemanoeneno, umo maubonee onacmviMu AGNAIOMCA 30AHUS C HAPYHCHBIMU
HeCyWumuy CMmeHamu U 6HYMPEeHHUM KAPKACOM, 30aHUsi C HeCyWuMu CmeHaMu u3
KUPDNUYHOU KIAOKU U COOPHBIMU JHCeNe300eMOHHbIMU  NEPEeKPLIMUAMU, 30AHUS
gvicomoti 8 2 u 6olee smadicell C HeCYWUMU CMEHAMU U3 KUPNUYHOU KIAOKU U
0EpesAHHbIMU NEPEeKPLIMUAMU, OOHOIMANCHbIE 30AHUSL C HeCYWUMU CMEHaMU U3
KUPNUYHOU K1aoKku. B pe3yiomamsi KOIUuuecmeeHHOU OYeHKU 8eTUYUH CeUCMUYECKO20
pucka mocym Ovblmb UCNONL308AHbI 01 paAspabOmKu cxeM PaAyUOHATLHO2O
2padocmpoumenbcmed, IKOHOMUUECKOU OYEeHKU UCNONb3YeMO MepPUmMopul.

KuaroueBble ciioBa: nacnopmusayus, puck, 30anue, nomepu, HAOEHCHOCHDb,
NOBMOPSAEMOCHIb, YA36UMOCb, MEKMOHUYECKUe PA3TOMbL.
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1 INTRODUCTION

The districts of the Almaty metropolis constitute the most seismically active area in Central
Asia. Over the past 140 years, three strong earthquakes with magnitudes of 7 — 8 have occurred here:
the Verny earthquake of 1887, the Chilik earthquake of 1889, and the Kebin (Kemin) earthquake of
1911. The current population of Almaty is about 2.0 million people, and including the suburbs, about
2.5 million. The background seismicity of the city’s territory, according to the MSK-64(K) scale, is
9 points. According to the old seismic zoning map, there are extensive ten-point zones composed of
soft and loose soils. The entire central part of the city is literally located on tectonic faults, some of
which may be seismogenic. According to the Seismic Zoning Map of the Republic of Kazakhstan,
the median peak ground acceleration is 0.38 g for a recurrence period of once in 475 years and 0.73
g for a recurrence period of once in 2,475 years (g — acceleration of gravity). Since December 12,
2019, the Republic of Kazakhstan has adopted a new construction regulatory framework based on
Eurocode, which provides a probabilistic description of seismic hazard parameters and formalizes the
concept of risk to a significant degree.

The first building inventory in Almaty was carried out in the late 1990s under the supervision
of Academician T.Zh. Zhunusov. Recommendations for building inventory were developed, and the
central part of the city was surveyed. The first seismic risk assessments for Almaty were discussed at
an international expert meeting held in the city on October 22-25, 1996. It was noted that, in the event
of a 9-point earthquake in the Almaty region, depending on the season and time of day, up to 75
thousand people could be killed and up to 300 thousand injured. This initiated the development of the
Program for the Protection of the Population of Almaty from Earthquakes (Lobodryga &
Shardarbek, 2001; Lobodryga, 2015).

The second building inventory — a sample survey of multi-apartment residential buildings in
Almaty — was carried out in 2008 within the framework of the “Study on Seismic Risk Management
in the City of Almaty, Republic of Kazakhstan” under the auspices of the Japan International
Cooperation Agency (JICA). The survey showed that at least 30% of multi-apartment residential
buildings were non-seismic-resistant. In works (Lapin & Erzhanov, 2016; Lapin & Erzhanov,
2017; Aldakhov, 2019) the problems of assessing seismic risk levels for facilities in Kazakhstan and
Almaty began to be considered from the standpoint of risk theory.

2 LITERATURE REVIEW

The third certification was carried out in 2017-2018 on the basis of an agreement between the
State Institution "Department of Architecture and Urban Development of Almaty" and JSC "Kazakh
Research and Design Institute of Construction and Architecture™ (JSC KazNIISA) (Tuleev et al.,
2018; Shokbarov, 2020).

The results are presented in Table 1. These results are, as it were, experimental data on
assessing the seismic resistance of the housing stock of a specific territory.

It should be noted that during the certification, a large number of photographs were obtained
for all types of buildings.

It should be noted that for the first time, when examining all buildings, the practice of shooting
the objects being examined from drones was implemented. Photographic materials on shooting the
objects being examined from various angles are stored for each object. Figure 1-2 show photographs
of some non-earthquake-resistant buildings.

The structure of the housing stock in any settlement, including the city of Almaty, is crucial
information for assessing the levels of reliability and seismic risk for a given city or metropolis.

Based on the results of the building inventory conducted in 2017-2018 (Lobodryga &
Shardarbek, 2001), the complete structure of the housing stock is presented in Table 3 (multifamily
residential buildings). The risk of failure is shown in Tables 4, 5.

The first significant result was obtained: as a result of additional inspections of multistory
residential buildings, the proportion of non-seismic-resistant buildings decreased from 33.32% to
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25.90%. The explanation is fairly straightforward: modern multistory residential complexes were

constructed using monolithic structural solutions.

The second significant result was that only buildings with a steel frame in Almaty can be
unequivocally classified as seismic-resistant. All other building types have non-zero probabilities of
failure, which applies even to relatively seismic-resistant large-panel buildings. Figure 1 shows an
example of a non-seismic-resistant large-panel building

Table 1
The structure of the housing stock of the city of Almaty - apartment buildings (2017-2018)
Number of non-  Index of non- Ma“:lgll: es of
Ne Design solution Nul.nb.e r of earth.quake- earth.quake- earthquake-
buildings resistant resistant .
buildings buildings, % re§1st.ant
buildings
Buildings with a
1 Large-panel 2658 33 1,242% first flexible or
brick floor
Two-story
buildings with
2 Brick 1607 1594 99,07% wooden floors,
four-story
buildings of the
60s
3 Frame 1847 59 3,195% Individual
objects
4 Monolithic 1420 27 1,902% Single objects
Two-story
5 Wooden 627 627 100% frame-reed with
a service life of
over 50 years
6 Metal-frame 12 — — —
Total 8171 2340 33,32%

Figure 1 — Large-panel building with a flexible first
floor, Mynbayev str.47 (author’s material)

Figure 2 — Brick building, Shcherbakov str.16
(author’s material)
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Table 2

Results of the passportization of residential multi-storey residential buildings (MSRB) in 2024

Series of multi-storey residential buildings Quantity Non-earthquake-resistant buildings

IPkar 300 195
[Pmon 1402 -
158 2 -
1K3-464-AS 1 -
1K3-464DS 4 -
308 2 -
69 1 -
VP 3 -
VT 2 -

IP kir 36 36
IPder 7 7
[Pmetal 6 -
Reed panel frame buildings 5 5
CXKKY (SZHKU) 2 -
CXKKY-9 (SZHKU-9) 1 -
No buildings 3 3

total: 1777 246

Table 3

Complete structure of the housing stock of the city of Almaty according to all passports - apartment buildings

Number of non-

Index of non-

. . Number of earthquake- Probabilities of failure
Ne Design solution s earthquake- . .
buildings resistant buildings resistant risk
buildings, %
Buildings with a first
1 Large-panel 2666 33 1,238% flexible or brick floor, built
in an economic way.
Two-story buildings with
2 Brick 1645 1624 98,723% wooden floors, four-story
buildings of the 60s
3 Frame 2155 251 11,647% Individual objects
4 Monolithic 2822 27 0,957% Single objects
Two-story frame-reed with
5 Wooden 639 639 100% a service life of over 50
years
6 Metal-frame 18 - - -
7 Unfinished 3 3
Total 9948 2577 25,90%
Table 4
Failure risk probabilities for different building types
. . Number of Number of non- Index of non-earthquake- Probal.)llltles
Ne Design solution o 1s earthquake-resistant . g of failure
buildings . resistant buildings, % .
buildings risk
1 Large-panel 2666 33 1,238% 0.0124
2 Brick 1645 1624 98,723% 0.9872
3 Frame 2155 251 11,647% 0.1165
4 Monolithic 2822 27 0,957% 0.0096
5 Wooden 639 639 100% 1
6 Metal-frame 18 - - 0
7 Unfinished 3 3 1
Total 9948 2577 25,90%

70



QazBSQA Xaobapmbicsl. Ne3 (97), 2025. Kypbuibic

Table 5
Failure risk probabilities for different building types
. Probabilities
. . Pl:opablhty Probabilities of  of risk of failure of
Ne Design solution of a building of . . o .
. failure risk buildings of this
this type
group
1 Large-panel 0.2680 0.0124 0.0033
2 Brick 0.1654 0.9872 0.1633
3 Frame 0.2166 0.1165 0.0252
4 Monolithic 0.2837 0.0096 0.0027
5 Wooden 0/0642 | 0/00642
6 Metal-frame 0/0018 0 0.0
7 Unfinished 0.00030 | 0.0030

3 MATERIALS AND METHODS

Below are the average values of economic damage U of buildings by groups of buildings
according to the data of Khakimov Sh.A. Figure 3, which were obtained during the analysis of the
consequences of strong earthquakes in Central and Middle Asia (Khakimov & Nurtaev, 2003;
Khakimov & Nurtaev, 2005; Khakimov, 2001). Note that here there is a connection between the
earthquake score and the average damage in % of the initial cost.

Economical loses, %

U
100

o
=

2/

/

1,4~
Z

=il

I, points

56 7

td

Figure 3 — Regression dependences of damage on the intensity of impact in points on a scale MSK-64 (K).
(author’s material)

Using the data in Table 2 and the previous calculations, we can estimate the seismic risk R.
Using the classical definition of risk as the product of the probability of failure Q and the value
of the loss function (Seismic Risk and Engineering Solutions, 1981).

R=QU,

(1)

where U is the damage from failure as a share of the initial cost of the object. Then, according
to the data in Table 2, for the risk value we write

R=0.55-N1Q1U1+N2-Q2U2+N3-Q3U3+0.55-N4Q4+0.40-N5QsUs +0.40-Ns Qs Us,
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where Ui — average damage to a building from the i-th group of buildings, Ni is the number of
non-earthquake-resistant buildings in each group from Table 2. The values of Qi can be taken from
Table 2 for a particular value of repeatability.

Taking into account Ne=0, we will have a regression dependence

R=0.55'N1Q1U1+N2-Q2U2+N3-Q3U3+0.55:N4Q4+0.40-NsQsUs 3)

By substituting the values of the average initial cost, it is possible to obtain a quantitative risk
assessment.

Formula 3 is fairly simple and straightforward. If all old wooden buildings had been demolished
in time, then Ns=0, and the damage value would decrease significantly. The same reasoning can be
applied to any building group. The damage shares relative to the initial cost are taken from the works
of Khakimov Sh.A.

It is clear that classical approaches to assessing building reliability as the probability of not
reaching a specified damage level are also feasible for implementation (Khakimov, 2001; Raizer,
2010; Seismic Risk and Engineering Solutions, 1981; Dzhinchvelashvili et al., 2018; Aizenberg,
1978; Aizenberg, 2004; Raizer, 2007; Tsipenyuk, 1987; Napetvaridze, 1985; Lapin, 1998) and it
is planned to use them in further research.

Let us discuss the presence of a correlation between seismic impact intensity and the degree of
building damage. Table 5 presents the degrees of damage for each building type at a given seismic
intensity. The correlation coefficient was calculated using the MATLAB software package.

Table 6
Correlation coefficients between earthquake magnitude and damage extent
Ne Design solution 7 points 8 points 9 points Correlation coefficients
1 Large panel 7 20 55 0.9667
2 Brick 40 60 90 0.9934
3 Frame 18 25 65 0.9267
4 Monolithic 7 20 55 0.9667
5 Wooden 3 12 40 0.9588
6 Metal-frame 3 12 40 0.9588
7 Unfinished

The correlation coefficient 1s quite high. Therefore, the assessment of the degree of
damageability and loss appears to be reliable.

Example 1. Let us estimate the overall reliability Wo of multi-storey residential buildings in the
city of Almaty. According to Table 5, the probability of failure for the city’s facilities is Q=0.2617.
Therefore, the overall reliability is Wo = 1-Q=0.7383.

Example 2. How will the value of the total probability of failure-free operation of WO change
under the condition of complete demolition of all wooden buildings Table 5 (639 units).

The probability of failure for the group of wooden buildings will become equal to 1, and
according to Table 4, Q=0,1975. Therefore, the overall reliability will be:

W,=0,8025.
The change in overall reliability will amount to 8%, which is quite significant. The demolition

of wooden buildings should therefore be carried out.
The expression for the risk values will then take the form

R=0.55-N1Q1U1+N2-Q2U2+N3-Q3U3+0.55-N4Q4 4)

Example 3. How will the values of the total probability of failure-free operation W, change
under the condition of total reinforcement of large-panel buildings in Table 1 (33 units).
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The probability of failure for the group of large-panel buildings will become equal to 0. Then,
according to the results of Table 5, Q =0,2584 and Qo= 0.26413:

W,=0.7416

The change in overall reliability is about 1.0%, which is not significant. An obvious conclusion
follows: reinforcing large-panel buildings in the city of Almaty should be the last priority.

Finally, we will obtain estimates for human losses in the event of a possible design-level
earthquake. Such estimates were first obtained during the second certification of the city of Almaty.

4 RESULTS AND DISCUSSION

There are various methods for predicting losses. It appears that all these methods are rather
imperfect, with deviations reaching several hundred percent. Therefore, the statistical assessment
confirmed during the 1988 Spitak earthquake (Khachiyan, 2018) seems well justified. According to
global statistical data, the number of fatalities in earthquakes for developing countries can be
estimated as follows.

In cities of developing countries:

For an 8-point earthquake on the MSK and ESC scales, on average, 0.5% of the population
dies, and 2% are injured.

For a severe 9-point earthquake, on average, 5% of the population dies, and 20% sustain serious
injuries.

Assuming that the total population of Almaty, including temporary residents, is 2.5 million
people, the number of fatalities in an 8-point earthquake would average 12,500 people, with 50,000
injured.

In a 9-point earthquake, the fatalities would amount to 125,000, with up to 500,000 injured.

It should be emphasized that these are average estimates. The latter estimate correlates well
with expert assessments from 1996, when the city’s population was around 1.1 million.

This is a realistic assessment. After all, Almaty has a fairly extensive history of earthquake-
resistant construction — about 60 years. The seismic construction standards are quite strict.

As a result of the passportization, the buildings were examined in terms of a macroseismic
assessment according to the EMS-98 scale (Rashid et al., 2023). Residential buildings were classified
by type and plasticity class. They were then assigned to six vulnerability classes according to EMS-
98. The degree of structural damage is assessed from slight damage to complete collapse, within a
range of five levels. The expected mean damage was correlated with various seismic intensities and
peak ground acceleration (PGA) values. The probability of damage was assessed for recurrence
intervals of once in 475 years and once in 2,475 years.

The results of the EMS-98 assessment correspond to the conclusions of this article obtained
using the MSK-64 seismic intensity scale. For masonry-walled and wooden buildings, the mean
damage is very high for both earthquake recurrence intervals. The expected mean damage for
reinforced concrete and precast reinforced concrete buildings with medium plasticity is rather
moderate.

Buildings with steel frames will have an insignificant level of damage. This is a rare case where
two methods of seismic risk assessment were applied using empirical passportization data.

5 CONCLUSIONS

1. At present, as a result of the building certification process for the city of Almaty, objective
information has been obtained on the seismic resistance of six groups of multi-apartment residential
buildings. This data makes it possible to carry out a quantitative assessment of seismic risk values.

2. The most hazardous are buildings with external load-bearing walls and an internal frame;
buildings with load-bearing walls of brick masonry and precast reinforced concrete floors; buildings
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two or more stories high with load-bearing brick masonry walls and wooden floors; one-story
buildings with load-bearing brick masonry walls and wooden beam floors with normal masonry bond
strength of less than 120 kPa (1.2 kg/cm?); as well as wooden buildings constructed in the 1950s
without seismic-resistant measures.

3. Within the framework of the phenomenological approach, values of failure probability have
been obtained for the six groups of buildings. Formulas have been derived from the quantitative
assessment of seismic risk values.

4. The results of the certification indicate insufficient seismic resistance of buildings with load-
bearing brick walls, 99% of which were found to be non-seismic-resistant. The seismic resistance of
such buildings can be ensured only by using various types of seismic isolation systems or by the
widespread application of energy-absorbing elements. JSC KazNIISA has extensive experience in
applying various types of seismic isolation systems. Only the use of such systems will make it
possible to prevent mass casualties and the loss of material assets. It should be remembered that in
1911 the Kemin earthquake had a magnitude of 8.2, was of a seismic disaster nature, and was felt
over an area of 2 million square kilometers.

5. The results of the quantitative assessment of seismic risk values can be used for the
development of schemes for the rational use of land resources, rational urban planning, economic
evaluation of the utilized territory, and for providing information support for various works related to
assessing the seismic hazard of the environment.

6. Research should be continued in the areas of the influence on building reliability of the
following factors: quality of surveys, design, materials, and construction; technical condition,
physical deterioration, specific features of operation, presence of vibration loads, and level of
engineering protection.

7. Based on the results of the 2017-2018 certification, adjustments should be made to the
certification card, taking into account both the experience gained and the experience of other EAEU
countries. Particular attention should be paid to modern foreign studies on determining seismic risk
values.
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Abstract. In order to increase the resistance of sleepers to dynamic effects and
to strengthen their load-bearing capacity, it is important to investigate their internal
strength reserve to various external effects, including the ductility of the subgrade. This
is due to the insufficient theoretical and experimental studies to predict their strength
reserve in modern conditions. The aim of this research is to improve the dynamic
calculation of railway sleepers by developing more accurate calculation models and
using modern algorithms to determine their bearing capacity. To achieve this goal, the
paper uses analytical and numerical methods based on mathematical models. The base
of sleepers is continuous elastic. Methods for determining the natural frequencies of
transverse vibrations and a dynamic calculation method for determining the stress-
strain state at different load speeds and base stiffness are presented. An example of
calculation of railway sleepers is presented. The values of natural frequencies for
different forms of vibrations are determined by analytical and numerical methods, and
the results are compared. Static and dynamic calculations were carried out, as a result
of which the values of internal forces, values of deflections and normal stresses were
obtained. Evaluation of the obtained results is given. Strength reserve has been
determined and appropriate conclusions have been drawn.

Keywords: railway sleepers, elastic base, natural frequencies, stresses,
deformations.
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Anparna. [lInandapoviy OUHAMUKATILIK dcepee MO3IMOLLI2IH apmmulpy JHcoHe
onapovly Komepeiwmicin apmmulpy Yulin 01apovly OepiKmiciHiy [WKI pe3epsin
apmypai colpmKbl acepiiepee, COHblY iuinoe He2i30iy bepikmiciHe 3epmmey Manbl30bl.
byn kazipei ocazoatioa onapoviy Oepikmik pezepsin 0oadcay Vi HCemKinikmi
MEeOPUANILIK ~ JICOHe  IKCNepuMeHmmik — 3epmmeyiepoer  myblHoamauosl.  byn
3epmmeynepoiy MaKcamol 0dnipeK ecenmey MooenbOePit Hcacay HeaHe ONaApPObIH HCYK
Kemepeiumicii ~aHblKmay YwiH 3aMaHayu aieopummoepoi KOJNOAHY —apKbulibl
MeMipIHCcONl OAUIAHBLICMAPbIHbIY OUHAMUKATLIK eceDiH Jcemindipy 60vln mabwiiaobwl.
Ocvl makcamya dHcemy Yulin HCYMblCma MamemMamuKkaivlk Mooeivoepze Heliz0eceH
AHATUMUKATILIK JHCIHE CAHObIK a0icmep Kondauwliaowl. [lnandapoviy ne2izi kammeol
cepnimoi. Kenoeney ayvimkynapoviy Haxml HCULNIKIMEPIH AHLIKIMAY JHCIHE HCYKmeMme
MeH  He2i30iH  KaAmmullbleblHbIY, — IPMYPIL  IHCHLIOAMOLIKMAPLIHOARbl  KepHeyli
Odepopmayusnanearn Kyuoi aumblkmay yuliH OUHAMUKALLIK ecenmey 20icmepi
yevinvinean.  Temipocon — Oatlnanvicmapvln — ecenmey — MblCAnbl — KeAMIpiceH.
AHanumukanvlk J#coHe CaHObIK 20icmepoiy KoMe2iMeH ayblmKyOulH apmypii
Gdopmanapvl ywin Hakmol dHcuinlikmepoiy MaHOepi AHbIKMALObl, COHbIMEH Kamap
HomuoicenepOi  canvicmulpy — Hcypeizindi.  Cmamukanvlk — d#coHe  OUHAMUKATLIK
ecenmeynep HCypeizinoi, Homudxicecinoe iuKi Kyumepoiy MaHOepI, ULy MaHOepI HCIHe
Kanwlnmsl KepHeyliep anblHovl. Anvinean Hamudcenep dazanaumovl. bepikmik pesepgi
AHLIKMANObL, MUICMI KOPLIMBIHOBLIAD HCACANObI.
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KepHey, Oechopmayus
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AHHOTAUMSA. /{151 noseviulenus CONPOMUGIEeHUs  WNAT — OUHAMUYECKUM
8030eticmeuem U YCUNeHus ux Hecyujeti CHOCOOHOCMU BANCHbIM SGISEMCsl U3YUeHUe
BHYMPEHHe20 pe3epead Ux NPOYHOCMU HA pa3TuiHble 6HeuHUe 8030eliCmBUsl, 6KII0YAsL
NPOYHOCMb  OCHOBAHUS. OMO  6bI36AHO  HEOOCMAMOYHO — MEOPEeMUUeCKUMU U
IKCNEPUMEHMATbHLIMU UCCTIE008AHUAMU 0151 RPOSHOZUPOBAHUS UX Pe3ep8a NPOYHOCHU
8  CcO8peMeHHbIX  ycnosusx.  Llenblo  OaHHbIX  UCCIE008aHUll  SGIAEMCS
COBEPUIEHCNBOBANUE OUHAMUYECKO20 YYemd MHCele3HOOOPONCHBIX WNal Nnymem
UCNONb306AHUSL  COBPEMEHHBIX — ANOpumMmos Oiisi  pazpabomku 0Oonee  MOYHbIX
BLIYUCTUMENbHBIX  MOOenell U onpedelenus ux Hecywel cnocoonocmu. Jns
0ocmudiceHUst Smotl yeiu 8 pabome UCNonb3YOMCs AHATUMUYECKUE U KOTUYECBEHHbLE
Memoovl, KOmMopble OCHOBAHbL HA Mamemamuyeckux mooensx. OcHnosanue wnan
Aensemcst  ChaowHslm  ynpyeum. IIpeonooicenvt memoovl onpeoenenus YOeribHbIX
Yacmom NONePeyHbIX OMKIOHEeHUL U OUHAMUYECKO20 paciemd No OnpeoeleHuio
HANPSIHCEHHO-0eDOPMUPOBAHHO2O COCMOSIHUS NPU PAZTUUHBIX CKOPOCTISAX OBUINCEHUSL
Hazpy3ku u  ocecmkocmu  ocHosanusi.  Ilpeocmaenen — npumep — pacuema
aHcene3Ho0opodcublx wnai. C nOMOWbI0 AHATUMUYECKUX U KOTUYECMBEHHBIX Memo008
onpeoeneHvl 3HaueHUus YOeIbHbIX 4acmom OJisl pA3IUdHbIX (OpM OMKIOHeHUll, a
maxkoice ObLIO NPOBEOEHO CpasHeHue pe3yibmamos. bviiu nposedenvt cmamuueckue u
OuHamuveckue pacyemvl, 6 pe3yivbmame KOMOPLIX OblIU NONYUEeHbl 3HAYEHUS
BHYMPEHHUX CUNL, 3HAYEHUs. U32UO06 U HOPMAIbHLIX Hanpsiicenull. I[lonyuennvle
pe3yiemamul  Ovliu  oyeHeHnvl.  Onpedenen  pes3epé  NPOUYHOCMU,  COENAHbL
coomeemcmeyrouue 8bl800bL.

Ki1roueBble €10Ba: jcee3Ho00podCHble WNAbl, YIPY20e OCHO8AHUE, YACMOoma
Konebanutl, Hanpsicenue, depopmayusl.
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MYIAEJEP KAKTBIFbICBI

ABTOpIap MYIeep KaKThIFBICHI )KOK JICTT MOIIMICHII.

Makanansl gaiibiHAay OapbIChIHAA aBTOpap >kacaHIpl MHTEIUIEKT KypanaapsiH (ChatGPT) tek
PEMAKIUSUTBIK KOMEK MaKCaThIHJA MalaIaH/Ibl: TYXKBIPBIMIAP/IBI JKETIIIPY, TPAMMATHKAIBIK,
ophorpadusiblK KoHE THIHBIC OENTUIepiHAeri KarenepAl TeKcepy YIUiH. bapiblk upaesiap,

MHTEpIpeTausIap MEH KOPHITHIH/IBIIAP aBTOPIIapFa TUECLITI, KOHE 0JIap MaKaJaHbIH Ma3MYHBIHA
TOJIBIK KayallThl.

BJIATOJAPHOCTU/UCTOYHUK ®UHAHCHUPOBAHUA

Hccnenoanre npoBOMIOCH ¢ UCHOIb30BaHUEM YAaCTHBIX UCTOUYHUKOB (DHAHCUPOBAHUSI.
KOH®JIUKT UHTEPECOB

ABTOpBI 3asIBJISIIOT, YTO KOH(IMKTa UHTEPECOB HET.

[Tpu moAroToBKE PYKOMHMCH aBTOPBI UCIIOJIb30BaIM MHCTPYMEHTBI HCKYCCTBEHHOI'O MHTEJUIEKTa
(ChatGPT) uCKIIOUUTENBHO Ui PEJAKTOPCKOW MOAJEP’KKU: KOPPEKTUPOBKU (HOPMYITUPOBOK,
IIPOBEPKU TIpaMMaTH4ecKuX, opdorpaduyeckux M NYHKTyallHMOHHBIX omuOok. Bce wuzew,

UHTEPIPETAIIMU U BBIBOJIBI IIPUHAJIJICIKAT aBTOPaM, KOTOPBIC HECYT IMOJIHYIO OTBETCTBEHHOCTh 3a
COJIEPXKAHUE CTAThH.
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1 INTRODUCTION

An important aspect of the development of railway tracks and their improvement is traffic
safety, which depends on the quality of the track, its strength, stability and durability. One of the
important elements of the reliability of the railway track are reinforced concrete sleepers, which
ensure the stability of the rails, reducing the likelihood of subsidence when moving trains.

A railway track is a complex open technical system that interacts with its environment - other
transport and non-transport technical systems and the natural environment.The design of a railway
track must have coordinated physical and mechanical parameters of its constituent elements and,
when a train is moving, accumulate a minimum of potential energy and dissipate this energy in a
uniform flow through deformation of materials and relative displacements of the design elements.
Sleepers play a key role in ensuring the operational characteristics of the track and safety in rail
transport. They are designed to distribute the load from passing trains on the ballast, as well as to hold
the rail strings in place, preventing their shift or movement. A reinforced concrete sleeper is a solid
bar structure made of reinforced concrete with high-strength reinforcement, which must meet all the
requirements of the standard (Figure 1).

In the conditions of increasing the carrying capacity and intensity of freight turnover on the
railways of the Republic of Kazakhstan, it is necessary to increase the requirements for traffic safety,
one of the areas for this is the study of the strength and reliability of reinforced concrete sleepers
capable of withstanding dynamic impacts.

Let us note some theoretical and experimental studies of the strength and reliability of railway
sleepers, which reflect monitoring and innovative developments according to research by
(Mirsayapov, 2022). For example, methods for calculating the endurance and crack resistance of
reinforced concrete sleepers with prestressed rod reinforcement under cyclic loads.

The studies by (Gnezdilov et al., 2023) demonstrate that an innovative diagnostic complex is
used to determine and evaluate the stress—strain state of reinforced concrete sleepers on sections of
heavy-duty trains under dynamic loads. A review of materials for reinforced concrete sleepers is
given, and the main types of failure of prestressed concrete sleepers under cyclic and impact loads
are indicated.

The studies by (Mirzakhidova, 2021) present the design features of reinforced concrete
sleepers depending on the types of rail fastening to the sleeper, the type of tensioned reinforcement,
the presence of electrical insulating properties, and the overall quality of manufacture. The
COSMOS/M software system was used for the calculations.

Despite the fact that theoretical and diagnostic studies of the stress-strain state of reinforced
concrete sleepers are constantly being conducted, the available data are insufficient to predict their
strength reserve under modern conditions. For example, one of the disadvantages of reinforced
concrete sleepers is their sensitivity to impacts (especially at the joints), and their insufficient rigidity
contributes to rapid wear of the rails at the joints. At the same time, the increased rigidity of reinforced
concrete sleepers can contribute to an increase in the dynamic impact of rolling stock on the ballast
and on the roadbed, which leads to a more intensive accumulation of track settlements and an increase
in the volume of alignment work, especially at the joints. The peculiarity of the sleepers' operation
under dynamic influences and their neglect shows numerous defects in the sleepers, which leads to
increased labor costs. For effective operation of sleepers, it is necessary to develop clear criteria for
their use, a systematic approach to research and the use of accurate mathematical methods.

To increase the resistance of sleepers to dynamic impact and to enhance their bearing capacity,
it is necessary to study their internal reserve of strength to various external impacts, including the
flexibility of the base as considered in the work of (Leontiev, 2020).
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2 LITERATURE REVIEW

The purpose of these studies is to improve the dynamic calculation of railroad sleepers by
developing more accurate calculation models and using modern algorithms to enhance their bearing
capacity.

To achieve this goal, analytical and numerical methods are used, based on mathematical models
of sleepers, verified by experimental data.

In engineering practice, beam elements of structures lying on a continuous elastic foundation
are often encountered. Such structures may include railroad sleepers, strip foundations of buildings,
dam foundations resting on soil, various types of pipelines laid on or inside the soil, etc.

In the following, a beam with an uneven cross-section lying on an elastic foundation is adopted
as the design scheme for railway sleepers. Concentrated dynamic loads varying according to a
harmonic law with frequency 0 are considered as external influences, as described by (Mirsayapov,
2022) (Figure 1).

Figure 1 — Railway sleepers (Mirsayapov, 2022)

When calculating sleepers, it is assumed that the soil has elastic properties and its deformation
1s proportional to the applied load. In addition to this basic premise, other assumptions are also made
when calculating beams on an elastic foundation:

- there is no friction between the base and the beam;

- the elastic base is uniform along the entire length of the beam and the width of the beam bed
1S constant;

One of the most common hypotheses is the hypothesis of a proportional relationship between
reaction and settlement—the Winkler foundation hypothesis. The calculation scheme of a beam on
an elastic foundation is shown in Figure 2, as presented by (Gnezdilov et al., 2023):

o . =

|

™ 1

Figure 2 — Calculation scheme of a beam on an elastic foundation (Gnezdilov S.A., 2023).

3 MATERIALS AND METHODS

The research methods consist of 2 parts: the first part is devoted to determining the dynamic
characteristics of the system under consideration, and the second part is devoted to the dynamic
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calculation of railway sleepers, as a result of which their bearing capacity and deformability at high
train speeds are clarified.

3.1 Definition of dynamic characteristics

Let us consider the natural oscillations of a beam with a constant mass lying on an elastic
foundation. Assuming the external load to be zero, the equation of natural oscillations takes the form
as presented by (Dostanova et al., 2024):

*y(x,t) +m %y (x,t)

El
ox* ot2

+ rby(x,t) = 0 (1)

In (1) y(x,t) is the deflection function, EI is the bending rigidity, m is the linear mass, r is the
elastic foundation rigidity. b is the beam width.

Considering periodic oscillations of a beam with a frequency o, then the deflections can be
represented as the following sum of natural oscillations:

y(xt) = Xpz1 Yk ) T(t) or
y(x,t) = Xiz1 Yk () Sinw,t (2)

Substituting (2) into (1), reducing by sinwt for the “k” mode of vibrations, we obtain the
following equation

2*yi(x) k-rb
BI — [P v = 0 ()

In the following we will denote the frequency parameter

Lt mwZ —rb
o El
The boundary conditions are as follows:
x=0 M(0)=Q(0)=0 3)
x=L M(L)=Q(L)=0 4)

We use the initial parameter method to solve equation (3), assuming two initial parameters
Mo=Qo=0, then the solution to the homogeneous equation can be written as:

()
Y2(x) = yoSyx) + )\—;’mk@

PR (x) = Yol VLX) + @ S(Aycx)
My (x) = —ElyoAf Uyx) — El@oh V(Acx) (5)
QR (x) = —Elyo i T(\x) — ElpoAfU(Ayx)

In (5) the following circular functions are introduced

S(ex) = ~(chlyx + cosAx)
UQux) = 5(chlyx — cosAx)
T(Axx) = ;(shhkx + sinAgx)
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Vuex) = >(shAx — sindyx) (6)
Unknown initial parameters deflection yo and rotation angle ¢, are determined from the
boundary conditions (3,4):

M (AL) = —ElyoAf U L) — El@oAV(AL) = 0
QR (L) = —Elyo A TN L) — ElpoAZU (A L)=0 (7)

Equations (7) represent a system of two homogeneous algebraic equations with respect to two
unknown initial parameters (yo, ), since the solution must be different from zero, we assume that
the determinant of the system is zero:

D =U?(\L) —V(AL) - T(L) =0 (8)

Equation (8) is a transcendental equation with respect to the parameter Ak. The solution can be
obtained by an approximate method.

To solve (8), we use an iterative process for the parameter A in the range of ® [n/2 - 21]. We
introduce the function

F(A) = U?(L) = V(L) - T4 L) = 0 )
Let us designate
A=U?(\L) and B= V(AL) T(L)
Then equation (8) can be replaced by the equation:
A-B=0 or A=B

By specifying different values of A, the values of A and B are determined. This process can be
linearized. The iterative process continues until the value of the function reaches the required
accuracy F(Ax)=A-B<e, where ¢ is a sufficiently small number characterizing the required accuracy
of the calculation.

Having determined A, the natural frequency of oscillations is determined by the formula:
EIAf +rb] (10)

4
o= 175

3.2 Dynamic calculation
Let us consider the forced vibrations of a beam with a constant mass. The equation of forced
vibrations takes the form as presented by (Pichkurova, 2025),

Pyt | 2yt

El ox* at2

+ rby(x,t) = q(x,t) (11)

If the external load changes according to the harmonic law with frequency 0, i.e. y(Xx,t)=sin6t
, then it can be assumed that the beam also oscillates according to the harmonic law with the same
frequency 6. The solution of equation (11) can be expanded as a series and presented as the following
sum:

y(x,t) = Xioq Y (x)sinf t (12)
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Substituting (12) into (11), reducing by sin8t for the “k” mode of oscillations, we obtain the
following equation

ity moZ -rb

E12XE 2] yie(®) = qo(®) (13)

In (13) qo is the amplitude value of the external load. In the following, by analogy with natural
oscillations, we denote

mo7 —rb] (14)

Ak:4[ EI

Equation (13) is an ordinary differential equation. Solution (13) can be represented as the sum
of the solution of the homogeneous equation and a particular solution:

V() =y (x) + i (%) (15)

When considering forced vibrations of beamswith a uniformly distributed mass m, we consider
the case when a concentrated external moving load F changes according to a harmonic law with a
frequency 0 (for the case of an arbitrary load, we use the expansion according to the norms of natural
vibrations):

F = Fysin(%), (16)
0

where Fy is the wheel load distributed over the area of a circle of diameter D, TO = V , Vis

the speed of horizontal movement of the load, t is the current time. Denoting the ratio n/To through
0, then the external load can be represented as F = Fysin(6 - t), where 0 is the frequency of
oscillations of the external load.

In the case of the action of two concentrated forces F' (Figure 3), the solutions for the two
sections are given as presented by (Dostanova et al., 2024):

At 0<x< a
0]
Y () = yoSux) + A—:mkx)
0 (%) = yoAV(AX) + @oS(Akx)

My (x) = —ElyoAf U(x) — EloAicV(Axx) (17)
Qx(x) = —ElyoAg T(Acx) — El@oAfU(Aycx)
k=1,2,3.........
At a<x<L
@9 FV(A(x — a))

Y k(%) = yoSAgx) + A_kTO\kX) + @R

FU(A(x — a))

Pk (x) = YoM V(Axx) + @oS(Akx) + —2E
Mye(x) = —ElyohZ UQex) — ElohV(yex) - 0= (18)

Qr(x) = —Elyo A T(Ax) — El@oAfU(yx) — FS(A(x — a))
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Figure 3 — The action of concentrated external forces (Dostanova et al., 2025)

In (17) and (18) the parameterAyis expressed as:

4 melz( —rb
e = El

Initial parameters yo and ¢, under forced oscillations are determined from the boundary
conditions:

x=L M(L)=Q(L)=0
—ElyoAZ UML) — El@ohyV (L) = =) (19)
—Ely A T(AL) — ElpoA2U(A(L) = FS(A(L — a))

Due to symmetry, equations (19) have the form:
At a<x<L

x=L/2 o(L/2)=0, Q(L/2)=0

FUA(L/2 — a))
@1 (L/2) = yohV(ALL/2) + @S L/2) + o =

Qi(L/2) = —ElyeAiT(WL/2) — ElpoAZU (*£7) — Fs (/1 (3- a)) =0  (20)

2

Having determined the initial parameters from (20), the deflections, rotation angles, bending
moment and shear force are determined from expressions (17,18).

4 RESULTS AND DISCUUION

The most common reinforced concrete sleepers on the railway in the Republic of Kazakhstan—
type Sh1-1, used for high-speed lines—were selected for research, as presented by (Dostanova et al.,
2024)..

Characteristics of reinforced concrete sleepers type L111-1: track width - 1520 mm, dimensions:
length - 2700 mm; height - 150 mm; width - 300 mm, material - prestressed reinforced concrete
(Figure 4).

Concrete compressive strength class — B40 (M500). E=36x10*MPa, specific gravity of concrete
y=2.5 t/m>. Distance between stop edges of different ends of sleeper — L=2016 mm, stop edge angle
— 559, sleeper sub-section height — 193 mm, sleeper average section height — h=145 mm, fastening
type KB-65.

The train speeds are considered in the range from 60 to 140 km/h (Figure 4), as presented by
(Dostanova et al., 2025):.
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Figure 4 — Reinforced concrete sleeper type Sh1-1 (Dostanova et. al., 2025)

Rigidity of the base or values of the sleeper bedding coefficient, MN/m?:

for soil base without ballast: 8... 12

for sand ballasts: 15...40

for gravel ballasts: 40...60

for crushed stone ballast: 60... 100

In the following, we consider crushed stone ballast with a sleeper bedding coefficient in the
range from 60 to 80 MN/m®. In the following, we present the results for =60 MN/m?.

Figure 5 shows the numbers of the sections and points at which deflections, bending moments,
shear forces, and the corresponding stresses are determined, as presented by (Dostanova et al.,

2025)..
\5 \3 \2

Figure 5 — Nnumbers of sections and points at which forces and deformations are determine
(Dostanova et. al., 2025)

The moment of inertia of section 4-5 is: [=30417.5 cm?; section 1-2: I=7621.5 cm®, in section
3:1=8437.5 cm*, respectively, the moments of resistance of the sections are: section 4-5 is: W=2645.5
cm’; section 1-2: W=1051.2 cm? in section 3: W=1125.0 cm?>. The calculation is carried out in the
elastic stage of the system operation and consists of 2 parts: determination of the dynamic
characteristics and determination of the stress-strain state of reinforced concrete sleepers when the
train is moving at a given speed.

The natural frequencies of oscillations are determined analytically and numerically using the
COSMOS/M software system. In the latter, the STAR module presents the calculation of the stress-
strain state and the calculation of the displacements of a reinforced concrete sleeper.

Figure 6 shows the shape of the natural oscillations corresponding to the first harmonic,
obtained as a result of numerical calculations, as presented by (Dostanova et. al., 2025).

F_Mode=1 23.63085 Hz

Figure 6 — The shape of natural oscillations corresponding to the 1st harmonic
(Dostanova et. al., 2025)
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Table 1 shows the natural frequencies of oscillations of the 1111 sleeper, ® Hz, corresponding
to the first harmonics.

Table 1
Natural frequencies of oscillations
Form No. Analytical calculation Numerlg:al Errorsin %
calculation
1 22,51 23.63 4,7
2 30,77 31.8 3,2
3 38,72 40.48 4,3
4 41,47 42.77 3,0
5 47,35 46.97 0,8

From Table 1 it is evident that the natural frequencies determined analytically have lower
values in comparison with the numerical method; with an increase in the vibration modes, their values
almost coincide.

The results of forced vibrations are presented at the speed of movement V=60 km/h. The value

= g =0,0636 ((section 1-2), for section 4-5: Ax=0.002, for section 3: Ax=0.062. The functions
S(Ax), T (Ax), V (Ax), U(Ax) are determined by formula (6) using tables for trigonometric and
hyperbolic functions. Table 2 shows the values of deflections, bending moments and transverse forces
under static and dynamic action of force F (Fcr =270 kN, Fgin=270sin0t, where 0 is the frequency of

forced vibrations, at the speed of movement of 60 km/h 0=65.41 sec™).

Table 2
Deflections m, bending moments kNm and transverse forces kN in sections of reinforced concrete sleepers under
static and dynamic effects.

. g Bending Transverse forces
3
Section number Deflections, 10~ m moments kNm kN
Static impact
1-2 10,91 19,30 0
100,98
4-5 12,15 -28,59 14,18
3 11,72 5,48 -95,62
Dynamic impact
1-2 13,74 26,24 0
137,33
4-5 16,52 -38,88 1928
3 15,93 7,45 -130,04

From Table 2 it can be seen that the dynamic coefficient is approximately pain=1,36.
Table 3 shows the values of maximum normal and shear stresses (6x, kgf/cm?, Ty, kgf/cm?)
in the sections of reinforced concrete sleepers.

Table 3
Values of maximum normal stresses 6x, kgf/cm?
Number 6x, kgf/cm? Tyx, kgf/cm? 6x, kgf/cm? Tyx, kgf/cm?
sections Statics Statics Dynamics Dynamics
1-2 74,43 0 101,22 0
22,4 30,5
4-5 277,41 3,14 377,28 43
3 49,69 23,8 67,78 32,4

According to the building codes of the Republic of Kazakhstan, the average compressive
strength of B40 concrete, taking into account the variation coefficient of 13.5%, is 523.7 kgf/cm?,
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bending strength is 349 kgf/cm?, tensile strength is 48 kgf/cm2, and shear strength varies in the range
from 10.2 to 61.2 kgf/cm?.

Table 3 shows that the highest normal stresses are in section 4-5, the deflections in this section
are also increased in comparison with the section in the middle of the sleeper span, and with an
increase in load, cracks may appear on the outer surface. The safety factor for normal stresses is 1.39.
The highest tangential stresses are in section 3, in this section, shifts in the direction of the y axis are
possible, which can lead to an emergency situation when trains are moving. It should be noted that
when calculating railway sleepers, shear deformation is often neglected, considering it small in
comparison with bending deformation. As the results of this calculation show, the safety reserve for
shear is quite small.

5 CONCLUSIONS

Summarizing the obtained results, the following conclusions can be drawn:

1. Using analytical methods, it is possible to identify and specify the dynamic reserve of
strength and reliability of railway scales of railways at different speeds of movement and at different
values of base rigidity. These results will allow predicting the behavior of sleepers at different values
of weight and speed of the moving train.

2. Practice shows that failure to take into account dynamic effects when calculating railroad
sleepers leads to the appearance of various defects. To enhance the bearing capacity and reliability, it
is necessary to take into account all possible types of deformations and their stability.
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Abstract. This study analyzes the mechanisms of damage and patterns of
degradation in concrete hydraulic structures exposed to operational and environmental
factors. A comprehensive analysis was conducted using literature data, field inspection
results, and regulatory documents covering the period from 2015 to 2025. Structural—
mechanical analysis and comparative evaluation of repair technologies were applied
to systematize the findings and assess the efficiency and durability of different materials
and methods. The main damage mechanisms were identified as cavitation, leaching of
cement paste, reinforcement corrosion, and thermal fatigue. The use of ultra-high-
performance fiber-reinforced concrete (UHPFRC) was found to reduce cavitation wear
by 3-4 times, while bioconcrete enables partial self-healing of microcracks and
increases the service life of structures by 25-40%. A classification of defects based on
their type and depth of deterioration was developed, allowing for a rational selection
of repair technology depending on operating conditions and damage characteristics.
The scientific novelty of this research lies in the proposed systematic approach to
assessing concrete degradation and in the justification of composite material
applications for extending the service life of hydraulic structures.

Keywords: concrete structures, hydraulic structures, cracks, erosion, cavitation,
corrosion, repair, injection technologies, fiber concrete, life cycle.
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T'MAPOTEXHUKAJBIK FUMAPATTAPBIHBIH BETOH
KYPBLIBIMJIAPBIH 3AKBIMJIAHY MEXAHU3M/IEPIH
TAJIIAY 'KOHE KAJIIBIHA KEJTIPY TEXHOJIOTUSIIAPBIH
HET'IBAEY
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Anparna. bemounan oicacanzan  2UOPOMEXHUKANBIK — SUMAPAMMAPLIHBIY
KYPbLIbIMOAPbIHA OHOIPICMIK dcaHe maduu ¢akmopiapovly acepiHeH myblHOAUMblIH
3aKbIMOAHY Mexanusmoepi mer oezpadayus 3aHoblibikmapul 3epmmenoi. 2015-2025
JAHCHLLOAP APATBIZLIHOARLL BLILIMU d0edOuemmep, OaldAlblK 3epmme)y Hamudxicenepi
JHCOHE HOPMAMUBMIK KYocammap Keulenoi mypoe manoanowvl. AnviHean Hamudicenepoi
Jcytieney Yulin KypbliblMObIK-MeXAHUKALbIK MAaaoay a0icmepi HCaHe mMexHOLOUSIbIK
wewmimoepoiy muimoiniei MeH y3axmep3imMOiniciH canblcmulpy macinoepi Kon0aHblLiObl.
Hezisei sagbimoany mexanuzmoepi peminoe Kagumayusi, YyemeHn macblHbly Walbliybl,
apmMamypanvly — KOPpO3UACHl  JCIHEe  MEeMNEpamypanvlk wapuiday aHblKmaiobwl.
Vavmpabepix manwvixkmer 6emonovt (UHPFRC) konoany kasumayusnvlk mo3y
KapKbIHObLIbIEbIH 3-4 eceee Oellin moemMeHOememini, ai OuobemoHoapobl nanudaiaHy
MUKPOXCAPLIKMAPOblY  [WiHaApa  630iciHeH  Oimenyin  JiCoHe  KYPulibIMOAPObLIH
y3akmep3imoinicin - 25-40 % apmmuipameinbl  0anendeHdi. 3akpim mypi MeH
mepeHOicine Kapai akayiapovly HCIKMenyi Hcacaiovl, OY1 Natoaiany Hcaeoauiapvl
MeH OY3blLIY CUNAMbIHA CIUKEC KANNbIHA Kelmipy MexHON02UACHIH He2l30i manoayea
MYMKIHOIK Oepedi. 3epmmeyliy &blLIbIMU HCAHATLIZLI OEMOHHBIY 0e2PAOaYUsICLIH
bazanayovly JiCyleniK MICliH YCbIHY MeH SUOPOMEXHUKALIK SUMAPAMmapObly
KblaMem emy Mep3iMin yzapmyea 0a2blmmanean KOMROZUMMIK Mamepuanloapobl
KONOaHy 6azvlmmapuli He2izoeyoe KepiHic mabaokbi.
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MEXHON02UANAD, MATUBIKNbL OEMOH, OMIDIIK YUKIL.
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HAVYHAA CTATBA

AHAJIN3 MEXAHUNU3MOB PABPYIHIEHUS 1
OBOCHOBAHME TEXHOJIOTUIA BOCCTAHOBJIEHUS
BETOHHBIX KOHCTPYKIIMHU T'MIPOTEXHUYECKHUX

COOPY KEHUM

K.U. UnbsicoBa! @ , B.H. Barun®® . ILB. Tamvyxanéerosa' ©
K.H. MOﬂHaMypaToB"*

"Mexnynaposnuas o6pazosarensHas koprnoparus, 050043, Anmarsl, Kazaxcran
2Cankrt-TleTepOyprekuii monuTexHuueckuii yausepeuteT Ilerpa Benukoro,
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AHHoTauusl. Hccnedosanvl MmexaHusmvl paspyuieHusi U 3aKOHOMEPHOCMU
Ooecpadayuu  OEMOHHBIX  KOHCMPYKYUU  SUOPOMEXHUUECKUX — COOPYHCeHUU  NoO
8030elicmeuem IKCHIYamayuoHHbIX U NpUPOOHbIX (pakmopos. 1Ipoeedén komniekcHblil
aHanu3  IUMepamypHulX  OAHHBIX, De3VIbMAmo8 NoiesvlX 00CNe008aHUll U
HOPMAMUBHbLIX O00KYyMeHmos 3a nepuod 2015-2025 ce. [lna cucmemamuzayuu
Pe3YIbmamos  NPUMEHEHbl  Memoobl  CMPYKMYDHO-MEXAHUYECK020 —aHAIu3a U
CONOCMABIeHUs MeXHON02UYeCKUX peuleHuli no 3ghgdexmusnocmu U 001208€4HOCMIU.
Yemanosneno, umo ocHoSHuIMU MexaHUSMAMU paspyuienus OemoHa AGNAIMCs
Kagumayus, 8vluelauueane YeMeHmMHo20 KAMHs, KOppo3us apmamypvl U
mepmudeckas ycmaniocms. Ilpumenenue yivmpagblCOKONPOYHBIX — BOJIOKHUCTIBIX
oemonoe (UHPFRC) cuusicaem unmeHcu8HoCmy KasumayuoHHo2o uznoca 6 3-4 pasa,
mo20a Kaxk UCnonb308aHue 6uobemonos obecneuugaenm 4acmuiHoe camo3aledusanue
MUKpompewjun U nosvliuleHue 0onecogedHocmu Kowcmpykyuil Ha 25-40 %.
Paspabomana xknaccugukayus oeghpexkmos no muny u enyouHe no8peicOeHuss, Ymo
no3eosaem 0O0CHOBAHHO 8b1OUPAMb MEXHONI02UI0 60CCIMAHOBIEHUS 8 3A8UCUMOCTU OM
VCI08ULL SKCNyamayuu u xapakmepa paspyuienuti. Hayunas nosuszna saxnouaemcs 8
NpeonodCeHUU CUCEMHO20 N00X00a K OyeHKe dezpadayuu 6emouHa u 0OOCHOB8AHUU
HanpaeieHull NpUMeHeHUsi KOMNO3ZUMHbIX Mamepuanos Ojisi NpoojleHUsi pecypcd
2UOPOMEXHUYECKUX COOPYHCEHULL.
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GPubpobemoH, HcusHeHHbIU YUK

* ABTOP-KOPPECTOHAEHT
Moanamyparos Kanrasbl, e-mail: zhanga m n@mail.ru

https://doi.org/10.51488/1680-080X/2025.3-07
[Moctynuna 23 utons 2025; [TepecmoTpeno 28 asrycta 2025; [Tpunsto 17 centsiops 2025

92


mailto:zhanga_m_n@mail.ru
https://doi.org/10.51488/1680-080X/2025.3-07
https://orcid.org/0000-0002-6994-4806
https://orcid.org/0000-0002-1196-8004
https://orcid.org/0000-0002-4066-8238
https://orcid.org/0000-0002-4573-1179

QazBSQA Xatapusbicbl. Ne3 (97), 2025. KypbLibic

ACKNOWLEDGEMENTS/SOURCE OF FUNDING

The research was carried out with the financial support of the Committee of Science of the
Ministry of Science and Higher Education of the Republic of Kazakhstan within the framework
of the research project No. AP23487624.

CONFLICT OF INTEREST

The authors state that there is no conflict of interest.

During the preparation of this manuscript, the authors used artificial intelligence tools (ChatGPT)
solely for editorial assistance, such as improving phrasing and checking grammar, spelling, and

punctuation. All ideas, interpretations, and conclusions are the responsibility of the authors, who
take full accountability for the content of the article.

AJIFBIC/KAPXBIJIAHJBIPY KO3I

3eprrey Kazakcran PecnyOmukacel FrulbiM JkoHE >KOFaphl OUTIM MHUHHUCTPIITIHIH FhiTbiM
KOMUTETIHIH KapKbUIbIK KosgaybiMeH Ne AP23487624 fbliabpiMu 5k00a asiChIH]Ia OPBIHIANIBL.

MY JUIEJIEP KAKTBIFBICHI

ABTOpIap Myienep KaKThIFBICHI KOK JIeTl MaTIMIEH 1.

Makanansl nmaiiblHiay OapbIChlHIA aBTOpiap JkacaHasl HMHTEWISKT KypaingapbiH (ChatGPT) Ttek
PENaKIVSUTBIK  KOMEK MAaKCaThIHJA NalJalaHibl: TYKBIPBIMAAPIABl JKETULAIPY, TI'paMMaTHKAIBIK,
opdorpadmsUTBIK JKOHE THIHBIC O€NTUIEpiHAEri KaTeleplai TEeKcepy YImiH. bapielk wumestap,
WHTEpIpeTaUsUIap MEH KOPHITBIHIBUIAP aBTOPIIAPFa THECLT, XKOHE OJlap MaKalaHbIH Ma3MYHBIHA TOIBIK
KayanThl.

BJIATOJAPHOCTU/MCTOYHUK ®PUHAHCHUPOBAHUSA

Hccnenosanue BoinoiHeHo pu puHAHCOBO noaaepkke Komutera Hayku MuHucTepcTBa HayKu
1 BbIciIero oopasoBanus Pecyonuku Kazaxcran B pamkax HaydgHoro npoekra Noe AP23487624.

KOH®JIUKT UHTEPECOB

ABTOPBI 3asIBIIFIOT, YTO KOH(DIMKTa UHTEPECOB HET.

[Ipu MOAroTOBKE PYKOMHMCH aBTOPHI UCIOIb30BATN HHCTPYMEHTHI UCKYCCTBEHHOTO MHTEJUICKTA
(ChatGPT) uckio4uTeNnsHO AN PENAKTOPCKOW MOANCPKKU: KOPPEKTUPOBKU (HOPMYIHUPOBOK,
MPOBEPKU TpaMMaThyeckux, opdorpaduyeckux M NYHKTyallMOHHBIX oImOOK. Bce wuueu,

HHTCpHPECTAll U BBIBOABI IPUHAJICIKAT aBTOPaM, KOTOPbIC HCCYT IMOJIHYIO OTBETCTBCHHOCTD 3a
COACPIKAHUC CTATbU.

93



QazBSQA Xatapusbicbl. Ne3 (97), 2025. KypbLibic
1 INTRODUCTION

The reliability and durability of hydraulic structures largely depend on the technical condition
of their concrete components, which are continuously exposed to aggressive factors such as cyclic
freezing and thawing, mechanical abrasion caused by water flow, cavitation, chemical degradation,
and reinforcement corrosion.

Operational experience of hydraulic engineering structures shows that the most common
defects include cracking, spalling and destruction of the concrete protective layer, cavitation damage,
and corrosion processes that compromise the integrity of the structures. The presence of such defects
not only reduces performance characteristics but also leads to significant maintenance and repair
costs.

Methods for the rehabilitation of concrete structures, actively developed during the period
2015-2025, include both traditional approaches (such as the use of cement-based and polymer
materials) and innovative technologies based on ultra-high-performance fiber-reinforced concrete
(UHPFRC), injection mixtures, bio-concrete, and integrated protective systems (Lampropoulos et
al., 2023). The analysis of published studies revealed the absence of a systematic framework that
links the mechanisms of concrete degradation with the selection of appropriate repair technologies
depending on the nature of the damage (Rakhimov et al., 2025).

The object of the research is the concrete structures of hydraulic engineering facilities, while
the subject is the processes of their degradation and restoration using modern materials and
technologies (Sennikov et al., 2014).

The aim of the study is to develop an analytical framework for selecting and substantiating
effective rehabilitation methods for concrete structures, ensuring improved durability and operational
reliability.

2 LITERATURE REVIEW

The durability of concrete structures in hydraulic engineering facilities has been the subject of
intensive research due to their operation under harsh environmental conditions, which necessitates
the development of advanced repair strategies.

A bibliometric analysis for the period 2015-2025 revealed that scientific studies on concrete
used in hydraulic structures are concentrated around five major thematic areas. The most actively
developing topics are related to improving the strength and crack resistance of concrete, reflecting a
sustained interest in issues of mechanical degradation and cavitation erosion.
At the same time, there has been a noticeable increase in research focused on self-healing concretes
and biotechnological approaches, which form a new direction in the study of material durability.

In parallel, integration with ultra-high-performance composite (UHPFRC) technologies — used
for the repair and strengthening of hydraulic structures — has been intensifying. Numerical modeling
of degradation processes and service-life prediction under fluctuating moisture and temperature
conditions remain less developed areas, defining the prospects for further research. Thus, the results
of bibliometric mapping confirm a gradual shift in research focus from the identification of damage
to the development of adaptive and self-healing materials aimed at extending the service life of
hydraulic engineering structures.

The results of the bibliometric analysis presented in Figure 1 made it possible to identify the
main directions of research development in the field of repair and protection of concrete structures in
hydraulic engineering facilities for the period 2015-2025. The visualization revealed that the largest
publication clusters are associated with improving the strength and crack resistance of concrete, the
development of high-performance composites (UHPFRC), and biotechnological approaches to self-
healing concrete. In addition, there is a consistent interest in topics related to electrochemical
protection of reinforcement and modeling of degradation processes.
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Figure 1 — Visualization of research topics on concretes for hydraulic structures (constructed in VOSviewer based on
Lens.org data for 2015-2025). (author’s material)

Thus, the results of the mapping served as the basis for identifying four key research areas
presented below, each reflecting the current vector of scientific inquiry and practical solutions aimed
at extending the service life and improving the protection of concrete structures in hydraulic
engineering facilities.

1. Application of high-performance composites. One of the most effective materials for
repairing areas exposed to intensive abrasive wear and high mechanical loads is ultra-high-
performance fiber-reinforced concrete (UHPFRC). According to the study by Yoo & Banthia (2022),
the mechanical properties of UHPFRC are determined by the combination of curing conditions and
fiber reinforcement parameters. Heat treatment accelerates hydration processes and promotes the
formation of a dense cement matrix, while the use of deformed or elongated steel fibers enhances
crack resistance and fracture energy. The selection of such technological parameters during mix
design allows UHPFRC to be adapted to the specific operating conditions characteristic of hydraulic
engineering structures.

2. Crack repair and sealing. The restoration of the integrity of concrete structures requires the
use of materials capable not only of effectively filling cracks but also of ensuring long-term sealing
performance, particularly under conditions of high humidity and chemical aggression. A study (Li et
al. 2022) showed that the introduction of microcapsules containing an epoxy resin curing agent into
the cement composition contributes to the restoration of strength and sealing of cracks, especially
when exposed to various curing conditions. Biocementation, as one of the methods of microbial
sealing, also shows high efficiency in restoring the waterproofing of concrete structures (Cardoso et
al. 2024). The presence of moisture on the concrete surface significantly reduces the adhesion strength
with epoxy resins, which emphasises the need for thorough preparation of the substrate and the
selection of moisture-resistant compounds when repairing structures in a humid environment
(Szewczak and Lagod 2022).
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3. Long-term corrosion protection. Reinforcement corrosion remains the primary mechanism
of reinforced concrete deterioration. For the protection of already damaged structures, the review by
Hu et al. 2022; Javeed et al. 2024 discusses electrochemical methods, particularly cathodic
protection (CP) and electrochemical chloride extraction (ECE), as effective therapeutic solutions. CP
systems, including configurations using carbon fiber-reinforced polymer (CFRP) as an anode, are
capable of significantly slowing down corrosion progression.

4. Self-healing (“smart”) materials in construction. One of the most actively developing areas
of materials science is the creation of concretes capable of autonomous crack repair, thereby reducing
maintenance costs and improving structural longevity.

The most thoroughly studied and experimentally validated mechanism of concrete self-healing
is the biotechnological approach, which involves incorporating spores of Bacillus bacteria into the
cement matrix (Javeed et al. 2024). Upon contact of water with a crack, the microorganisms become
active and initiate the process of bio-induced calcium carbonate (CaCQOs) precipitation, which restores
the integrity of the concrete structure. This bio-induced self-healing mechanism transforms concrete
from a passive structural material into an active, self-regulating system capable of autonomously
responding to damage and extending the service life of hydraulic engineering structures.
The use of bio-concretes offers promising prospects for the development of infrastructure with
enhanced durability and reduced maintenance requirements.

3 MATERIALS AND METHODS

This study employed methods of systematic analysis and comparative evaluation of data on the
mechanisms of degradation and repair technologies for concrete structures of hydraulic engineering
facilities.

3.1. Data collection and analysis

The information base of the study was formed through an analysis of scientific publications,
regulatory and technical documentation, and reports on the practical application of repair
technologies.

The search for relevant sources was conducted in international and Russian scientometric
databases — Scopus, Web of Science, eLibrary, and Google Scholar — covering the period from 2015
to 2024. The key search queries included: “repair of hydraulic concrete structures,” “concrete
durability,” “reinforcement corrosion,” “crack injection,” ‘“ultra-high-performance fiber-reinforced
concrete (UHPFRC),” “electrochemical protection of concrete,” and “bio-concrete.” Additionally,
current regulatory standards (GOST, SP) and real-world case studies of hydraulic structure repairs —
including those implemented in the Republic of Kazakhstan, were analyzed.

29 ¢ 29 ¢¢

3.2. Development of the classification framework

To systematize and further analyze the collected data, a two-level analytical framework was
developed and applied.

1. Classification of degradation mechanisms (Golewski, 2023). All defects were grouped into
four main categories according to their origin and nature:

- Physico-mechanical degradation;

- Chemical degradation;

- Corrosion of reinforcement;

- Biogenic and microbiological degradation.

2. Systematization of repair methods.

Repair technologies were categorlzed in accordance with the above classification of damages
they are intended to address. The main groups of methods include injection techniques, repair mortars
(including polymer-cement compositions), protective systems based on UHPFRC, multilayer
chemical-resistant coatings, electrochemical protection methods, and biotechnological approaches.
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3.3. Evaluation criteria

The comparative analysis of the effectiveness of repair technologies was carried out based on
three key criteria identified from the literature review:

1. Technical efficiency: The ability of the method to eliminate defects and restore the
operational characteristics of the structure (e.g., strength and water tightness).

2. Durability: The predicted service life of the repaired area until the recurrence of damage,
estimated from accelerated tests and practical field data.

3. Economic feasibility: The life-cycle cost evaluation of repair technologies using the
Lifecycle Cost Index (LCCI), which accounts for initial expenses as well as the frequency and cost of
subsequent repair cycles.

The results obtained from the application of these methods — including the detailed analysis of
degradation mechanisms, descriptions of repair technologies, and their comparative performance —
are presented in the following section.

4 RESULTS AND DISCUSSION

4.1. Classification and Characteristics of the Main Types of Degradation

Based on the analysis of published research and practical case studies, a classification of the
principal degradation mechanisms of concrete structures in hydraulic engineering facilities was
developed. Grouping the damage types according to their nature and origin allows for a systematic
approach to diagnostics and represents the first step in selecting an appropriate repair strategy (Figure
2). The main categories include.

mechanical wear

cracking A
(abrasive fracture)

cavitation failures

R ] -_
S\
..
o o.
fatigue failures £

frost damage

/A g\ (cyclic freezing-thawing)
temperature

X 4 deformations
temperature deformations
JAL
L == il & )
= O

destruction under
shock loads

Figure 2 — Visualization of the types of physico-mechanical degradation of concrete structures (author’s material)

4.1.1. Physico-mechanical degradation
This group comprises damage caused by external mechanical and climatic effects. The main
types are as follows:
- Crack formation resulting from thermal shrinkage and deformation, leading to the loss of
monolithic integrity of the structure.
- Cavitation damage occurring in zones of high-velocity water flow, where the collapse of vapor
bubbles generates impact loads and localized surface destruction.
- Abrasive wear in areas where concrete is exposed to contact with solid particles carried by
water (sediments) or with ice.
Enhancement of the abrasion resistance of concrete can be achieved through modification of its
structure using surface-active agents, which promote a more uniform distribution of the cement
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matrix and reduce material porosity. Experimental data by Moldamuratov et al. (2023) confirm that
the combined use of such additives with controlled water-to-cement ratios significantly improves the
wear resistance of hydraulic concretes under turbulent water flow conditions.

4.1.2. Chemical degradation
This category encompasses the deterioration processes of the cement matrix caused by exposure
to aggressive chemical agents, leading to a loss of strength and structural integrity (Figure 3). The
main types include:
- Leaching: Dissolution and removal of calcium hydroxide Ca(OH):. by soft water, which
increases porosity and decreases the density of concrete.
- Acid corrosion: Destruction of cement matrix components upon contact with acids (e.g., H2SO4)
formed as a result of industrial emissions or biogenic processes.
- Corrosion caused by aggressive gases: The impact of atmospheric gases (CO2, SOz, HCI), which
dissolve in water to form acids that chemically attack the concrete.
- Sulfate attack: Interaction of sulfate ions (SO4*") from groundwater or industrial environments
with the aluminate phases of cement, resulting in the formation of expansive products (ettringite) and
the development of internal stresses.

Leaching

N

OCA(OH)2

0

Acid corrosion

Corrosion from
aggressive gases

Figure 3 — Types of chemical degradation in concrete structures (author’s material)

4.1.3. Corrosion-Induced Damage of Reinforcement

Reinforcement corrosion is one of the most critical types of deterioration in reinforced concrete
structures, as it directly affects the structural load-bearing framework. The process is initiated by the
ingress of moisture, CO2, and chlorides into the concrete, which destroy the passive oxide film on the
steel surface (Figure 4).

- Carbonation corrosion: Caused by the penetration of carbon dioxide, which lowers the pH of
the concrete to a level at which the passive protective film on the reinforcement becomes unstable
and breaks down.

- Chloride-induced corrosion: Localized breakdown of the passive film due to chloride ions,
leading to severe pitting corrosion even under high pH conditions.

- Delamination of the protective layer: Corrosion products (rust) have a volume 2-6 times greater
than that of the original metal. The resulting internal pressure causes cracking and delamination of
the concrete cover.
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Figure 4 — Visualization of corrosion mechanisms affecting reinforcement in concrete structures (author’s material)

4.1.4. Biogenic and Microbiological Deterioration

These are complex degradation processes caused by the activity of microorganisms such as
algae, fungi, bacteria, and lichens. Biogenic agents not only induce local pH changes and moisture
accumulation but also produce aggressive organic and inorganic acids. In particular, sulfur-oxidizing
bacteria are capable of converting elemental sulfur into sulfuric acid (H2SO4), which accelerates the
corrosion of the cement matrix (Figure 5).
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'ﬁ
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Figure 5 — Biogenic and microbiological impact on a concrete structure (author’s material)

The presented classification indicates that concrete damage rarely occurs due to a single cause.
A synergistic effect of multiple mechanisms is often observed — for example, cracks resulting from
thermal deformation (a physical factor) can facilitate the ingress of sulfates (a chemical factor) and
chlorides to the reinforcement (a corrosion factor). Therefore, an effective repair strategy should aim
not only to eliminate the visible defect but also to mitigate the primary and accompanying
mechanisms of deterioration (Sun et al., 2022; Hu et al., 2024).

4.2. Systematization of Damage Mechanisms and Selection of Appropriate Repair
Technologies

The analysis made it possible to generalize and structure the available data on concrete
degradation in hydraulic structures, identifying four main groups of damage: physical-mechanical,
chemical, corrosion-related, and biogenic. The results demonstrate that for each damage type, there
exists a hierarchy of repair technologies with proven effectiveness. As shown in the following
sections, the choice of an optimal solution depends not only on the nature of the defect but also on its
scale and the required service life of the repaired structure.
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4.3. Comparative Analysis of Restoration Technologies

4.3.1. Repair of Physical-Mechanical Damage: From Injection to UHPFRC
For the restoration of cracks, the most versatile method is injection grouting (Tanyildizi et al.,
2022) (Figure 6).

Figure 6 — Schematic representation of the crack injection technology (author’s material).

The analysis revealed that the choice between epoxy and polyurethane resins depends on the
intended purpose: epoxy resins provide structural bonding and restoration of load-bearing capacity,
while hydroactive polyurethanes are indispensable for sealing active and water-leaking cracks due to
their elasticity and expansive properties (Chen et al., 2024) (Figure 7).

Heavy-duty fiberglass (UHPFRC)

Polymer cement composition ~ (PCC)

Modified concrete

0,00 050 1,00 1560 200 2500 3,00 3,50 4,00 4,50

L Life C}‘l:]r Cost Index B Abrasion resistance (sccording to LCPC), giem3 8 Adhesion to the substrate, MP

Figure 7 — Comparison of repair materials for concrete based on durability, adhesion, and cost efficiency indicators
(author’s material)

Ultra-high-performance fiber-reinforced concrete (UHPFRC) significantly surpasses both
materials in all evaluated parameters (Huang et al., 2022). Its compressive strength reaches 150-200
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MPa, adhesion exceeds 4.0 MPa, and abrasion loss is less than 0.2 g/cm?. The combination of high
mechanical strength, superior adhesion, and extremely low wear ensures exceptional durability and
operational reliability, even under the harsh conditions typical of hydraulic structures (Zhakipbayev
et al., 2025). The use of UHPFRC represents a technically sound solution for highly loaded areas that
require maximum abrasion resistance and structural integrity.

Experimental data (Moldamuratov et al., 2023) confirm that the wear resistance of hydraulic
concretes depends strongly on the regulation of the water-to-cement ratio and the type of surface-
active agent (surfactant) used, which is consistent with the results presented in Table 1.

Table 1
Comparative characteristics of modern repair materials for wear zones
Modified concrete (as

Characteristic per GOST

Ultra-High-Performance

Polymer cement Fiber-Reinforced

composition (PCC)

requirements) Concrete (UHPFRC)
Compressive strength, MPa 50 - 60 60 —80 150 - 200
Adhesion to the substrate, MPa 1.5-20 25-35 >4.0
Abrasion resistance (LCPC), g/cm2 08-1.0 04-07 <0.2
Cavitation resistance (relative) Log Medium Super High
Lifecycle Cost Index (LCCI), a.u.* 1.0 1.8-25 3.0-45

Note: The Lifecycle Cost Index (LCCI) takes into account not only the initial material cost but also
its durability, as well as the frequency and cost of maintenance and repair intervals.
Despite the high initial cost of UHPFRC, its use can be economically justified in critical structural
zones due to the substantial increase in service life.

When analyzing abrasive wear and cavitation, comparative data indicate the technological
advantage of next-generation composite materials. Polymer-cement composites (PCC) demonstrate
significantly higher adhesion and wear resistance compared to conventional concrete (Zuhair Al-
Jaberi et al., 2022) (Figure 8).

Ordinary Cement Concrete Polymer-Cement Concrete
(PCC)

Increased Polymer film strech-
toughness

semi-trannerantices
bridentg iites growth

4 / :
i ‘ N Polymer film holds
Increased L% aggregate firmly
! == toughnes surface against
k ~ ' anabraesive force
Ordinary cement concrete Enhanced wear resistance

Figure 8 — Comparison of the microstructure of ordinary cement concrete and polymer-cement concrete (author’s
material).

However, a qualitative leap in performance is achieved through the use of ultra-high-
performance fiber-reinforced concrete (UHPFRC). Its resistance to abrasion and cavitation —
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exceeding that of conventional concretes by a factor of 8-12 — is attributed to the synergistic
combination of an ultra-dense matrix and the micro-reinforcing effect of steel fibers, which prevent
aggregate spalling under the impact of high-velocity water flow (Bandara et al., 2023).

UHPFRC Microstructure

Microstructure

UHPFRC

Sﬁilway

Figure 9 — Microstructure and application of ultra-high-performance fiber-reinforced concrete (UHPFRC) for the
protection of hydraulic structures (author’s material).

Microstructural analysis of cement composites (Kabdushev et al., 2023) confirms that the
density and uniformity of the cement matrix are directly correlated with resistance to cavitation wear
and crack formation, which aligns with the observed performance advantages of UHPFRC illustrated
in Figure 9.

The high Lifecycle Cost Index (LCCI) of UHPFRC, presented in Table 1, often serves as a
barrier to its widespread application. However, our analysis demonstrates that for critical zones of
hydraulic structures (such as stilling basins and spillway aprons), where the cost of repeated repairs
and equipment downtime is extremely high, the initial investment in UHPFRC is economically
justified due to a substantial extension of the maintenance interval (from 3-5 years to 15-20 years).

4.3.2. Protection against chemical and biogenic aggression
The analysis of protection methods against chemical corrosion confirms that the most reliable
solution is the formation of a multi-layer barrier system (Figure 10).

Original sound concrete subsfrate

Figure 10 — System of concrete protection against chemical corrosion (author’s material).
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The use of specialized sulfate-resistant or calcium aluminate cements for repair, followed by
the application of a final hybrid polymer coating, provides comprehensive protection against
leaching, as well as acidic and sulfate attack (Moldamuratov et al., 2022).

In the context of biogenic deterioration, alongside traditional rehabilitation methods, an actively
developing approach involves the use of self-healing concrete, which ensures autogenous crack
sealing and enhances the durability and service life of hydraulic concrete structures (Osta &
Mukhtar, 2024).

e e

Micro-cr
matrix/

Relecced
bacteria

Calcite
crystals

Figure 11 — Principle of bio-concrete operation (author’s material).

The mechanism illustrated in Figure 11, where encapsulated bacteria are activated upon crack
formation and produce calcium carbonate (CaCOs), represents a transition from passive repair to an
intelligent, autonomous system. According to recent studies, this technology is capable of sealing
cracks up to 0.8 mm wide, marking a breakthrough in maintaining the watertightness of concrete
structures (Chaolin Fang & Varenyam Achal, 2023).

4.3.3. Long-Term Protection of Reinforcement Against Corrosion

The service life prediction of repair systems, presented in Figure 12, is one of the most
illustrative results characterizing the behavior of reinforced concrete during restoration.
The analysis of the graph indicates the low efficiency of localized repair strategies (Curve A). This
behavior is explained by the incipient anode effect: after repairing a small area, a highly alkaline
environment is created, turning it into a cathode, while the adjacent zones of old chloride-
contaminated concrete become anodes, leading to accelerated corrosion.
Complete removal of the contaminated concrete (Curve B) provides a longer, though still time-
limited, improvement in durability (Saqif et al., 2022).

Only the use of active protection systems, in particular embedded galvanic anodes (Curve C),
ensures that the reinforcement remains in a passive state for a predicted period of 15-20 years
(Jakiyayev et al., 2021). The anode corrodes instead of the steel reinforcement, thereby providing
cathodic protection (Harahap et al., 2023).

The results of the service life analysis emphasize the need to reconsider existing repair
approaches for reinforced concrete hydraulic structures. Instead of performing cyclic local repairs
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every 3-5 years, it is more rational to implement electrochemical cathodic protection systems,
especially under aggressive environmental conditions.

15

Curve A (Local repair)
14 Curve B (Fepair with complete removal of concrete)
Y Curve C (Bepair with anodes mmplantation}

12
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0 ¥, 1 6 B 10 12 14 16 18 20
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Figure 12 — Predicted service life of repairs under different reinforcement protection strategies (author’s material)

4.4. Discussion in the Context of Kazakhstan’s Conditions

The practical implementation of the discussed technologies at hydraulic facilities in
Kazakhstan, such as the Kirov Reservoir and the Aktobe Hydraulic Complex — provides an
opportunity to specify and validate the findings.
The severely continental climate of Kazakhstan, characterized by large annual and diurnal
temperature variations (freeze-thaw cycles), imposes increased requirements on the thermal
compatibility and frost resistance of repair materials (F300 and above).

Our analysis showed that the successful use of polyurethane injection resins at the Aktobe
Hydraulic Complex for joint sealing confirms their effectiveness under active deformation conditions.
At the same time, operational experience demonstrates that for the repair of abrasion zones in spillway
structures, the most wear- and frost-resistant materials, such as UHPFRC, should be preferred — even
despite their higher initial cost — since traditional concretes require repeated repairs every 5-7 seasons.

Thus, for the conditions of Kazakhstan, it is necessary to adapt international experience: the
selection of technologies should be based not only on the type of defect, but also on a comprehensive
analysis of climatic loads and long-term economic efficiency. Further research focused on the
development and testing of repair mixtures optimized for the specific operating conditions of
hydraulic structures in the region appears to be highly relevant.

Comparative analysis of the accumulated repair cost using traditional concrete and UHPFRC.
The Figure 13 demonstrates the break-even point (approximately 12 years), after which the high
initial cost of UHPFRC is compensated by the elimination of frequent repair needs, typical for
traditional materials under the climatic conditions of Kazakhstan.
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Figure 13 — Comparative analysis of repair technology efficiency (author’s material).
5 CONCLUSIONS

The review and analysis conducted in this study made it possible to systematize the main
mechanisms of concrete degradation in hydraulic structures and to identify modern technologies for
their restoration. The key findings of the research are as follows:

1. It has been established that the degradation processes in hydraulic concrete structures are
synergistic in nature: primary physico-mechanical damages (e.g., cracking) critically accelerate
secondary chemical and corrosion mechanisms. This confirms the inefficiency of local repairs when
the root cause is not addressed.

2. Comparative analysis revealed the absence of a universal repair solution and defined a clear
hierarchy of applicable technologies. The optimal choice depends on the dominant degradation
mechanism:

- UHPFRC for zones of intensive abrasion.

- Elastic polyurethane injection resins for sealing active leakages.

- Electrochemical methods for long-term reinforcement protection.

3. Evaluation based on the lifecycle cost index (LCCI) confirmed that, despite their higher
initial cost, innovative materials (such as UHPFRC) and technologies (such as galvanic anodes) are
economically justified for repairing critical and hard-to-access areas of hydraulic structures, due to
their significantly extended maintenance intervals.

4. Active electrochemical protection systems are the only approach that not only halts ongoing
reinforcement corrosion, but also prevents its initiation in adjacent zones (the “incipient anode”
effect), thereby ensuring maximum repair durability.

5. For the Republic of Kazakhstan, the primary challenge lies not in the direct adoption of
foreign technologies, but in the development of adapted rehabilitation strategies.
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These strategies must take into account the harsh continental climate (increased requirements for frost
resistance and thermal compatibility of materials) and the specifics of the national regulatory
framework.
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Abstract. The study presents an overview of several experimental techniques
used to determine the strength and bearing capacity of concrete. During the research,
special attention was paid to how the quality of the mix and curing conditions influence
the reliability of the results. The experiments were carried out on cube, prism, and
cylinder specimens that were tested at different stages of hardening. The obtained data
helped to trace how the internal structure of concrete changes with time and to identify
the factors that most strongly affect its load resistance. Compressive and flexural
strengths were determined using three specimen types: cubes, prisms, and cylinders.
Ten samples of each shape were produced and tested at different ages over a curing
period of 180 days. These experiments allowed calculation of the coefficient of
variation and tracking of strength development over time. Results showed that
destructive testing provides dependable data on the mechanical response of concrete
under load. The total specimen volume did not significantly influence strength;
however, widening the cross-sectional area at the upper surface tended to reduce
resistance and foster the formation of micro-cracks. Conversely, smaller sections
demonstrated higher strength values and more stable variation coefficients. The
findings also underline the limitations of relying solely on average strength indicators.
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Anparna. Makanaoa 6emonnsly bepikmix Kacuemmepin 0a2anay Hcane OHblH
JcyKkmemeni  kemepy — Kabilemin — aHblKmay ~— 20icmepi  KApacmulpuliobi.
Oxcnepumenmmik colHakmap 60apvicblHOa apmypii Gopmaoazvl yiacinepoiy CblHy
epexutenikmepi manoanovl. 3epmmeyoiy, Maybi30bl 0ONI2I-OeMOH CANAcbiH HCYUei
oaxvinay. Cebebi ceHiMOI axnapam JicuHay Oonawakma umapammap MeH
KYPbIILIMObIK  dneMeHmmepoiy Oepikmicid, COHOAU-aK Y3aK Mep3iMOi  HCYMbIC
Kabinemminicin kammamacwls emedi. COHObIKMAH HAKMbl Hcaz0auoa Oypuvlc a0icmi
manoay, coOHbIMeH Kamap OemoHHblH [WKI KYPbLIbIMbIHA HA3Ap ayoapy aca 03eKmi
MinOem 6onbin maowLiaovl. 3epmmeyoiy He2izeli MaKcamvl — Mamepuanlobly Cblebliyed
JicoHe uinyee Oepikmixk Kepcemixiutmepin amblKmay YuliH CblHY 20icmepin KoAOaHy
001061. Ocbl Mmakcamma yw mypai yaei ¢popmacol 0aublHOANObL: KYO, NPUIMA HCIHE
yununop. Op ¢opma OotviHwa oH Oanadan yreinep azipaewin, 180 KkyH 0Oolivl
CblHAKmMaH emKizinoi. Yineinepee oicypeizineen maxcipubenepOiy Hamudicecinoe
sapuayusanblK Ko3gguyuenm ecenmenodi, coHOal-ax yaKolm ome Kejie Oepikmikmiy
e3eepyi bakwiianovl. Homuowcenep kepcemxeHnoell, cbiHObIpY2a HecizoenceH adicmep
OemoHHbIY MeXAHUKAIbIK Kacuemmepin O0anipex Oazanay2a MYMKIHOIK Oepedi. An
oy30atimein 20icmep mexK KOCbIMua 6aKwiiay Kypaivl peminoe muimoi, oipax nezizei
bazanay ywin oicemkinikciz. Taocipube OemoHn dneMeHmiHiy JHCAINbL  KOJeMi
Oepixmikke aumapavikmai acep emnetiminin 021e10e0i. JleceHmeHn, YiciHiH JHco2apebl
KeciM atMAagblHblY YA2arobl OepiKmikmi memMeHOemin, MUKpoICapblKmapobly natoa
bonyvina viknan emmi. Kepicinwe, xiwicipim Kumanap sxoeapvl 6epikmik MaHOepiH
Kepcemin, eapuayus Kod(duyuenminiy mypaxmolivieblh apmmolpovl. CoubiMeH
Kamap, mex opmauia oepexmepee CyleHy Kamenikmepee aivln Keiyi MyMKiH. Opoip
KOHCMPYKYUSALBIK DJIeMeHm  VWliH Jceke Oepikmik KepcemKiuimepin manoay -—
KYPbLILIMObIK KAYINCI30IKMi Kammamacwol3 emyoiy Mayvl30bl wapmol. byn 2viisivu
MYACHIPLIMOAD  KYPHLIbIC CANACLIHOA CANAHbI  APMMBIPYRA  IHCIHE UHIHCEHEPILIK
wewimoepoiy ceHiMOiniein Kywelimyae 6agblmmaneaH.

Tyiiin ce3nep: npusma, bemown, scykmeme, b6epikmix, uiny, cvley, CmaHoapmmol
ayvlmky.
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HAVYHAA CTATBA

AHAJIN3 U OHEHKA SKCIHEPUMEHTAJIBHBIX METOJ10B

OINPEJAEJIEHUA IPOYHOCTU BETOHA

M.K. Ipanuesa'* @ | 7K. T. Hammpannes? ® | V.T. Beraanes?

12KasHUTY umenn K.U.Carmaesa, 050013, Anmarsr, Kazaxcran

SMesxTyHapoHbIi yHHBEpCUTET HH(DOPMAIIMOHHBIX TexHoJorui, 720044, Buikek, Kblpreizcran

AHHOTAUMAA. B 2moii cmamve npogedeH amanuz Memooo8 XapaxKmepucmux
npoyHocmu OemoHa u e2o Hecyujeli cnocooHocmu. Buinonmwen ananuz ucnvimanmvix
006pa31y08 IKCNePUMEHMATLHLIM MEMOOOM Ha paspyulenue. Baxicholl uacmvio 0aHHO020
UCCIe008aHUsT ABNAEMCS KOHMPOIbL Kauecmea OemoHd, NOCKOAbKY ycnex chopa
uHgopmayuu no OAHHOMY Mamepuary Hecem 8 cebe OalbHeUuy HeCyuyro
CNOCOOHOCMb DlleMeHmMOo8 KapKaca 30aHutl u coopyxcenui. [losmomy 6 Hawu OHU
OUeHb BANCHBIM SABIAeMCcs NO0OOpP NPABUTLHOO 8 KOHKDEMHOM Clyyde Memood
IKCNEPUMEHMATbHO2O UCCAe008AHUs, YOensds 001buloe SHUMAHUE CMPYKMYPHOU
cemke bemona. Ileped coboii mbl nocmasuiu yeib NPOGECMU IKCNEPUMEHMATbHBLE
paspyuwarowue memoovl OJisl GbIAGNIEHUs OYEHOYHO20 NOKA3amesis NpPOYHOCMHOU
Xapakmepucmuka 0aHH020 MAmepuand Ha coycamue, a makice na uzeud. Illosmomy 6
nepeyio ouepeddb 3a0aua OvlIa 8 MOM, YMooObl NOO20MOBUMb MPU GopMbl 00PA3YOE U3
KyOa, npusmel u Yururopa. 3amem no 20MOBHOCMU ObLIU GLINOJIHEH IKCNEPUMEHM
paspyuanuezo  mMemood, — 6blid6ieHUe  8ApUamueHozo Kol guyuenma. Boiiu
ucnoimanwl 10 6u0os 0opasyos kaxcoou gopmol na npomsicenuu 180 Ouetl enusaHus
npounocmu 6Oemowna. Ilo pezyromamy coenan 6b1800, UMO OAHHLIL MEMOO
IKCHEePUMEHMA NOMO2AION NOJLYYUMb MOYHble OAHHblEe N0BEOEHUsl NPOUYHOCMU OemOoHa
U e2o OanvHeuulell SKCNIyamayuu CmpoumeibHoOU KOHCMPYKYUU, npuivem, npu aooslx
BO3MOJICHLIX VCIOBUSX, HENCeNU Memoo Hepaspyuarowull, KOmopwlil UCNOIb308aNb
MOJCHO KAK OONOJHUMENbHbIN OJisl KOHMPOJI Kauecmea OemOHHOU KOHCMPYKYUU.
Januwiti s5KCnepumenm nokasa, Ymo oovem KOHCMPYKyuu j1eMenma Ha NPOoYHOCHIb
He enusiem. Ho no0soos umoeu 6bis18Unoch, umo eciu yseaiudums niowdaob Ha 6epxXHem
CeYeHUuU, Mo CHUBUMCS NPOYHOCHMHbIE CBOUCMBA OEemoHd, COOMEEMCMBEEHHO U
npugedem K HedceramenbHoiM Mukpoppaxyusim. Ilogvluwenue Hecywel cnocobHocmu
bemona, Koappuyuenm eapuayuu NPOYHOCMU CEAZAHO C HEDONLUUMU CeUeHUSMU
UCNBIMbIBAEMBIX 00PA3YO8.

KawueBble cioBa: npusma, Oemow, Hazpyska, npoYHOCHb, U3eub, cicamue,
CPEeOHEeKB8AOPAMUYHOe OMKIOHEHUE.
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1 INTRODUCTION

In modern construction practice, ensuring the reliability of reinforced concrete structures
remains one of the most important engineering challenges. Although various national and
international standards regulate the classification of concrete strength, the practical application of
these methods still raises questions regarding their accuracy and comparability.

In our study, we focused on evaluating the actual strength of concrete using different specimen
shapes and testing techniques. The experiments were performed at Vilnius Gediminas Technical
University (VILNIUS TECH, Lithuania) with the use of a servo-hydraulic testing machine LVF5000
(capacity 5 MN, WALTER + BAI AG, Switzerland). The load was applied gradually under the
control of DION 7 software, while all measurements were automatically recorded using the
ALMEMO 5690-2 system.

Before fabricating the experimental reinforced concrete beams, we verified the quality of the
mix and compliance of materials with technical standards to prevent premature failure. In this context,
special attention was paid to the selection of aggregates and the control of curing conditions, since
both directly affect the load-bearing performance of structural elements.

In practice, the strength of concrete represents its ability to resist external forces without visible
damage or internal cracking.  This property largely depends on the homogeneity of the mixture and
the proportion between cement, water, and aggregates. Therefore, each batch must be tested to
confirm that the material meets design requirements and provides sufficient safety margins for long-
term use.

Taking these aspects into account, the current research aimed to analyze destructive testing
methods for determining the compressive and flexural strength of concrete. Following the
recommendations of the national standard ST RK ISO 1920-6-2009 “Testing of Concrete. Part 6.
Sampling, preparation and testing of reinforced concrete frames,” destructive testing was selected as
the main experimental approach, as it allows for the most accurate assessment of real mechanical
behavior under load.

2 LITERATURE REVIEW

Research on concrete has been conducted for nearly a century, resulting in a substantial body
of knowledge regarding the influence of concrete properties on the structural characteristics of
construction projects. The experience of the Russian school of design has consolidated this
knowledge, emphasizing the fundamental factors affecting concrete strength as well as its impact on
the overall performance of structures.

Notable contributions have been made by authors such as (Bazhenova Y.M. & Kolchunova
V.1., 2005), who focused on the effects of the material’s structural form on the outcomes of
destructive testing of concrete. Further insights were provided by (Loganina V.l., 2014) and
Krivenya S.M., 2018), whose work contributed to understanding the behavior of compacted
concrete, highlighting the critical role of concrete strength in both bending and compression
performance.

Research in Kazakhstan has been conducted taking into account the available raw material
resources as well as the climatic conditions of the country. Studies by (Lukpanova R. et al., 2021)
focused on the influence of concrete strength characteristics using cubic samples. The work of
(Begentayev M. et al., 2025) addressed the assessment of compressive strength with the use of ash
additives, providing results that highlight the impact of modern admixtures and their potential
application in practical construction.

Experience shows that both Russian and Kazakh research has progressed from studying basic
concrete strength characteristics to developing innovative models that consider the material’s
structure and proper use, which have a significant effect on the overall load-bearing capacity of
structures.
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The primary objective today is to optimize the use of collected material data, taking into account
the influence of sample shape and testing methods on concrete strength. This need has become the
central focus of the present study, emphasizing the importance of accurate assessment methods to
ensure both safety and durability in construction applications.

3 MATERIALS AND METHODS

At the laboratory of Vilnius Gediminas Technical University (VILNIUS TECH), samples of
three types were prepared: cylinders, cubes, and prisms. Specifically, ten cylindrical samples with a
diameter of @150 mm and a height of 300 mm were prepared, ten prism samples with a cross-section
of 100x100%400 mm, and ten cubic samples measuring 150x150%150 mm.

The experimental-laboratory investigations were conducted in several stages: an examination
of the current state of research has shown a lack of approaches for analyzing the strength of small-
sized cylindrical and cubic specimens; the formulation of theoretical principles for evaluating
concrete strength, grounded in the previously proposed failure model; cconducting multiple
experimental investigations on the stress—strain behavior of concrete specimens, with variation of the
key parameters influencing their strength; conducting experimental testing of concrete specimens.

The main concrete specimens in the form of cylinders and cubes were prepared in the laboratory
of Vilnius Gediminas Technical University (VILNIUS TECH) using a concrete mixer, as shown in
Figures 1-5.

Figure 1 — Concrete mixer unit (author’s materials)

Metallic collapsible molds were used for specimen preparation. The concrete mix was
compacted using vibrators operating at a frequency of 2,500 semi-oscillations per minute with an
amplitude of 0.45 mm. During the spring—summer period, specimens were prepared under natural
curing conditions. The ambient air temperature during casting ranged from 15 to 19°C. Demolding
was carried out 5-6 days after casting. Prior to testing, all specimens were stored in moist sawdust to
maintain adequate humidity.
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Figure 2— Concrete Mix Preparation (author’s materials)

During the casting of concrete samples in the form of cylinders and cubes, special molding
forms were used, as shown in Figure 3. Metal collapsible molds were employed to shape the samples.
The concrete mixture was compacted using vibrators operating at a frequency of 2,500 half-cycles
per minute with an amplitude of 0.45 mm. In the spring and summer season, samples were produced
under conditions of natural curing. The ambient temperature during sample preparation averaged
between 15 and 19°C. Demolding was performed 5-6 days after casting. Prior to testing, the samples
were stored in moist sawdust.

Figure 3— Fabrication of Samples in the Form of Cylinders and Cubes (author’s materials)
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Figure 4 — Cylinder molding form (author’s ~ Figure 5 — Cube, prisms molding form (author’s
materials) materials)

Concrete specimens of three types were prepared at the laboratory of Vilnius Gediminas
Technical University (VILNIUS TECH) for experimental testing: ten cylinders (2150 x 300 mm),
ten prisms (100x100x400 mm), and ten cubes (150x150x150 mm). Prior to testing, all specimens
were cured for 28 days under standard laboratory conditions to ensure uniform hydration and strength
development. Each sample was visually inspected for defects such as cracks, voids, or surface
irregularities, and any specimens not meeting quality criteria were excluded from the study.
Dimensional measurements and mass recording were performed to confirm conformity with the
specified sizes, ensuring reliability and reproducibility of results.

During testing, the stress—strain behavior of each specimen was continuously recorded using
precision sensors and data acquisition systems. Observations were made on crack initiation,
propagation, and final failure modes, which were documented with photographs and video recordings.
These data allowed detailed analysis of the mechanical behavior of concrete under destructive loading
and provided a basis for evaluating the influence of specimen geometry on compressive and flexural
strength.

All tests were conducted in triplicate for each type of specimen to ensure reproducibility and
reliability of the results. The recorded data were processed to calculate key mechanical properties,
including compressive strength for cylindrical and cubic specimens, and flexural strength for prism
specimens.

Statistical analysis was applied to determine average values and standard deviations, providing
a guantitative basis for comparing the performance of different specimen types and evaluating the
effect of geometry on concrete behavior. In this case, we ensured conditions in which the control
concrete samples were cured in chambers with automatic maintenance of optimal temperature and
humidity, as shown in Figures 6-9.

Before beginning the fabrication of the experimental reinforced concrete beam for strength
testing, it was essential to ensure that the future structure would comply with the standards and not
fail prematurely. This required verifying the quality of the construction process and the choice of
building materials. In this context, careful attention must be paid to the quality of the concrete mix,
with its key parameter being the material’s strength characteristics.
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Figure 6 — Preparation of cylinder-shaped Figure 7 —Preparation of cube-shaped,
specimens (author’s materials) ——  prism-shaped specimens, cylinder-shaped
specimens (author’s materials)

Figure 8 — Preparation of cube-shaped, prism- Figure 9 — General view of the molding
shaped specimens (author’s materials) forms with cast concrete specimens
(author’s materials)

At each stage of the experiments, particular attention was paid to controlling the dimensions
and quality of the specimens, proper placement in the testing machines, and accurate recording of
loads and deformations. Standard compression tests were applied for cylindrical and cubic specimens,
while prism specimens underwent bending tests to evaluate their flexural strength.

Specimens were prepared for experimental studies to test compression, tension, and bending;
the data are presented in Table 1.

Table 1
Experimentally investigated variants of control specimens (author’s materials)
Type of Test Specimen Shape Linear Dimensions, mm
' ' ' Cubic with dimensions
Compression and Tension Testing 150%150x150 mm
Cylindrical 0150, h=300 mm
. ' ' Prismatic with dimensions from 100x100x400
Axial Tension Testing mm up to 300x300x1200 mm
Cylindrical 9150, h=300 mm
Flexural Strength and Tension Test Prismatic with dimensions from 100x100x400
mm up to 300x300x1200 mm
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Some prisms were kept moist for 2 days and then subjected to steam treatment according to the
following procedure: the temperature was raised to 80 © C over three hours, maintained for 8 hours,
and then reduced to 6 °C over six hours. The concrete mix was designed to produce three strength
classes: low strength (classes B15 and B25), medium strength (classes B30 and B40), and high
strength (class above B50). The next stage of the study involved testing the samples for compressive
and flexural strength using a specialized press machine located in the laboratory of Vilnius Gediminas
Technical University (VILNIUS TECH), as shown in Figure 10.

1 “ ‘ W

i

Figure 10 — Strength tests on a specialized press machine in the laboratory of Vilnius Gediminas Technical
University (VILNIUS TECH) (author’s materials)

In the laboratory, the experimental analysis of concrete properties was performed using a
hydraulic press. Cube- and cylinder-shaped specimens were placed under the press, and the load was
gradually increased until failure occurred, as illustrated in Figures 11-12.

Metallic collapsible molds were used to produce the specimens. The concrete mix was
compacted using vibrators with a frequency of 2,500 semi-oscillations per minute and an amplitude
of 0.45 mm. During the spring-summer period, specimens were prepared for natural curing. During
specimen preparation, the ambient air temperature ranged from 15 to 19° C. Demolding was
performed 5-6 days after casting. Before testing, the specimens were stored in moist sawdust.

Figure 11 — Strength tests on the specialized press Figure 12 — Strength tests conducted on a specialized
machine in the laboratory of Vilnius Gediminas press machine in the laboratory of Vilnius Gediminas
Technical University (VILNIUS TECH) (author’s Technical University (VILNIUS TECH) (author’s
materials) materials)
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Two Canon EOS 77D DSLR cameras equipped with Canon EF-S 18-135 mm lenses were
mounted on tripods at a distance of 2000 mm from opposite faces of the beam to capture digital
images. Camera settings included a shutter speed of 1/100 s, an aperture of £/4.0, a focal length of 24
mm, and an [SO sensitivity of 100. Images with a resolution of 6000x4000 pixels were captured at
each 5 kN increment of applied load. The remote-control device was used to prevent unintended
displacement of the cameras. The GOM Correlate software (GOM Metrology, Germany) was
employed to monitor and visualize the tensile and compressive strength tests.

4 RESULTS AND DISCUSSIONS

At this stage of the work, we compared how the shape and size of the specimens affected the
compressive strength of concrete. During testing, it became clear that even small differences in
geometry can slightly change the load-bearing capacity. The results are summarized below and
include both direct measurements and our own observations of fracture patterns. In general, smaller
samples showed higher strength values, which agrees with similar laboratory findings reported in
earlier studies. The ultimate compressive force values were recorded and documented in the concrete
testing protocol, with corresponding load and strength measurements summarized in Table 2, as
presented in the results section.

Table 2
Concrete Cube Compressive Strength Test from the Experimental Study Conducted on 05.05.2023 (Author’s
Materials)

05.05.2023
Age 7 28.04.2023
Concrete Cube Compressive Strength Test
1 cube 2 cube 3 cube 4 cube
Dimension Mass, gr Dimension Mass, gr Dimension Mass, gr Dimension Mass, gr
mm mm mm mm
1 151,1 8053 1 154,01 8213 1 152,3 8102 1 152,57 7953
2 1514 V,, mm? 2 153,58 V., mm’ 2 151,0 Ve, mm® 2 151,51 V¢, mm’
3 151,9 3487301 3 154,22 3534168 3 153,8 3472345 3 152,56 3457472
4 1514 p, kg/m? 4 156,47 p, kgm’ 4 150,7 p, kg/m’ 4 15131 p, kgm?
5 151,6 2309,2 5 151,82 23239 5 1513 23333 5 150,64 2300,2
6 1521 Load, kN 6 151,53 Load, kN 6 151,8 Load, kN 6 150,63 Loli?\}
7 152,0 881,7 7 151,92 833,8 7 150,1 946,8 7 150,20 869,7
8 152,1 Riysxis, MPa 8 151,86 Ris«s, MPa 8 150,3 Rjsxs, MPa 8 150,22 Rﬁlljz
9 150,9 38,28 9 150,80 35,54 9 151,5 41,27 9 151,24 38,04
10 151,9 Ac, mm? (1) 150,96  A., mm? (1) 151,3 A, mm? (1) 151,32 A, mm?
228623
11  150,8 23031,41 11 150,01 23461,02 11 1517 22940,97 11 150,88 4
1 1 1

12 151,9 ) 150,79 ) 150,8 ) 151,48
fm15><15
38,28
Standart deviation: 2,35

Table 2 clearly shows that the concrete strength reached 38.28 + 2.35 MPa, indicating that,
overall, the concrete curing results were within the normative range. The cameras were mounted
on a tripod at a distance of 2000 mm from the opposite beam surfaces to monitor the condition of
the specimens.

Before presenting the data in Table 3, it is important to highlight the comparative nature of
the conducted experiments. Table 2 summarizes the results of the initial series of tests, where the
compressive strength of concrete cubes was measured under standard curing conditions. These
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values served as the baseline for further evaluation of the development of the material’s mechanical
properties.

In contrast, Table 3 reflects a later stage of testing, where the compressive strength of
concrete reached 44.61 MPa. This outcome indicates a progressive enhancement of the internal
structure of the material during the curing process and significantly exceeds the results obtained in
the previous series. A comparative analysis of Tables 2 and 3 confirms the positive influence of
curing duration on the growth of strength, which is particularly relevant for construction materials
science. The higher values recorded in Table 3 suggest the high reliability of the investigated mix
and its potential applicability in structural elements requiring enhanced load-bearing capacity.

Table 3
Concrete Cube Compression Strength Test Conducted on 12.05.2023 (Author’s Materials)
12.05.2023
Age,14 28.04.2023
Concrete Cube Compressive Strength Test
1 _cube 2 cube 3 cube 4 cube
Dimension Mass, gr Dimension Mass, gr Dimension Mass, gr Dimension Mass, gr
mm mm mm mm
1 155,3 8199 1 152,35 7882 1 152,89 7975 1 151,52 7939
2 155,3 V., mm? 2 150,92 V. mm? 2 151,28 Ve, mm® 2 151,85 V., mm’
3 154,6 3534656 3 151,69 3462025 3 151,89 3457810 3 152,29 3487037
4 1543 p, kg/m? 4 151,26  p, kg/m? 4 152,51 p, kg/m? 4 153,44 p, kg/m?
5 151,2 2319,6 5 152,18 2276,7 5 150,17 2306,4 5 150,46 2276,7
6 151,0 Load, kN 6 151,21 Load, kN 6 150,07 Load, kN 6 150,77 Load, kN
7 150,8 1057,7 7 151,36 1040,2 7 151,50 1023,3 7 150,63 994.,8
8 150,5 R15><15, MPa 8 152,08 R15><15, MPa 8 151,53 R15><15, MPa 8 150,90 R15><15, MPa
9 151,6 4527 9 150,99 45,24 9 150,29 44,60 9 152,11 43,35
10 150,9 A, mm? (1) 150,17  A., mm? (1) 150,92 A, mm? (1) 151,47 Ac, mm?
11 151,5 23365,76 11 150,91  22992,03 11 150,17 2294575 11 152,22 22946,32
1 1 1
12 1509 ) 150,23 ’ 151,40 ) 152,06
fm15><15
44,61
Standart deviation: 0,90

The primary objective today is to optimize the use of collected material data, taking into account
the influence of sample shape and testing methods on concrete strength. This need has become the

Many reinforced concrete elements have characteristic differences, with more complex radial
cross-sections, which do not correspond to the cross-section of prototype cubes. Therefore, the
process of research becomes important in determining the degree to which results obtained from cube
testing can be applied to real constructions. It is impossible to cover all the peculiarities of real-world
structures within the context of a single study. As a result, the focus of the next section is on the
transverse sections of pre-stressed elements, during the operation of which cracks were formed and
developed in the compression zone of the cross-section (Shunzhi Qianab, et al., 2019).

When studying the influence of shape, cross-section dimensions, and other factors on strength,
as well as possible sources of error, it is reasonable to apply the theory of equilibrium conditions of
mechanical systems under the action of applied forces and moments. Consequently, the next
examined model demonstrates the collapse of certain concrete elements under compression.

Further below, Table 4 presents the results of the compressive strength test of a concrete cube
carried out on May 19, 2023. The data clearly show that the measured concrete strength reached 47.04
MPa, indicating a notable improvement compared to the previous series of experiments. In addition,
the average hardening index was determined to be 1.28, reflecting the progressive development of
the material’s structural integrity over time.
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Table 4
Testing of Concrete Cube for Compressive Strength Conducted on 19.05.2023 (Author’s Materials)
19.05.2023
Age 21 28.04.2023
Concrete Cube Compressive Strength Test
1 _cube 2 cube 3 cube 4 cube
Dimension Mass, gr Dimension Mass, gr Dimension Mass, gr Dimension Mass, gr
mm mm mm mm
1 152,33 8056 1 154,30 8238 1 153,12 8030 1 150,86 8002
2 151,14 V., mm® 2 154,08 V., mm® 2 152,44 V. mm} 2 152,73 Ve, mm®
3 152,18 3452213 3 156,43 3536570 3 151,62 3502244 3 151,36 3472598
4 14991  p, kg/m’ 4 15724  p, kgm? 4 152,60 p,kgm’> 4 152,52 p, kg/m’
5 151,40 2333,6 5 150,46 23294 5 150,25 22928 5 151,67 2304,3
6 151,08  Load, kN 6 150,40  Load, kN 6 152,52 Load, kN 6 151,23 Load, kN
7 151,89 958,8 7 150,15 1133,4 7 152,36 1071 7 151,25 1063,9
8 151,47 Rysas, MPa 8 149,73 Rysas, MPa 8 151,80 RI\‘;I;‘;’ 8 151,02 Risas, MPa
9 150,12 41,82 9 151,42 48,53 9 151,51 46,30 9 151,84 46,30
10 150,80 A., mm? 10 151,49 A., mm? 10 152,30 A, mm’ 10 150,58 A., mm?
11 150,25  22929,53 11 151,33  23355,64 11 150,78 23130,86 11 151,51 22976,41
12 151,06 12 151,45 12 151,05 12 150,62
finisx15
47,04
Standart deviation: 1,28

Comparing the results shown in Tables 2 and 3 with those in Table 4, we noticed a gradual and
stable increase in strength values. This improvement became especially visible after the third week
of curing. Most likely, it is connected with better hydration of the cement and denser internal bonding
of the mix. Such a tendency was observed for all specimen types, which confirms the reliability of
the selected testing method. The tensile stresses acting within a localized zone on a single grain
embedded in the natural concrete matrix can initiate minor failures of certain particles within the
layer. The breakdown of these fine inclusions subsequently destabilizes the concrete structure and
leads to the initiation of surface micro-cracks. It should be noted, however, that the failure of structural
volumes within concrete layers does not always represent a negative factor in the overall collapse of
the cross-section. Partial damage develops when the cumulative number of failed elements exceeds a
critical threshold, which can be regarded as the limit state. The final stage is characterized by the
fragmentation of the specimen into several parts. During this ultimate phase, the overall stress in the
critical zone approaches the tensile strength of the concrete cross-section, manifested through the
propagation of micro-cracks.

Thus, the series of tests on concrete cubes Tables 1-4 revealed the patterns of strength variation
in the material. To validate these findings and broaden the analysis, compressive strength tests were
performed on cylindrical specimens, as presented in Tables 5-6.

Subsequently, concrete cylinders were tested for compressive strength, as presented in Table 5
below. The results in Table 5 clearly indicate that the measured concrete strength reached 41.93 MPa,
while the overall hardening index was 0.69. This final experimental stage demonstrated satisfactory
outcomes, showing a reliable performance of the material. Moreover, when compared with the results
of previous tests presented in Tables 2-4, the data from Table 5 demonstrates a consistent and
progressive improvement in the evaluation of the specimens. This indicates the high effectiveness of
the applied testing methodology and its reliability in conducting the experiments. The results confirm
the validity and reproducibility of the approach used to assess the mechanical properties of the
concrete. Furthermore, the observed trends highlight the sensitivity of the testing procedure to
variations in specimen behavior, allowing for a detailed analysis of performance differences among
cylindrical, cubic, and prismatic samples. These findings provide strong support for the adopted
methodology as a reliable tool for experimental concrete research.
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Table 5
Compressive strength test of a concrete cylinder conducted in the course of the study (Author’s Materials)
Concrete Cylinder Compressive Strength Test

1 _cylinder 2 cylinder 3 cylinder 4 cylinder 5_cylinder
Dimensin Mass, Dimensin Mass Dimensin Mass Dimensin Mass Dimensin Mass
1 149,5 12025, 1 149,3 12308,0 1 149,1 12049, 1 149,7 12281,0 1 149 1230
2 149,5 V°’3 2 1493 V,mm® 2 14973 V°’3 2 1498 V°’3 2 149 VC;

mm mm mm mm

3 149,5 521725 3  149,6 5269849 3 149,2 51984 3 149,9 531246 3 150 5301

p, 3 p, p, p,

4 150,1 ke/m’ 4 149,2 p,kg/m 4 1492 ke/m® 4 1497 ke/m 4 150 ke/m

5 296,1 23049 5 300,7 2335,6 5 2972 23178 5 301,3 2311,7 5 299 2321,

Load, Load, Load, Load, Load,

6 296,5 KN 6  300,7 KN 6 2968 KN 6 301,1 KN 6 300 KN

7 296,7 7299 7 300,6 738,9 7 2970 7222 7 301,44 754,5 7 299 819,9

ﬁ:yl, nyla fcyh ﬁiyls

8 - Mpa 8 0 JeMPa 8 - MPa © - MPa © - MPa

9 - 41,48 9 - 42,17 9 - 41,27 9 - 42,79 9 - 46,36

1 i A, 1 ) A mm? 1 ) A, 1 ) A, 1 ) A,

0 mm> 0 @ 0 mm> 0 mm? 0 mm?>

} - 17596 } - 175233 } - 17499 } - 17632,0 } - 1768

1 1 1 1 1

2 ) 2 ] 2 ) 2 ) 2 ]

41,93

Standart deviation: 0,69

In Table 6, the results of the compressive strength test of a concrete cylinder conducted on 28
April 2023 are presented. The obtained compressive strength was 49.18 Mass, gr, indicating a normal
hardening process. This result is higher compared to the value reported in the previous Table 5.

Table 6
Concrete Cylinder Compressive Strength Test Conducted on 28.04.2023 (Author’s Materials)
Concrete Cylinder Compressive Strength Test
1 cylinder 2 cylinder 3 cylinder 4 cylinder 5 cylinder
Dimension Mass Dimensin  Mass Dimensin Mass Dimensin  Mass Dimensin  Mass

1 1499 12332, 1 1497 12220 1 1492 119990 1 1495 12208 1 1498 12246
2 1496 Ve 2 1496 VO, 2 1493 Vomm® 2 1495 VO, 2 1499 Ve
mm mm mm mm
3 150,3 531564 3 1502 52725 3 1492 5218887 3 1495 52676 3 1497 527684
p’ p’ 3 ps ps
41502 (Bl 4 1501 B 4 1500 pkgmt 4 1497 Bea 4 49, By
5300,7 23199 5 2986 2317 5 2974 22991 5 2997 2317 5 2989 23207
Load, Load, Load, Load, Load,
6 3005 N6 2986 N7 6 2974 n 62993 NP6 2993 U
7 300,5 9143 7 2984 8773 7 2973 8139 7 2999 8273 7 2991  900,7
féyl’ féyl, - fcyl’ fcyl’
8 . MPa 5 C MPa O - fenMPa 8 - MPa - MPa
9 ; 5171 9 - 4968 9 - 4639 9 - 4707 9 - 51,04
A 1 Ao 1 , 1 Ao 1 A,
10 ) mm? 0 ) mm? 0 - A, mm 0 ) mm? 0 ) mm?
1 - 17682, } - 17658 } - 175462 } - 1757 } - 17646
| 1 1 1
12 - ) - 2 - 2 i 2 i
49,18

Standart deviation 2,37

The tests of cylindrical specimens Tables 5-6 demonstrated consistent results in terms of
compressive strength. Notably, the values obtained in the second series Table 6 were higher than
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those in the previous series Table 5, indicating a positive trend in concrete hardening. Subsequently,
experimental measurements were carried out on three prism specimens under flexural loading, and
the results are presented in Table 7. The findings showed that the flexural strength of the concrete
reached a value of 6.01, demonstrating the material’s ability to withstand bending stresses.

Table 7
Flexural strength test of concrete prisms (Author’s Materials)
Concrete Prism Flexural Strength Test

1 _prism 2 prism 3 prism
Dimensions, mm Mass, gr Dimensions, mm Mass, gr Dimensions, mm Mass, gr
1 101,83 9455 1 101,92 9348 1 100,20 9224
2 101,18 V., mm® 2 100,60 Ve, mm? 2 101,21 Ve, mm?
3 102,94 4098783 3 100,20 4036964 3 99,89 4027077
4 100,97 p, kg/m? 4 101,32 p, kg/m? 4 101,63 p, kg/m’
5 100,67 2306,8 5 102,51 2315,6 5 100,24 2290,5
6 100,05 Load, kN 6 97,74 Load, kN 6 100,62 Load, kN
7 100,97 13,55 7 100,94 14,19 7 100,11 13,09
8 101,47 fi, MPa 8 98,97 fi, MPa 8 100,44 fn, MPa
9 400,00 5,90 9 401,00 6,32 9 398,00 5,81
10 401,00 A., mm? 10 402,00 A., mm? 10 399,00 A, mm?
11 399,00 - 11 397,00 - 11 398,00 -
12 399,00 12 398,00 12 398,50
6,0
Standart deviation: 0,27

Metallic collapsible molds were used to prepare the specimens. The concrete mix was
compacted using vibrators with a frequency of 2,500 semi-oscillations per minute and an amplitude
0f 0.45 mm.

As shown in Table 8, further experimental measurements were carried out on three additional
concrete prisms under flexural loading. The results demonstrated that the flexural strength of the
concrete reached 8.36, indicating improved performance compared with the previous series of prism
tests.

Table 8
Flexural strength test of concrete prisms (Author’s Materials)

Concrete Prism Flexural Strength Test

4 prism 5 prism 6 _prism

Dimensions, mm Mass, gr Dimensions, mm Mass, gr Dimensions, mm Mass, gr
1 101,04 9304 1 101,98 9247 1 103,29 9435
2 100,30 V., mm’ 2 101,68 V., mm’ 2 101,34 V., mm?
3 101,37 4004752 3 100,44 4027835 3 101,62 4177691
4 99,03 p, kg/m? 4 102,25 p, kg/m? 4 104,97 p, kg/m’
5 100,14 23232 5 97,29 2295.8 5 101,08 2258.4
6 98,80 Load, kN 6 99,09 Load, kN 6 101,18 Load, kN
7 100,53 19,82 7 96,66 17,68 7 102,58 19,13
8 99,52 f1, MPa 8 100,01 f1, MPa 8 103,06 f1, MPa
9 399,00 8,93 9 404,00 8,11 9 398,00 8,05
10 400,00 A, mm? 10 407.00 A, mm? 10 398,00 Ae, mm?
11 400,00 - 11 404,00 - 11 400,00 -

12 400,00 12 399,00 12 398,00

8.36
Standart deviation: 0,49

The results showed that the flexural strength of the concrete was 8.36.
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Experimental measurements of the following three prisms in bending were carried out on April
28, 2023, the results of which are presented in Table 8.

Based on the experimental data from the conducted studies of cast concrete cube specimens,
the results of compression tests were compiled into a comprehensive summary table presented in
Table 9. From this data, a graph illustrating the dependence of the standard deviation of concrete
compressive strength over the entire period of experimental measurements was constructed, as shown
in Figure 13.

Table 9
Overall Experimental Data of Concrete Cube Specimens’ Compressive Strength Over the Entire Measurement
Period (Author’s Materials)

Nr Mix Age, days p, kg/m® foy, MPa fe,150x150, MPa igril:t?;z
7 2317 30,63 38,28 2,35
14 2295 35,69 44,61 0,90
1 Pouring 1 21 2315 37,64 47,04 1,28
28 2313 41,93 52,41 0,69
153 2307 49,18 61,47 2,37

The results of compressive strength measurements using the standard destructive testing
method for selected specimens exhibited significant scatter, caused both by the heterogeneity of the
concrete and other factors (Sorokina, 2018).

The variability in compressive strength measurements highlights the inherent heterogeneity of
concrete as a composite material. Differences in aggregate distribution, cement paste consistency,
and curing conditions can all contribute to the observed scatter in results, even when specimens are
prepared under controlled laboratory conditions. Understanding this variability is crucial for
interpreting test results and for designing concrete structures with reliable performance.

In addition to statistical evaluation, compressive strength data can be used to assess the quality
and uniformity of concrete batches. By analyzing the range of measured values and calculating
parameters such as the mean, standard deviation, and coefficient of variation, engineers can ensure
that the produced concrete meets the required standards and specifications. This approach allows for
informed decisions regarding mix adjustments, quality control, and structural safety.

A key characteristic of concrete is its compressive strength. Until recently, concrete strength
was assessed primarily by its grade (denoted by the letter “M” followed by a number indicating the
average compressive strength of the specimens in kgf/cm?).

Currently, the principal strength parameter of concrete defined in regulatory standards is its
class, designated by the letter B and a number corresponding to the guaranteed compressive strength
in megapascals (MPa). This parameter is determined with a reliability factor of 0.95, which implies
that the specified strength is attained in 95% of tested specimens.

Considering the standard deviation of the actual (mean) compressive strength of the concrete
specimens, with a 0.95 probability, it can be asserted that the actual (mean) compressive strength of
the tested concretes falls within the range:

30,63MPa < Re15(M200) < 38.28 MPa;
35,69 MPa < Re15(M200) < 44.61 MPa;
37,64 MPa < Re15(M200) < 47.04 MPa;
41,93 MPa < Re15(M200) < 52.41 MPa;
49,18 MPa < Re15(M200) < 61.47 MPa;
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Figure 13 — Standard Deviation of Concrete Compressive Strength (Author’s Materials)

The essence of the influence of the water—cement ratio on concrete strength is as follows. The
amount of water added to the concrete mix always exceeds the amount required for chemical
interaction with cement. This is necessary to provide the mixture with sufficient workability for dense
placement. As the excess water evaporates, pores form within the concrete, which leads to a reduction
in concrete density, the effective cross-sectional area of the structure, and, consequently, a decrease
in strength. Figure 13 graphically illustrates the total elapsed time after casting the concrete cubes
and the effect of the water—cement ratio on compressive strength.

5 CONCLUSIONS

1. Based on the results obtained, it can be noted that non-destructive testing methods are
convenient when quick evaluation is required, for example, at construction sites. Nevertheless,
destructive testing remains the most accurate way to study the actual mechanical behavior of concrete
under load. The experiments confirmed that the volume of the element has little influence on strength,
while the increase of surface area tends to reduce it. In practice, this means that the choice of testing
method should depend on the research goal and available equipment.

2. The studies demonstrated a practical absence of influence of the element’s volume on its
compressive strength and, consequently, on microfracture processes.

3. At the same time, increasing the surface area of an element while keeping its volume constant
results in a decrease in concrete strength and a reduction in the extent of micro-crack formation. This
finding is confirmed by the experimental results obtained from specimens with channels that
substantially enlarge the element’s surface area.

4. Based on the obtained experimental results, the coefficient of variation of the strength
parameters of the specimens presented in the tables and in the diagram was determined. The
specimens were produced using three different methods, with a minimum of 10 samples for each
type.

5. High coefficients of variation were obtained because the experiments were performed on
small-scale specimens (cubes, cylinders, and prisms). Sampling of such small elements from the
concrete body results in significant variability of properties, consistent with the heterogeneous nature
of concrete.

6. Using averaged properties for stress assessment can lead to significant errors in determining
actual stresses. Therefore, it is necessary to determine individual characteristics for each point of the
study.
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Abstract. Lightweight double-layer concrete walls with a 6-8 cm thick structural
concrete layer are effective in earthquake-resistant construction. The development of
lightweight concrete production is particularly important for Southern Kazakhstan due
to its high seismicity. Reducing the weight of individual structures, as well as buildings
and structures as a whole, through the use of lightweight expanded clay concrete can
be considered as a measure to improve their seismic resistance. The study examines
the effect of inorganic additives and coal mining waste as swelling intensifiers in
expanded clay production to improve the seismic resistance of brick buildings. The
material composition of the clays studied, as well as the mineralogical and structural
properties of the constituent mineral phases, were studied using electron microscopy.
Experimental firings of Kyngrak-Keles bentonite clay samples were conducted with the
addition of the following mineral salts and non-ferrous metallurgy waste: sodium
chloride, calcium chloride, polymetallic ore beneficiation waste, and coal mining
waste. It was found that with the addition of 0.5% NaCl and a firing temperature of
1180°C, the resulting expanded clay has a bulk density of 0.89 g/cm®, which
corresponds to a bulk density of 580 kg/m>. With the addition of 0.5% CaCl., the bulk
density at the same temperature is 0.99 g/cm® (bulk density is 650 kg/m’).

Keywords: seismic resistance of brick buildings, inorganic additives, coal
mining waste, swelling intensifiers, expanded clay.
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FbIJIbIMI MAKAJTA

KOMIP OHAIPY KAJJIBIKTAPBI MEH BEHOPTAHUKAJIBIK
KOCIIAJIAPBI BAP KEPAM3HT HETI3IH/IETT KIPIIILII
FUMAPATTAPIBbIH CEMCMUKAJIBIK TO3IMILIITT TYPAJIBI

K. Ceiiitkacoimyasl' @ | S1.B. Kynan6aesa' @ | b.E. )Kakun6aep>*
K.O. Adexos' @ | III.M. Kyaraesa* @, T. lypmyur® @, B.K. yiicendexos!

'M.Dyes308 arbigarsr OnTYyCTiK Kaszakcran yausepcuteti, 160012, IlsmvkenT, Kasakcran
2Axkanemuk O.KyaT6eKkoB aThIHaFbl XaIbIKTap H0CTHIFI YHUBEPCHUTETI,

160011, HleimkenT, Kazakcran

’Taszu ynusepcureri, 06560, Aukapa, Typkus

X ansIkapanslk 6iniv 6epy xoproparmscsl, 050043, Anmarsl, Kasakcran

Annarna. Kep cinkinicine me3imoi Kypviivicma 6-8 cm Kanvly KYPulibLMObIK
bemon Kabamul bap dHcenin exi Kabammuol bemon Kabvipeanapsvl muimoi. Keyin bemon
eHOipicin  damwimy Oymycmix  Kazakcmanw — yuin — CEUCMUKANLIK — HCOEAPLI
Ooneanovikman epexue Manwvizovl. Jenin xkepamzum 0OemoHObl KOJNOAH) APKbLIbL
JHceKesiecet KYpobliblMOapOblH, COHOAU-AK HCANNbL QUMAPAMMAp MeH KYpuliblCmapobly
CANMABbIH A3aUmy 01apObll CEUCMUKANbIK MO3IMOLLICIH apmmblpy wapacvl peminoe
Kapacmulpsliybl MYMKiH. 3epmmeynep Kipniut 2umapammapovly dicep CLIKIHICiHe
Me3iMOiNiciH apmmublpy YWiH Kepamsum eHOIpiciHoe2l betlopeaHUKAIbIK KOCNALap MeH
KoMIp OHOIpemiH KalOblKmapobly dCepiH 3epmmeyee apHAI&aH. 3epmmenemin
cazo0apoviy 3ammvlK KYpambl, MUHepaniovl ¢hazaniapovly Kypamoac Oeaikmepiniy
MUHEPATIOSUSLTILIK, HCIHE KYPLLILIMObIK epeKulenikmepi 21eKmpoHObl-MUKPOCKONUATIbIK
manoay apxviivl 3epmmenoi. Keneci munepanovt myzoap meH mycmi Memauiypeust
KanoblKmapvl. HAMpuil Xa10puoi, Kaibyuti Xa10puodi, NOIUMemaill KeHOepiH Oauiblmy
KanoblKmapwl, COHOAU-AK KOMIp OHOIpy Kaiovikmapul Kocwiiean Kvinepax-Kenec
bOenmoHum cazoapviHbly yallepin IKcnepumeHmmik Kyuoipy socypeizindi. 0,5% NaCl
acone 1180°C «xyiidipy memnepamypacvin eneizeen Keszde anbIH2AH KeHelmineeH
cazoviy myiiipwixmezi konemoix maccacwot 0,89 2/cm® 6onamuvinbl anvikmanowl, 6y
kenetimineen cazoviy 580 xe/m® xenemoix maccacwina caiikec xeneoi. 0,5% CaCl:
Kocnacwimen bipoeii memnepamypadaeni kenemoix macca 0,99 2/cm’ (acannaii macca
650 ke/m’).
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HAVYHAA CTATBA

O CEUCMOCTOMKOCTHU KUPIINYHBIX 3JAHUN HA
OCHOBE KEPAM3UTA C OTXOJIAMM YIVIEJOBBIYA U
HEOPTAHUYECKHUX JOBABOK
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"TOxnH0-Kazaxcranckuit yausepcuteT uMeHd M. Ayazosa, 160012, lIsimkenT, Kasaxcran
>VuuBepcUTeT APYXKObI HAPOIOB UMeHH akageMuka A.Kyar6exosa, 160011, IlIsiMkent, Kazaxcran
3Vuusepcutet 'asu, 06560, Anxapa, Typuus

*MexyHapoaHas oOpasoparebHas kopropanus, 050043, Anmarsl, Kazaxcran

AHHOTauusl.  JleckobemoHuvie  OB8YXCIOlUHbIE ~ CMEHbl  CO  CllOeM
KOHCMpPYKMUHo2o bemona moawunou 6-8 cm sppdexmuensvt 6 ycrousx
celicmocmotikoeo cmpoumenvcmea. Ocoboe snauenue 0ns FOoucnoeo Kasaxcmana
npuobpemaem pazeumue Npou3eo0Cmea JecKux OemoHO8 8 C85A3U C BblCOKOU UX
celicmuynocmoto. CHudiceHue eeca OmoenbHblX KOHCMPYKYULl, a makdice 30aHull u
COOPYIHCEHULL 8 YETIOM 3a CHem NPUMEHEHUs JIe2KUX OemoHO08 U3 Kepam3uma ModHcem
paccmampusamscsi KAk OOHA U3 Mep NOBbIUEHUS UX — CelicMOCMOUKOCHUL.
Hccneoosanus nocesujensvt usyuenuio IUsHUs HEOP2AHUYUECKUX 000ABOK U OMX0008
Venedoowiul KaKk UHMEHCUDUKAMOPOE8 8CNYUUBAHUSL 8 NPOU3BOOCMBE KEPAM3UMA 05
NOBbIUEHUS  CEUCMOCMOUKOCMY — KUPNUYHLIX  30aHul. Bewecmeennviii cocmag
uccnedyemvlx — 2luH,  MUHepaloudeckue U CMpPYKmMypHvle — 0COOEHHOCMU
COCMABNAIOWUX MUHEPANbHbIX (a3 Obll  U3yueH ¢ NOMOwbl0  INeKMPOHHO-
MUKpocKonuueckoeo auanusa. buvinu npogedenvl sxcnepumenmanvuvie 00cucU
00pasyo6 U3 KblHSPAK-KeNeCCKUX OeHMOHUMOBBIX 2IUH ¢ 000aB8KOU Cle0yHuux
MUHEPAIbHBIX CONlell U OMX0008 UBEMHOU Memailypeul: XJI0pPUcmoz20 Hampus,
XJIOpUCMOo20 Kalbyus, Omxoovl 0002aujeHUs NOIUMEeMANLIUYecKux pyo, a makxoice
0mx0008 y2nedobwviuu. Yemanosneno, umo npu égederuu 0,5% NaCl u memnepamype
obacuza 1180°C nonyuennviii kepamsum umeem obwvemmyio maccy 6 epanyie 0,89
2/em®, umo coomeemcmeyem nacwinnoii macce xepamsuma, paenoti 580 xe/m’. Ipu
dobasxe 0,5% CaCl> obvemuas macca npu moii sce memnepamype paeua 0,99 2/cm’
(nacvinnas macca pasua 650 k2/m’).
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1 INTRODUCTION

Massive housing construction in large cities with unfavorable engineering and geological
conditions and extremely limited expansion potential places high demands on the reliability and cost-
effectiveness of multi-story buildings and structures constructed in high-seismic zones. In recent
decades, earthquake engineering specialists have been working to develop and apply new methods
for seismic insulation of brick buildings and structures. In today's construction environment, reducing
the weight of building structures through the use of lightweight concrete and ceramic materials,
including expanded clay, is particularly important. This will contribute to improving the seismic
resistance of brick buildings (Hafner et al., 2023).

For most artificial aggregates, obtaining granules with the required density depends on the
amount of gaseous products released or introduced and retained in the pyroplastic mass. One such
gaseous product, iron and calcium oxides, can be one example. Iron oxide (Fe>0O3), converted to a
ferrous state as a result of reduction processes, reacts vigorously with aluminum and silicon oxides,
forming a series of eutectics and solutions of complex composition and exerting a strong fluxing
effect. One such compound of iron oxide (FeO) with silica is fayalite, which melts at 1205°C, i.e.,
within the temperature range for producing expanded clay. Also possessing high wetting capacity,
FeO promotes the formation of a system with optimal softening parameters, enabling intense and
complete swelling. Clays containing iron in the form of oxides and hydroxides exhibit good swelling
properties. Calcium oxide shortens the swelling range of the rock, and at high concentrations, by
sharply reducing the viscosity of the liquid phase over a short temperature range, it causes rapid
deformation and adhesion of the material, complicating firing. Alkali and alkaline earth oxides also
participate in the formation of eutectic melts, with their fluxing effect decreasing in the order Na>O,
K>0, FeO, Ca0O, and MgO. Clay minerals such as montmorillonite, mica, and hydromica can also be
sources of gas formation (Zhakipbayev et al., 2021).

The following features of the production of artificial porous fillers can be noted:

— raw material porosity during heat treatment is caused by the release of gaseous products into
the raw material during firing;

— swelling processes occur in the pyroplastic state of the material, therefore, the viscosity of the
liquid phase has the primary influence on swelling;

— high-speed firing of the raw material promotes a shift in gas formation processes to higher
temperatures, and the coincidence of these processes with the transition of some of the raw material
from a eutectic or near-eutectic composition to a pyroplastic state, which facilitates intense swelling;

— the transition of some of the raw material to a pyroplastic state usually occurs at temperatures
no higher than 1250°C.

Clays suitable for expanded clay production should not exceed 30% dust content, should not
contain carbonates with a grain size greater than 0.2 mm, and should not contain more than 1-2%
organic inclusions. However, the limited availability of such raw materials and the need to ensure the
cost-effectiveness of the process raise the question of using additives and industrial waste whose
chemical composition meets the requirements for expanded clay raw materials. It is known that
inorganic substances containing alkaline and alkaline earth element compounds promote the
formation of a liquid phase at low temperatures. Therefore, the addition of mineralizers to the batch
can reduce the temperature at which the mass transitions to a pyroplastic state or the firing temperature
ofexpanded clay. In order to reduce the firing temperature and intensify swelling, experimental firings
of samples of Kyngrak-Keles bentonite clays were carried out with the addition of the following
mineral salts and non-ferrous metallurgy waste: sodium chloride, calcium chloride, polymetallic ore
beneficiation waste, and coal mining waste (Seiitkassymuly et al., 2025).

2 LITERATURE REVIEW

A study (Gulfem et al., 2022; Vandanapu et al., 2018) assessed the feasibility of using coal
mining waste as a raw material for brick production. Dry-crushed waste was added to clay in
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proportions ranging from 0 to 100%, and the samples were fired at temperatures up to 1150°C. All
resulting bricks met Turkish strength standards, confirming the suitability of the waste as an
alternative building material and offering an environmentally friendly solution to its disposal.

The authors' study (Xiaogang et al., 2025; Kalman Sipos et al., 2019) proposes a method for
assessing the seismic resistance of buildings damaged by mining activities based on energy
dissipation theory. It was found that ground subsidence reduces the rigidity of buildings, lengthens
their natural period, and amplifies torsional vibrations under seismic loads. Numerical modeling
showed an increase in displacements and internal forces, especially on the lower floors. As a solution,
they propose a protection system combining underground backfill and surface isolation, providing
practical guidance for seismic design in mining areas.

The authors (Soumitra et al., 2024; Khan et al., 2023) explore a new approach to the design
of clay brick structures based on extensive shear testing, developing numerical models and failure
criteria, which improves the accuracy of calculations and the reliability of buildings such under
seismic loading. Modern brick buildings must not only meet architectural and functional requirements
but also be effectively designed for structural stability, energy efficiency, and seismic resistance.
However, the complex combination of these requirements makes testing their behavior under seismic
loads challenging.

A research (Mohammad Ali Esmaili-Tafti et al., 2025; Chourasia et al., 2020) first analyzed
the seismic performance of cold-formed steel frame (CFSF) shear walls constructed using different
installation methods and stud spacings. Six walls, varying in size, brick placement order, and the
presence of insulation, were fabricated and tested. The results showed that simultaneous wall
construction and increased stud spacing increased shear strength but had little effect on seismic
performance. The Wang and Pauli methods also yielded similar design parameters.

A study (Shoaib Ur Rehman et al., 2025; Agrawal et al., 2021) examines the use of confined
masonry structures (CBMS) to improve the seismic performance of residential buildings. A
comparative numerical analysis of CBMS, traditional masonry structures (CMS), and framed
structures (FS) revealed that CBMS exhibit the lowest deformations and displacements under seismic
loading. Due to their concrete infill, such walls exhibit increased ductility and stability, offering an
effective solution for mitigating seismic damage.

A research work (As'at Pujianto et al., 2024; Bagnoli et al., 2021) examined the technical
properties of lightweight concrete with expanded clay aggregate for improving the seismic resistance
of infrastructure. Experiments showed that the oval aggregate shape provides superior strength and
density characteristics, while the optimal amount of superplasticizer (up to 2.5%) improves the
properties of both fresh and hardened concrete. The results confirm the potential of expanded clay as
an environmentally friendly and effective material for lightweight seismic-resistant structures.

3 MATERIALS AND METHODS

The Turkestan region is one of the richest in expanded clay raw materials with the location of
large and very promising for the development of such deposits of bentonite and bentonite-like clays
as Kyngrak-Keles. These clays consist mainly of minerals of the montmorillonite group
Al[S14010](OH)2*nH>0 and are capable of swelling during firing. The chemical composition of the
Kyngrak-Keles bentonite clays is represented by the composition (%): SiO2 - 63.0; ALLOs - 13.0;
Fe;0s - 5.40; CaO - 4.48; MgO - 3.35; K20 - 2.0; Na;O - 1.45; TiO: - 0.95; FeO - 0.85; SOs - 5.55.

For a more in-depth study of the material composition of the clays under study, the
mineralogical and structural features of the constituent mineral phases, electron microscopic analysis
was used on a scanning electron microscope SEM JSM-6490LV, where we recorded the following
elements: Si; O; Fe; K; Mg; Ca (Figure 1).
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Figure 1 — Energy-dispersive SEM spectrum of Kyngrak-Keles bentonite clays

Figure 1 shows the characteristic presence of iron oxide in the studied clays. Iron oxide,
converted to a ferrous state as a result of reduction processes, actively reacts with aluminum and
silicon oxides, forming a series of eutectics and solutions of complex composition, while exerting a
strong fluxing effect. Also possessing greater wetting capacity, FeO promotes the formation of a
system with optimal softening parameters, which facilitates intensive and complete swelling.

4 RESULTS AND DISCUSSION

The results of tests of expanded clay obtained from Kyngrak-Keles bentonite clays with the
introduction of mineral additives are shown in Table 1 and Figures 2 and 3.

Table 1
Physical and mechanical properties of expanded clays based on Kyngrak-Keles bentonite clays with the
introduction of inorganic additives

Swelling coefficient

Burning temperature, °C 0,5% CaCk 0,5% NaCl 7% of polymetallic ore
beneficiation waste

1080 1,02 0,82 1,22

1100 0,95 0,91 1,37

1120 1,03 0,98 1,38

1140 1,30 1,05 1,49

1160 1,33 1,22 1,61

1180 1,52 1,58 1,65
Burning temperature, °C Bulk density, g/cm®

1080 1.48 1.69 1.35

1100 1.52 1.52 1.20

1120 1.44 1.43 118

1140 118 1.32 1.07

1160 115 1,14 0,98

1180 0,98 0,90 0,92

The presented results show that with the addition of 0.5% NaCl and a firing temperature of
1180°C, the resulting expanded clay has a bulk density in granules of 0.89 g/cm?, which corresponds
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to a bulk density of expanded clay equal to 580 kg/m*. With the addition of 0.5% CaCl,, the bulk
density at the same temperature is equal to 0.99 g/cm® (bulk density is equal to 650 kg/m?).
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Figure 2 — Change in the swelling coefficient of the obtained expanded clay based on Kyngrak-Keles bentonite clays
with the introduction of inorganic additives depending on the firing temperature
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Figure 3 — Change in the bulk density of the obtained expanded clay based on Kyngrak-Keles bentonite clays with the
introduction of inorganic additives depending on the firing temperature

When 7% of polymetallic ore beneficiation waste was added, the performance of the resulting
expanded clay was inferior to that of expanded clay from pure clay.

Seven masses of coal mining waste were tested in the range of 1-10% additive added. The
results presented in Table 2 and Figures 4 and 5 indicate that coal mining waste cannot serve as an
expanding additive for kyngrak-keles bentonite clays.
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Table 2
Physical and mechanical properties of expanded clays based on kyngrak-keles bentonite clays with the addition of
coal mining waste

% coal mining waste

Burning temperature, °C

1 3 5 7 10
1080 0,7 1,0 0,9 0,9 1,0
1100 0,9 1,1 1,0 1,1 1,1 o €
1120 1,1 1,2 1,1 1,2 1,2 o=
)
1140 1,3 1,3 1,2 1,3 1,3 7@ 3
1160 1,6 1,4 1,3 1,4 1,4
1180 1,7 1.8 1,4 1,5 1,5
1200 1,8 2,0 1,5 1,6 1,6
] 0 % coal mining waste
Burning temperature, "C
1 3 5 7 10
1080 1,80 1,55 1,60 1,66 1,38 >
1100 1,69 1,53 1,38 1,32 1,26 LS
1120 1,56 1,44 1,20 1,16 1,12 Eé
1140 1,32 1,18 1,17 1,04 1,16 %
1160 1,12 0,99 0,98 1,03 0,98 =
1180 1,05 0,82 0,95 0,86 0,95
1200 0,98 0,76 0,94 0,85 0,86
9
8 —
5 , /
,2 /
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Figure 4 — Change in the swelling coefficient of the obtained expanded clay based on Kyngrak-Keles bentonite clays
with the addition of coal mining waste depending on the firing temperature

The addition of 1-10% coal mining waste had virtually no effect on clay expansion. The
expansion coefficient was lower, and the bulk density of the granules was virtually identical to those
of expanded clay from kyngrak-keles bentonite clays without additives. Only the addition of 7% and
10% coal mining waste slightly decreased the bulk density. Apparently, this additive acts as a leaning
agent for the studied clay, but does not promote expansion. The ash residue of the coal mining waste
reaches 65-75% of the total mass and, being refractory in nature, shifts the onset of liquid phase
formation to higher temperatures. Therefore, at the temperatures accepted for expanded clay firing,
the granules do not have time to transform into a pyroplastic state and expand very weakly.
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Figure 5 — Change in the bulk density of the obtained expanded clay based on Kyngrak-Keles bentonite clays with the
addition of coal mining waste depending on the firing temperature

5 CONCLUSIONS

1. It was found that with the addition of 0.5% NaCl and a firing temperature of 1180°C, the
resulting expanded clay has a bulk density of 0.89 g/cm? per granule, which corresponds to a bulk
density of 580 kg/m’. With the addition of 0.5% CaCl., the bulk density at the same temperature is
0.99 g/cm’® (bulk density is 650 kg/m?).

2. It was found that the swelling coefficient is lower, and the bulk density of the granules is almost
the same as these indicators of expanded clay from Kyngrak-Keles bentonite clays without additives.

3. It has been established that during heat treatment, all clay minerals and fluxes pass into the
melt, forming pore walls with the subsequent appearance of a glass phase, where the raw material,
already at the maximum temperature, softens due to the formation of ever greater quantities of low-
melting eutectics with the participation of fluxes and the assimilation of other finely dispersed
components in the melt, after which the mass passes into a pyroplastic state, characterized by a certain
homogeneity of the melt and an optimal viscosity for swelling and porization.

4. During heat treatment, under the influence of shrinkage deformations and rearrangement of
structural elements, the number and size of pores, as well as the overall porosity of the material,
change significantly, mainly determined by the mineralogical composition and degree of dispersion
of the original clay raw material, while the finer the clay, the more low-temperature vapor-gas phase
is released from the mineralogical components, the greater the microporosity of the material, and vice
versa.

Thus, it has been established that for obtaining expanded clay, inorganic additives can only be
used in combination with organic ones.
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Abstract. This study presents the results of mathematical modeling of the thermal
conductivity and strength properties of asphalt concrete mixtures, utilizing a three-
factor Box—Behnken experimental design implemented within the STATISTICA
software environment. The variable factors considered in the modeling were the
temperature of technological processing, the duration of thermal exposure, and the
gravel-to-bitumen content ratio in the mixture. The main objective was to quantitatively
evaluate the impact of composition and thermal strengthening conditions on the
thermal and mechanical performance of asphalt concrete. These performance
indicators are highly important for the effective design, construction, and long-term
operation of road structures in diverse climatic regions. To determine the statistical
significance of the studied factors, analysis of variance (ANOVA) was conducted.
Regression equations for the response functions were developed, and response surface
plots as well as main effects profiles were generated. The results demonstrated that the
bitumen content and processing temperature significantly influenced the strength
characteristics, whereas thermal conductivity exhibited lower sensitivity to parameter
variations. High values of determination coefficients (R? and adjusted R?) confirmed
the consistency between the statistical models and experimental outcomes. In addition,
engineering calculations addressing pavement freezing depth and design soil moisture
were performed using the modeled thermal properties of asphalt concrete. These
findings confirmed the practical applicability of the developed model, showing that
optimization of mixture composition contributes to improved pavement durability,
enhanced energy efficiency, and the development of updated regulatory standards and
advanced road construction technologies.

Keywords: asphalt concrete, thermal conductivity, mechanical strength,
moisture content, STATISTICA, ANOVA, Box—Behnken design, regression modeling,
[freezing depth, thermal strengthening.
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ACPAJIIBTOBETOH KACUETTEPIH MOJAEJIBAEY APKbIJIbI
OHTAUJIAHABIPY

O.F. Ec6onar*® | KA. Cyﬂzuma2 , H.E.BeKTypraHOBa3
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Annarna. byn zepmmeyoe STATISTICA b6azoapramanvix opmacvlHoa sxcyseze
acvipvlizan yuw ¢akmopinwi Box—Behnken macipubenix scocnapuvl KOIOAHBLIbLIN,
acanbmobemon KOCNANapblHblY HCbLTYOmMKizeiwmici Men Oepikmik Kacuemmepine
bagpimmanean MamemMamuKkaivlk Mooeivoey Haomudicenepi Ycolnviiovl. Modenvoeyoe
Kapacmulpbliean He2isel  auHblManvl Gakmoprap — MexXHONOUSNbIK — OHOey
memnepamypacsl, MepMUusiiblK acep emy Y3aKmvlabl HCIHEe KUbIPUBIK MAcC NeH
OUMYMHBIY KOCNAOAzvl apakamvliHacbl 0010bl. 3epmmeyodiy Oacmvl MaKcamvl —
acghanbmobemoHubly  HCHLLY-MEXHUKATLIK IHCIHE MEXAHUKANbIK KopcemKiuimepine
KYpam MeH mMepMUANbIK Kamaumy H#a20aulapblibly 2CepiH CaHObIK MYpP2blOaH
bazanay. bByn xepcemkiwmep apmypni  KIUMaAmmolK — AHcAROAUNAPOA  HCOT
KYPbIIbIMOAPbIH MUIMOL HCOOANAY, CANLY HCaHe Y3aK Mep3iMOi natloaniany yulin epekuie
mayvizza ue. Dakmopnapovly — CMAMUCMUKANBIK — MAHbIZ0bLILIRLIH — AHBIKMAY
makcamvinoa oucnepcusnvlk manoay (ANOVA) ocypeizindi. Kayan gyukyusnapol
YUWiin pezpeccusiibly meHoeylep KYpolivln, dcayan Oemmepiniy epaguxkmepi men
Heeizel acepnepdiy npoduavoepi sncacanovl. Homuoicenep oumym menwepi men eyoey
memnepamypacobiibly O6epikmix CUNammamaiapblia aumapivlKmail blKnau ememiti,
an  JACHLIYOMKIZCIUMIKMIY napamempiepoiy o32epicine MOMeHIpeK Ce3iMmAaloblK
maHvlmamviublh - Kepcemmi. [lemepmunayus kodguyuenmmepiniy  (R?  owcone
myzemineen R?) dcozapvi MoHOepi cmamucmukanivlk Mooenboep MeH MmadicipubeniK
oepexmep apacvinoazvl calikecmikmi  pacmaokwl. Convimen Kamap,
acghanbmobemoHubly JHCHLIYMEXHUKANLIK Kacuemmepine CyleHe Omblpbin, JHCON
HCAOLIHOAPLIHLIY, MOHY MmepeHOici MeH MONbIPAKMblY eCenmiK  blIAI0blLIbIRbIHA
OatlnanvbiCmovl UHIICEHEPIIK ecenmep OpblHOANObl. byn namudicenep YcwinblI2aH
MOOeNbOiy NPAKMUKANLIK KYHOLLIbIEbIH 02/1e10eN, KOCNA KYPAMbIH OHMAIAHObIPY
ApKbLLIbL  JHCON  IHCAOBIHOAPBIHLIY — OepikmiciH  apmmulpyed, dHepaus MmuiMOinieiH
AHCORAPBIIAMYEA  HCIHE HOPMAMUBMIK — KYHCAmmapowl diceminoipyee MYMKIHOIK
bepeminin Kepcemmi.

Tyiiin ce3nep: acganvmodbemon, sucviryomkizeiuumik, Gepikmix, blI2ANObLIbIK,
STATISTICA, ANOVA, Box—Behnken ococnapwi, pecpeccusanvik mMooenvoey, MmoHY
mepenoizi, mepMUsIbIK KAMAaumy.
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ONTUMM3ALIUS CBOMCTB ACPAJTBTOBETOHA C
HOMOHUbIO MOAEJIUPOBAHUA
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AHHOTauusl. B cmamve npedcmasnenvl pe3yromamsvl MamemMamuyecKo2o
MOOenUpo8aHus menionpo8OOHOCMU U NPOYHOCMU aACPhAaTbmMOOEMOHHbIX cMecel ¢
npumMeHenuem mpéx@akmopHo2o niaHuposanus sxcnepumenma boxca—benkena,
svinonnennoco 6 npoepammuou cpede STATISTICA. B kauecmee eapvupyemulx
Gaxmopos  paccmampueanucs,  memnepamypa  MexHon0SUYecKol —obpabomku,
NPOOOIHCUMENILHOCHL MEPMULECKO20 8030€liCEUs U COOMHOULeHUe WebHs u Oumyma
6 cocmage cmecu. OCHOBHOLUL Yenblo UCCIe008AHUS ABTIANACH KOIUYECNBEHHAS OYEeHKA
BIUAHUSL COCMABA U YCIOBULL MEPMOYNPOYHEHUs Ha menjiomexHuieckue u
NPOYHOCMHbIE XAPAKMEPUCMUKU acPanbmodemona. Imu nokazamenu umerom ocoboe
3HaueHue nNpu NPOEKMUPOBAHUU, CMPOUMETbCMEE U IKCNIYAMayuu OOPONHCHBIX
KOHCMPYKYUL 8 PA3TUYHBIX KIUMAMUYECKUX YCL08usx. [ oyenku cmamucmudeckou
SHauumMocmu  akmopos Ovll  npogedén  oucnepcuonuwvii anaiuz (ANOVA).
Ilocmpoenwvl pecpeccuonHvle ypasHeHuss OMKIUKA, NOBEPXHOCMU OMKIUKA U NPOpunu
OCHOBHBIX d¢hghexmos. Pezynrbmamer nokazanu, umo cooepocanue oOumyma u
memnepamypa obpabomku oxazvleaom Hauboaee CUNbHOe GIUAHUE HA NPOYHOCHHbBLE
Xapakmepucmukuy, moz2oa Kak menionpoeooHOCHb 8 MeHblell CmeneHu 3a8Ucunm om
8apbupyemvix napamempos. Bvicoxue 3nauenus kosgpuyuenmos oemepmunayuu (R?
u cKkoppekmupogannoz2o R?) noomeepounu oocmosepHocmv CMAMUCUYECKUX
MoOenel U UX co2naco8aHHOCMb C IKCNEPUMEHMANbHLIMU OaGHHbIMU. [JONONHUMENbHO
ObLIU  BLINOIHEHbL UHICEHEPHble PACcYémbl 2IYOUHbL NPOMEp3aHUs U pac4émuou
BIANCHOCMU ~ 2DYHMA  OOPONCHBIX — 00eXHCO C  UCNHONIb308AHUEM  NOLYYEHHbIX
MeniomexHu4ecKux ceolucmes acgarbmobemona. dmu pe3yibmamsl NOOMEEPOUIU
NPAKMUYECKyr0 NPUMEHUMOCIb PA3paAdOMAHHOU MOOeU, NOKA3A8, YO ONMUMU3AYUS
coCmasa no36osiem no8blCUMb 001208€4HOCIb OOPONHCHLIX NOKPLIMUL, VIVUUUUMb UX
9HEP20IPHEKMUBHOCIb, A MAKICE UCNONB308AMb OAHHbBLE 8bIBOOLL NPU PA3PAbOMKe
HOPMAMUBHOU OOKYMEHMAayuu U COBEPUIEHCMBOBAHUU EXHOI02UU OO0PONHCHO20
cmpoumenbcmaa.

KiroueBble cioBa:.  acghanremobemon,  menionpoBoOHOCMb,  NPOYHOCHb,
enasicnocms, STATISTICA, ANOVA, mpéxcaxmopnulii sxcnepumenm, nian bBoxca—
benxena, enyouna npomepsanus, mepmoynpounetue.
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MIPOBEPKU TpaMMaThyeckux, opdorpaduyeckux M NYHKTyallMOHHBIX ommOoK. Bce wupew,

HUHTCpHIPpCTAall U BBIBOABI IIPUHAJICIKAT aBTOPaM, KOTOPbIC HCCYT ITOJIHYIO OTBETCTBECHHOCTD 34
COACPIKAHUC CTATbU.
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1 INTRODUCTION

Modern requirements for the quality of the road surface necessitate a comprehensive assessment
of its thermal and strength characteristics. This is especially important when designing coatings in
conditions of contrasting temperatures and seasonal climate fluctuations. Asphalt concrete mixtures
are multicomponent systems, the properties of which depend on the composition, preparation
technology and operating conditions. The most significant factors affecting the thermal conductivity
and strength of asphalt concrete are the content of crushed stone, the content of bitumen, as well as
the pore structure and the degree of saturation with water in the material.

The purpose of this work is to construct statistical models (empirical equations) of thermal
conductivity and strength of asphalt concrete mortar based on the experimental three-factor Box-
Behnken plan; to conduct a dispersion analysis of the significance of the factors; to study the effect
of the moisture state of the material on thermal conductivity; and to apply the simulation results to
assess the depth of freezing and the calculated moisture content of the substrate. The realization of
this goal will make it possible to develop recommendations for optimizing the composition and
technology of preparing asphalt mixtures with specified characteristics.

2 LITERATURE REVIEW

The literature emphasizes that the physical and mechanical properties of pavement materials
significantly affect its durability. In particular, the thermal properties of the upper layers of the road
play a role in resistance to climatic influences. (Kravchenko & Reut, 2020). Thus, it is necessary to
take into account the thermophysical characteristics of the pavement layers when designing it in order
to prevent excessive freezing and related damage. High temperatures in summer and extremely low
temperatures in winter create a tense thermal regime of the structure, which can lead to cracks and
deterioration of the bearing capacity of the roadbed. At the same time, the strength characteristics of
asphalt concrete, for example, resistance to track formation and fatigue strength, determine the ability
of the coating to withstand transport loads without destruction.. (Fredlund & Rahardjo, 2018).

Special attention has recently been paid to the effect of moisture and water saturation on the
properties of asphalt concrete and base soils. Under humidification conditions, the thermal
conductivity of materials usually increases, since water has a higher coefficient of thermal
conductivity (~0.58 W/m-K) than air (~0.024 W/m-K), which fills the pores in a dry state. (Brown
& Davis, 2020). Studies show that when the pores of asphalt concrete are saturated with water, its
effective thermal conductivity can increase by 20-30% compared to the dry state. On the other hand,
moisture negatively affects the strength and durability of asphalt concrete: bitumen loses its adhesion
to crushed stone (the "softening” effect), and compressive strength and fatigue resistance decrease.
Freeze-thaw cycles are especially harmful, which, in the presence of moisture in the pores, lead to
cracks and accelerated destruction of the coating. (San et al., 2022). Thus, for regions with heavy
precipitation or high groundwater levels, it is important to evaluate the properties of asphalt concrete
in both dry and wet conditions. In arid regions, on the contrary, insufficient soil moisture may become
a problem, affecting the quality of compaction and requiring special calculation methods. (Kiyalbaev
et al., 2018).

Previously, studies have been conducted that emphasize the importance of integrated
consideration of thermal and strength properties in the design of road clothing. However, there is still
a need for a deeper quantitative analysis of the influence of asphalt concrete composition and
technological factors on its properties. Traditional empirical approaches do not always allow us to
identify nonlinear effects and interactions of factors. To solve this problem, it is advisable to use
methods of mathematical modeling and statistical planning of the experiment.

Thus, modern literature demonstrates that improving the quality of road surfaces is possible
only with the use of mathematical modeling and statistical analysis methods that take into account
the nonlinear and interacting effects of technological and climatic factors. The present work continues
these studies by offering a quantitative assessment of the effect of the composition and thermal
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hardening of the asphalt concrete mixture on its thermal conductivity and strength using the three-
factor Box-Benken plan.

3 MATERIALS AND METHODS

Experimental Design and Factors. The study employed statistical modeling methods using the
STATISTICA software environment. The experimental planning was carried out based on a three-
level, three-factor Box-Behnken design. The selected factors were:

x4 - temperature, °C (lower level 50°C, baseline 55°C, upper level 60°C). This factor represents
the temperature conditions during the thermal processing of samples (simulating different compaction
temperatures or heat-treatment durations).

x, - duration of thermal exposure, hours (minimum level 6 h, intermediate level 25.5 h,
maximum level 48 h). This factor corresponds to the duration of sample thermostating (thermal
strengthening) at the specified temperature. x;.

x5 - binder (bitumen) content in the mixture, % by mass. In the experiment, this factor was
varied such that increasing the bitumen content decreased the gravel content, and vice versa. The low
level corresponded to relatively low bitumen content (and high gravel content), whereas the high level
corresponded to increased bitumen content. Note: For the “thermal conductivity” response, the
primary contribution is expected from the mineral component (gravel), while for the «strength»
response, it originates mainly from the bituminous binder. Thus, the factor is conditionally considered
as «gravel/bitumen content» x3 depending on the property being analyzed.

Thus, the Box-Behnken design included combinations of three factors at different levels. This
fractional factorial design enables the evaluation of linear, quadratic, and interaction effects with a
relatively small number of experiments. A total of 15 tests were performed, of which:

12 experiments corresponded to the main points of the design, where two of the three factors
were varied sequentially, while the third factor was kept at its intermediate level. Four tests were
conducted for each factor pair (two levels of one factor x two levels of the second factor at a fixed
intermediate level of the third), resulting in:

x; and x5 they vary with the average x5: 2x2 =4

x; and x5 they vary with the average x,: 2x2 =4

x5 and x5 they vary with the average x: 2x2 =4

Total: 4 + 4 + 4 = 12 experiments.

3 experiments were performed at the center point of the design (with all factors set at their
intermediate levels). x;=55°C, x,~25,54, x3 = average bitumen content) - to assess the
reproducibility and adequacy of the model.

Measurable indicators (responses). Two responses were measured in each experiment:

vy - coefficient of thermal conductivity, W/(m-K). The measurements were carried out on
asphalt concrete mortar samples using the laboratory steady-state heat flow method (standard guarded
hot plate apparatus). Each sample was a prism measuring 50x50x50 mm, prepared from asphalt
concrete mixtures of the specified composition. Thermal conductivity was measured at a temperature
of 20+2°C in the dry state of the sample. The measurement error was estimated to be within £5%.

v, - compressive strength, MPa. It was determined by the standard method of testing cubes of
size 50x50x50 mm for axial compression. After thermal exposure, the samples were cooled to room
temperature and tested using a hydraulic press at a constant loading rate. The strength was determined
as the stress at the point of sample failure.

Materials. Standard road construction materials were used to prepare the samples: petroleum
road bitumen grade BND 70/100 (or an equivalent in terms of viscosity), crushed stone from dense
igneous rock (granite) with a fraction size of 5-10 mm, and mineral filler (limestone powder) for mix
stabilization.

The mixture composition was selected to approximate the specifications of asphalt concrete
type I, with a gravel-to-sand-to-mineral filler ratio of approximately 70:25:5 by mass at a baseline
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bitumen content of ~5.5%. During the experiment, the bitumen content was varied from ~5% (lower
level) to ~6% (upper level), with corresponding adjustments to the gravel proportion.

Temperature x; was applied by heating the molds with compacted samples in a thermal
chamber to the required temperature, while thermal exposure x, was achieved by maintaining the
samples at this temperature for the specified duration . After thermal strengthening, the samples were
removed and cooled to room temperature prior to testing and measurement of y; and y;..

Data analysis. Based on the obtained experimental data, regression models were constructed
for the response variables y; and y, (thermal conductivity and strength) as functions of the factors
X1,X5, X3. A second-order (quadratic) model was assumed to be adequate, which for each response
variable takes the following form:

¥y = by + byxy + byxy + bsxs + byax x5 + bysxyx3 + bazxax3 + byyxi + by x2 + bazx2 (1)

where:

be - intercept (constant term),

bi -coefficients of the linear terms,

bi; - coefficients of the two-way interaction terms,
bii - coefficients of the quadratic terms.

The coefficients b; were estimated using the least squares method based on the 15 design points
with the regression module of the STATISTICA software. The significance of each coefficient was
tested through analysis of variance (ANOVA). For each factor and interaction, the calculated Fisher
criterion (F-statistic) was determined.

_ ssfactorfDFfactor
Fca.tcuiate - (2)

S SQTTOT!HDFQ]’TOT

where:
S - sum of squares of deviations,
DFpqce0r— degrees of freedom (df).

The obtained F.qjcuiate Values where compared with the F,;ticq1 Value for the specified
significance level (typically @ = 0,05). Based on the p-value, | was assessed whether the effects of
the factors were statistically significant (if p < 0,05) or not. The coefficient of determination R?
was also evaluated for the models of y; and y, and the absence of significant autocorrelation of
residuals was verified.

Thermal resistance and frost penetration calculation. Alongside processing the experimental
results, to interpret the thermal properties of asphalt concrete, the concept of layer thermal resistance
was introduced. Thermal resistance R (m2-K/W) was determined as follows:

&
where:
& - layer thickness (m),
A - thermal conductivity of the material (Bt/(m:K)).

For a multilayer pavement structure, the total thermal resistance is equal to the sum of the
resistances of the individual layers:

&
Rtotai — Z -1_; (4)
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This concept is used in calculating the depth of ground frost penetration beneath the pavement
structure. In the present study, knowing the thermal conductivity A; of asphalt concrete (the top layer)
from the experiment, a theoretical calculation was performed to determine the seasonal frost
penetration depth using a simplified method based on the heat balance principle. Additionally,
approaches for determining the design soil moisture content in the frost zone were reviewed-this
parameter is essential for assessing frost heave potential and the bearing capacity of the subgrade.
Formulas from modern regulatory sources (Karimov, 2020) were used to calculate the design
moisture content under various soil moisture conditions.

4 RESULTS AND DISCUSSION

Modeling of Thermal Conductivity and Strength. As a result of the statistical analysis,
regression equations were obtained describing the dependence of y; (thermal conductivity) and y:
(strength) on the factors xy, x,, x3. The determination coefficients of the models were R} ~ 0,88
and Ry, ~ 0,96, indicating sufficient accuracy of the experimental data approximation. The
summarized results of the factor significance analysis are presented below.

4.1 Thermal conductivity

Thermal conductivity (yv;). The analysis of variance (ANOVA) showed that the most significant
influence on the thermal conductivity coefficient is exerted by factor x; - the gravel content (inversely
proportional to the bitumen content) in the mixture. As the proportion of the mineral filler increases,
A rises because gravel has higher thermal conductivity than bitumen. The effects of temperature (x;)
and thermal exposure duration (x,) were statistically insignificant at the 5% significance level (p >
0.05), meaning their influence was negligible. In other words, within the range of 50-60°C and 6-48
hours, changes in these parameters did not result in a significant alteration of the thermal conductivity
of the formed asphalt concrete. This is an important finding: the thermal conductivity of the material
is primarily determined by its composition (structure and density), rather than by short-term thermal
exposure regimes. The obtained regression equation for y, (in coded variables) includes a significant
linear term for x5 and minor quadratic adjustments for x; and x,. Visualization of the model is
presented as response profile graphs (Figure 4), where the curves confirm that changes in x; and x,
are almost horizontal (minimal slope), whereas for x5, a noticeable increase in y; is observed.

The experiments were conducted on dried samples, reflecting the thermal conductivity of the
material in its dry state (44,). In real-world conditions, asphalt concrete may contain a certain
amount of moisture (especially in porous mixtures or after prolonged contact with water). Saturation
of pores with water leads to an increase in the effective thermal conductivity coefficient, as heat
transfer in the presence of water is more intensive than through air. According to the literature, moist
asphalt concrete can exhibit a thermal conductivity coefficient 10-50% higher than that of the dry
state, depending on the degree of saturation and porosity (Rositsa&Penka, 2018).

In particular, various authors have noted that for soils and road construction materials, when
moisture content increases from 0 to 100% volumetric saturation, A rises by approximately 1.5 times.
In our study, the obtained range of values (44,-,) for dry samples (around 0.6-0.8 W/m-K, depending
on the composition) may increase to ~0.9-1.0 W/m-K under full water saturation of the pores. This
must be considered in thermal calculations for pavements. On the other hand, the strength of asphalt
concrete in the wet state usually decreases. Although a direct assessment of moist asphalt concrete
strength was not performed in this study, it is known from experience and literature that water
saturation and freeze-thaw cycles lead to strength losses of about 20-30% after several cycles.
Therefore, when modeling the in-service performance characteristics, correction factors for moisture
conditions should be introduced. In this article, we limited the scope to evaluating the influence of
moisture on A4, and its implications for frost penetration calculations.

The obtained thermal conductivity values of the upper asphalt concrete layer were used to
calculate the seasonal frost penetration depth of the soil beneath the pavement. The calculation was
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performed for a typical two-layer pavement structure: the upper layer-asphalt concrete, and the lower
layer-crushed stone or sand-gravel material. The soil heat balance equation for the winter period was
applied according to current regulations (Code of Practice of the Republic of Kazakhstan 3.03-19-
2006). In accordance with this method, the frost penetration depth (h) is determined by the condition

of equilibrium between the heat loss from the soil and the heat required to freeze a given soil volume.
With known values of the thermal conductivity coefficients and layer thicknesses, the problem is
solved iteratively. For simplification, calculations were performed using thermal resistance tables
(Lukashevich, 2020).

Example calculation: Two variants were considered: asphalt concrete as the pavement layer
with a thickness of 0.05 m (5 cm):

(1) a coarse-grained mixture with high thermal conductivity - A = 0.72 W/m-K (approximately
corresponding to a case with low bitumen content and high gravel content);

(2) a fine-grained sandy mixture with lower thermal conductivity - A = 0.62 W/m-K (more
porous, with a higher bitumen content or added porous filler).

The underlying load-bearing layer-a crushed stone material-was 0.15 m thick, A = 1.5 W/m-K.
The thermal conductivity of the soil (loam) was assumed to be 1.2 W/m-K.

According to the results of the thermal resistance calculation, the total resistance of the structure
in the first variant was slightly lower: R;,to; = 0,59 (m2-K/W), compared t0 Ry = 0,63
(m2-K/W) in the second variant-due to the lower thermal conductivity of the top layer. The frost
penetration depth under typical climatic conditions (accumulated freezing temperature of about 3000-
3500°C-days) was approximately ~0.72 m in the first case and ~0.62 m in the second. Thus, reducing
the thermal conductivity coefficient of asphalt concrete by ~14% (from 0.72 to 0.62) led to a reduction
in frost penetration depth by about 10 cm (about 14% of the initial depth) compared to the higher
thermal conductivity pavement. This result is consistent with expectations: a less thermally
conductive layer better insulates the subgrade and reduces frost penetration. In practical terms, this
means that using asphalt concrete mixtures with reduced thermal conductivity (e.g., high-porosity or
with insulating additives) can be an effective method for protecting the roadbed from deep frost
penetration. However, as noted, such solutions must be carefully balanced with strength requirements
(Chudinov et al., 2024).

Discussion of Results. The mathematical modeling performed confirmed the qualitative
findings already familiar to road engineers and provided quantitative clarification. The strength of
asphalt concrete, as expected, depends on the binder content and the compaction/exposure regime:
more bitumen and longer exposure time result in a stronger mixture, although excessive bitumen is
economically inefficient and may reduce the modulus of elasticity. Thermal conductivity, on the other
hand, is primarily determined by the mineral framework and porosity: denser, gravel-rich mixtures
conduct heat better, which can increase the frost penetration depth of the pavement during winter.

It is interesting to note that higher thermal conductivity of asphalt concrete is not always
beneficial-in cold climates, it is actually desirable to have pavement with lower thermal conductivity
to protect the subgrade from freezing (Kovalev & Savukha, 2021). Conversely, very low thermal
conductivity in summer can lead to overheating of the pavement surface and accelerated aging of the
bitumen. Thus, the requirements for thermal conductivity are contradictory: in hot weather, it should
dissipate heat; in cold weather, it should retain it. The optimal solution is likely a moderate thermal
conductivity value or the use of specialized thermo regulating layers (e.g., insulating interlayers that
keep the pavement cool in summer and warm in winter, as proposed by some researchers). Solving
such problems is possible using optimization methods, including desirability criteria, which were
implemented in the model (Figures 1-4).

The practical value of the results lies in the fact that, by knowing the statistical relationships,
the designer can predict how changes in the asphalt concrete mix design (for example, increasing the
amount of bitumen or adding porous fillers) will affect its properties and the overall behavior of the
pavement structure. The presented calculation example demonstrates that the choice of asphalt
concrete mix type can alter the frost penetration depth of the subgrade by several tens of percent,
which is comparable to the effect of layer thickness. Therefore, when designing pavements in regions
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with significant frost penetration, it is reasonable to consider not only the thickness of the layers but
also the thermal conductivity of the materials as a design factor. This can be achieved either by
adjusting the mix composition (e.g., using porous asphalt concrete as a thermal insulator) or by
incorporating an insulating layer. Naturally, strength and wear resistance requirements of the
pavement must also be satisfied simultaneously (Tsytovich, 1973).

Finally, the strength results were experimentally validated: the trends obtained in the model (an
increase in strength with higher bitumen content and longer thermal compaction time) correspond to
the data from direct testing of the samples. This confirms the adequacy of the developed model and
its potential use for predicting strength under other combinations of factors within the specified range.

It should be noted that, based on the modeling results, main effects plots and response surface
graphs were constructed (Figures 1-4). The influence of each factor on strength and thermal
conductivity is presented through linear and quadratic components. It was established that the strength
of the mixture increases with higher bitumen content and longer exposure time, with a pronounced
nonlinear effect observed. Temperature also has an influence, but to a lesser extent. For thermal
conductivity, the most significant factor is gravel content (Figure 2), whereas the effects of
temperature and exposure time were statistically insignificant (p > 0.3). The desirability surfaces
(Figures 3-4) make it possible to identify the optimal region of factor combinations that ensure both
high strength and sufficient thermal conductivity.

For a more detailed analysis of factor effects, the author performed ANOVA and evaluated the
regression model coefficients for each response. Multi-criteria optimization of the responses was also
conducted using the desirability function in the STATISTICA environment. The corresponding
modeling results are presented below.

For a more detailed analysis of the factor effects, the author conducted an analysis of variance
(ANOVA) and evaluated the regression model coefficients for each response variable. Additionally,
multi-criteria optimization of the responses was performed using the desirability function within the
STATISTICA environment.

AMOWVA; Var :Heat Insulation, W/m*K; R-sgqr=,47589; Adj-,08281 (Acena TennonaonAunA)
3 3-level factors, 1 Blocks, 15 Runs; MS Residual=,0219519
DV: Heat Insulation, VW/m™K

Factor §§ [df] M58 | F p

(1)Temperature, 0C L+Q [0.047254] 2 0,023627 1,076303| 0,385523

(2)Time, hour L+Q 0,030662 2| 0,015331 0,698380 0525349

(3)Gravel, % L+Q 0,087030 2] 0,043515 1,982279 0,199882

Error 0,175615 8 0,021952

Total 55 0,335075 14

Figure 1 - ANOVA Analysis of Thermal Conductivity (author’s material)

As shown in Figure 1, the ANOVA table for the thermal conductivity model () is presented.
It is evident that none of the factors have a statistically significant effect on thermal conductivity at
the 0.05 significance level: the Fisher (F) statistics for temperature, time, and gravel content are 1.076,
0.698, and 1.982, respectively, with p-values of 0.386, 0.525, and 0.200. The most noticeable
influence is exerted by factor x5 (gravel)-its combined effect (linear and quadratic) is slightly higher
than the others, although it does not reach significance. The low R* ~0,48 and R* ~0,08 indicate
that a substantial portion of the experimental data variability for thermal conductivity remains
unexplained by this quadratic model.
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Effect Estimates; Var.:Heat Insulation, W/m*K; R-sqr=,47589; Adj:,08281 (Acensa Tennonaonauyna)

3 3evel factors, 1 Blocks, 15 Runs; MS Residual=,0219519

DV: Heat Insulation, W/m™K

Effect | Std.Em t(8) p -95.% +95.% | Coeff. | Std.Em. -95.% +95.%

Factar CnfLimt | Cnf.Limt Coeff. | CnflLimt |CnflLimt
Mean/Interc. 0,726304| 0.042843 16.95255 0.000000) 0,627507| 0,825100| 0,726304 0.042843 0,627507| 0,825100
(1jTemperature, 0C{L) | -0,088250 0.104766 -0,84235 0424057 -0,329841 0,153341| -0,044125 0,052383 -0,164921 0.076671
Temperature, 0C{Q}) 0,092625| 0,077106 1,20127 0,264001 -0,085181 0,270431| 0.046313 0,038553 -0,042531 0,135216
(2)Time, hour{L) 0,114250| 0,104766 1,09052 0,307236 -0,127341 0,355841 0_057125! 0.052383 -0,063671 0,177921
Time, hour(Q) 0,043286| 0.077468 0,55875 0,591621 -0,135356 0,221928| 0,021643 0,038734 -0,067678 0,110964
(3)Gravel, %(L) 0,190000| 0,104766 1,81356 0,107304 -0,051591 0.431591|| 0,095000 0,0562383 -0,025796 0,215796
Gravel, %(Q) 0,063375| 0.077106 082192 0434932 -0,114431 0,241181 0,031687 0.038553 -0,057216 0.120591

Figure 2 - Estimated Factor Effects for the Thermal Conductivity Model (author’s material)

Figure 2 shows the effect estimates for the regression coefficients of the thermal conductivity
model. The calculated factor effects (linear-L and quadratic-Q), standard errors, t-statistics, p-values,
and 95% confidence intervals for the coefficient estimates are presented. As expected from the
ANOVA results, none of the factor coefficients are statistically significant at the 0.05 level.
Nevertheless, it can be noted that the largest effect in absolute terms is the linear component of gravel
content (Effect = +0.190, p = 0.107), which has a positive influence on thermal conductivity (i.e.,
increasing the gravel content raises thermal conductivity). The quadratic terms for all factors are small
and statistically insignificant (p > 0.26), indicating the absence of a pronounced nonlinear response
of y; within the studied factor range. Thus, changes in temperature and exposure time have virtually
no effect on thermal conductivity, whereas increasing the gravel proportion may slightly raise its
value (Rehab et al.,2018).

The next step involved multi-criteria optimization of the responses (y; and y;) using the
desirability function method. The optimization criteria were selected as maximizing strength while
simultaneously ensuring sufficient thermal conductivity. For each response, a desirability function
was defined: d, () and d,(y,), normalized within the range [0; 1] (O - unsatisfactory value, 1 - best
achievable value). The overall desirability D was calculated as the geometric mean:

D= vdl(}’l) - dy(y2) . dy () (4)
with n = 2 in this case.

As a result, response and desirability profiles were obtained for each factor (Figure 3), as well
as desirability surfaces on the factor plane.
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Profiles for Predicted Values and Desirability
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Figure 3 - Response and Desirability Profiles for Thermal Conductivity (y,) as a Function of Factors x,x,,x3
(author’s material)

Figure 3 shows the profiles of changes in the predicted thermal conductivity values and the
corresponding desirability coefficient d4 when varying each factor (x: temperature, x,: time, xs:
gravel content). Vertical red lines indicate the position of the optimal factor combination identified
through optimization. Horizontal lines indicate the baseline response level and boundary values. The
graphs show that factor x5 (gravel content) has the strongest influence on thermal conductivity: as
the gravel content increases, desirability d. rises because thermal conductivity approaches the desired
high value. In contrast, changes in temperature and time have virtually no effect on thermal
conductivity (the y; curves are relatively flat), corresponding to the weak effects of x;and x,
identified earlier (Figure 4).
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Desirability Surface/Contours; Method: Spline Fit
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Figure 4 - 3D Surfaces of the Desirability Function D on Factor Combination Planes
(author’s materials)

4.2 Strength

Strength (y4). Unlike y,, for asphalt concrete strength, all three considered factors were
significant. The greatest contribution to strength variation comes from bitumen content (x5): as the
percentage of bitumen increases, compressive strength rises monotonically. This is explained by the
fact that higher bitumen content improves bonding between mineral particles and reduces overall
porosity, leading to increased sample strength. The exposure time factor (x,) also positively
influences strength-extended thermal exposure (up to 48 hours) promotes structuring of the bitumen
film and additional material hardening, especially at elevated temperatures. A pronounced nonlinear
effect of time was observed: the strength gain slows down when moving from 25 h to 48 h.
Temperature (x;) showed a smaller but still statistically significant effect: moderate increases in
processing temperature also contributed to strength improvement; however, this effect appears in
combination with other factors. ANOVA revealed a high statistical significance of x5 and x5 (p <
0.001) and a somewhat weaker but still significant effect for x5 and x; (p = 0.04). In Figure 6, the
steepness of the main effect curves can be seen: the curves for x5 and x;have a pronounced slope,
while for x. the slope is less steep. Thus, the strength of the mixture is primarily determined by
bitumen content and thermal exposure, especially when bitumen content is sufficiently high.

Factor Interactions. The y, model revealed certain interactions; for example, the effect of
temperature (x;) becomes more pronounced at high bitumen content (x5)-apparently, increasing the
temperature accelerates structuring within the bitumen-rich mixture. Meanwhile, the interaction
between xi and x» turned out to be insignificant: increasing exposure time at higher temperatures was
practically equivalent to that at lower temperatures, meaning the effects are essentially additive.

The quadratic terms in the v, model indicate the presence of an optimum: excessive bitumen
content may slightly reduce strength due to excessive softening of the structure; however, within the
studied range of 5-6%, this was not observed (strength continued to increase up to the highest tested
x3 level).
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For y,, the quadratic term for x5 showed a slight curvature of the A(x5) relationship, which is
associated with the fact that, at high gravel content, the increase in thermal conductivity starts to slow
down (once it reaches the thermal conductivity level of the mineral aggregate itself, further increases
in gravel content have little effect) (Pengyu & Hao, 2022).

The modeling results are summarized in graphical form in Figures 5-8. Figure 5 shows the
effect of each factor on strength (main effect profiles), while Figure 2 shows the effect on thermal
conductivity. Figures 7-8 illustrate the 3D desirability surfaces-combinations of factors that
simultaneously optimize both responses. The optimum region is found at relatively high values of x5
(bitumen ~6%) and x, (~40-48 h), and moderate x; (~55°C); in this region, a compromise is achieved
between maximum strength and sufficient (not too high) thermal conductivity of the material.

It should be noted that targeted modification of asphalt concrete’s thermal conductivity is
possible through adjusting porosity and mix composition-for example, by introducing porous fillers
or special additives. However, this may lead to a reduction in strength, so optimization is required.
The developed models and response surfaces help identify a balanced combination of properties.

ANOVA: Var.-Strength, MPa4; R-sqr=,97944; Adj:, 96402 {Spreadsheet10)
3 3level factors, 1 Blocks, 15 Runs; MS Residual=1,475655
DV: Strength, MPa4

Factor 5§ [df] Ms | F | p
(1)Temperature, 0C L+Q [ 6364960 2| 31.8245 21.5666 0.000599
(2)Time,hour L+Q 201,0240] 2/ 100,5120 68,1135 0,000009
(3)Bitumen, % L+Q 257.3415] 2 128.6707 87.1957 0.000004
Error 11.8052 & 14767

Total SS 574,1088 14

Figure 5 - ANOVA Analysis of Strength (author’s materials)

Figure 5 presents the ANOVA table for the strength model (v, ). Unlike thermal conductivity,
all three factors for strength were statistically significant (p < 0.001). The largest contribution to
strength variation is made by bitumen content (factor xs): F = 87.20, p = 0.000004. The influence of
exposure time (x,) was also highly significant (F = 68.11; p = 0.000009). Temperature (x;) had a
somewhat smaller but still significant effect (F = 21.57; p =~ 0.0006). The high R? (=0,979) and
adjusted R? (=0,964) indicate that the selected model describes the variability of strength in the
experiment well.

Effect Estimates; Var.:Strength, MPad; R-sqr=,97944; Adj: 96402 (Spreadsheet10)

3 3-level factors, 1 Blocks, 15 Runs; MS Residual=1475655

DV: Strength, MPad

Effect | Std.Em. t(8) p -95.% +95% | Coeffl. | StdEm | -95% +95 %

Factor CnfLimt [CnfLimt Coeff.  |CnfLimt |CnfLimt
Mean/Interc. [ 8359761 0353087 236762/ 0,.000000 754554| §17398| 835976 0353087 754554 917398
(1)Temperature, 0C(L) 1,39975 0.858969  1.6296 0141840 -0,58104 3.38054| 0.69988 0429484 -0.29052 1,69027
Temperature, 0C(Q) -4,02208| 0,632184) -6,3622 0.000218| -5.47990| -2 56426) -2,01104) 0,316092| -2.73995| -1,28213
(2)Time,hour(L) -1,55275 0,858969 -1,8077 0,108272 -3,53354 0,42804| -0,77637 0429484 -1.76677 0,21402
Time,hour{Q) -7.40049 0,635154 | -11,6515 0.000003| -5.86516| -5,93583 -3,70025 0.317577| -4.43258| -2 96791
(3)Bitumen, %(L) 0,80950 0,858969  0.,9424 0373568 -1.17129 2,79029 040475 0429484 -0.58564 1,39514
Bitumen, %(Q) §.42835| 0.641237 13.14393| 0.000001 694966 990705 4.21416 0320619 3.47483 495352

Figure 6 - Estimated Factor Effects for the Strength Model (author’s materials)

Figure 6 presents the effect estimates for the coefficients of the strength model. Unlike
thermal conductivity, significant nonlinear (quadratic) factor effects are observed for strength. The
quadratic effect of bitumen content is particularly large: Effect = +8.4285, p = 0.000001, 95% CI
[6.95; 9.91]. The positive sign of the quadratic term for x5 indicates that the dependence of strength
on bitumen content has a curved shape with an extremum (minimum) near the center of the factor’s
range; in practice, strength maximizes when the bitumen content deviates from the plan center.
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Similarly, the significant negative quadratic effect of exposure time (Effect = -7.4005; p =
0.000003) indicates a curved influence of x, (strength decreases at too long or too short exposure
times, peaking at an intermediate value). The quadratic effect of temperature is also statistically
significant and negative (Effect = -4.0221, p = 0.0002), indicating the presence of an optimal
temperature range for mixture hardening.

The linear components of the factors for strength are less significant: for example, the linear
effect of bitumen content is small (Effect = +0.8095, p = 0.374) compared to the quadratic term-this
suggests the presence of an optimum strength at a certain bitumen content. The linear effect of
exposure time (-1.5528, p = 0.108) is also less pronounced than the quadratic, and the temperature
effect (+1.3998, p = 0.142) is close to the threshold of significance.

Overall, the coefficient estimates confirm the conclusion that strength exhibits a pronounced
extremum in the region of central factor levels, especially in relation to bitumen content and exposure
time (Zicheng et al., 2022).

Profiles for Predicted Values and Desirability
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Figure 7 - Response and Desirability Profiles for Strength (¥z) as a Function of Factors (xz — x1)
(author’s materials)

Figure 7 similarly presents the profiles for strength and the desirability function d. In this
case, factor xs (bitumen content) has a decisive impact on strength: when bitumen content is too low
or too high, strength decreases and the desirability coefficient d, drops. The maximum desirability is
achieved at an intermediate bitumen content (~4-5%), which corresponds to the optimal strength
value. Exposure time (d5) also plays a significant role: as time increases from 6 to ~25 hours, strength
rises, increasing d-; however, further increases in exposure time up to 48 hours may lead to a slight
reduction in strength (a nonlinear effect). Temperature (x,) influences strength to a lesser extent, with
the d, optimum occurring around 55°C. Thus, the profiles confirm that to achieve maximum strength,
a moderate temperature, sufficient exposure time, and optimal bitumen content are required (Jiaqi et
al., 2022).
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Desirability Surface/Contours; Method: Spline Fit
g
g l-14
<14
<12
B <1
[ ]<08
B <06
Il <04
o o
4 %
Z Zz =038
Il -06 Il <038
Il <06 Il <06
<04 []<04
[]=<0.2 [1<02
<o : <0
Il <-02 Il <-02
/

Figure 8 - 3D Surfaces of the Desirability Function D on Factor Combination Planes [author’s materials].

The overall desirability function D reaches a maximum value close to 1 in the region of optimal
parameters. Figure 8 shows the 3D surfaces and desirability contours in the factor coordinate planes:
(a) temperature-time, (b) temperature-bitumen content, (c) time-bitumen content. The color scale
reflects the level of D (from dark green for D < 0.7 to dark red for D > 0.9). It can be seen that the D
> 0.9 region is formed at temperatures around 55°C, exposure times of approximately 25-30 hours,
and bitumen content around 4-5%. In particular, the optimal combination of factors for maximizing
D corresponds to the following values: temperature ~55°C, time ~26 h, bitumen content ~4.5% (with
fixed gravel content as part of the mix). Under these parameters, high strength (~11 MPa) is achieved
with satisfactory thermal conductivity (~0.85 W/m-K), corresponding to D = 0.95. Thus, the use of

the desirability function made it possible to determine a compromise region that satisfies both quality
criteria.

5 CONCLUSIONS

1. The strength of the asphalt concrete mixture depends primarily on bitumen content (within the
studied range of 5-6% by mass) as well as on the duration of thermal exposure at a given temperature.
Increasing the binder content and exposure time leads to higher strength; the effect of compaction
temperature is less significant, although raising the temperature to 60°C slightly improves strength.

2. The thermal conductivity of asphalt concrete is mainly determined by the mineral content
(gravel) and the mixture’s porosity. Denser, gravel-rich mixtures have higher thermal conductivity.
The influence of other factors (temperature and preparation time) is statistically insignificant for the
thermal conductivity of the dry material. However, water saturation significantly increases its thermal
conductivity, which should be considered during service.

3. Three-factor modeling using a Box-Behnken design and analysis of variance (ANOVA) made
it possible to quantitatively assess factor effects and identify nonlinear dependencies. Regression
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response equations, factor influence profiles, and property optimum regions were constructed. The
use of the desirability criterion showed that optimizing the mixture to achieve maximum strength
with acceptable thermal conductivity is accomplished with increased bitumen content (~6%) and
sufficient thermal strengthening time (>40 h).

4. The thermal analysis confirmed that reducing the thermal conductivity of the asphalt concrete
layer decreases the frost penetration depth of the subgrade, which is beneficial for preventing frost
heave. The determination of the design soil moisture content (considering the type of moisture
exposure) showed that even in arid conditions, moisture in the frost zone can reach 65-80% of the
soil’s liquid limit, which, in the absence of sufficient insulation, may cause heaving. The results
obtained can be used in the design of asphalt concrete mixtures with specified characteristics and in
comprehensive pavement design calculations for frost resistance.
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EFFECT OF ANNEALING TEMPERATURE AND ATMOSPHERE
ON THE PROPERTIES POROUS SIO:-SIC CERAMICS

S. Kultayeva* ®
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Abstract. This study investigates the influence of annealing at 1000 °C for 1 h
in argon and air atmospheres on the microstructure and properties of porous SiO>—
SiC ceramics containing 0—35 wt% nano-SiC. The porosity increased slightly with the
addition of nano-SiC, from 75.2 % to 76.0 % for samples annealed in argon, and from
64.8 % to 67.5 % for those treated in air. The higher porosity in the air-annealed
specimens is attributed to partial oxidation of SiC, which produces gaseous by-
products that promote pore formation. Thermal conductivity decreased from 0.152 to
0.122 W m™ K™ in the argon series and from 0.058 to 0.045 W m™ K™ in the air
series, owing to enhanced phonon scattering by pores and oxidation-derived SiO:
layers. Compressive strength showed the opposite trend, declining from 24.8 to 14.1
MPa in argon and from 10.6 to 4.0 MPa in air as SiC content increased. These results
demonstrate that annealing atmosphere strongly affects pore evolution, oxidation
behavior, and interfacial bonding, thus controlling the balance between thermal
insulation and mechanical stability in porous SiO-—SiC ceramics.
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thermal conductivity; compressive strength
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KEYEKTI SI0-SIC KEPAMUKACBIHBIH KACUETTEPIHE
KYHWOIPY TEMIIEPATYPACHI MEH ATMOC®EPACBHIHBIH,
IJ9CEPI

HI.M. KyaraeBa™

Xanpikapasiblk 0utiM 0epi koprioparusicel, 050048, Anmatsl, Kazakctan

Anparna. byn sepmmey 1000 °C memnepamypaoa 1 cazam 60tivl apeou dHcame
aya ammocghepanapvinoa emkisineen Kyudipyoiy 0—35 mac.% nano-SiC kammoiizan
keyekmi SiO—SiC KepamuKacblHbly MUKPOKYDBLILIMbL MEH Kacuemmepine acepiH
Kapacmuipaovl. Hano-SiC monwepi apmgan caiiblh KeyeKminiiKk cail ocmi. apeoHoa
Kyuodipineen yneinepoe — 15,2 %-oan 76,0 %-2a Oetiin, an ayada enoenzen yaciiepoe
— 64,8 %-0an 67,5 %-ea oOeuiin. Ayada Kyuolipineen yacinepOiy KeyekminiciHiy
arcozapvl - boayel  SiC-miy  Jcapmoliail. MOMBIEYbIMEH JHCIHE KeyeK MY3LLyiH
Kyuteimemin a3z mapizoi 6HiMOepOiy Ooninyimer mycindipinedi. Koinyomxizeiumix
apeon cepusiceinoa 0,152-0en 0,122 Bm/m-K-2e Oeiiin scane aya cepuscoinoa 0,058-
oen 0,045 Bm/m-K-2ce Oeuin memenoeoi, 6yn ononoapoviy keyex Oemmepinoe
wawvipayvl men SiO: momwizy Kabammapvinely my3inyimen oainanvicmsl. Kovicy
Oepixmiei kepiciHue memenoedi: apeonoa 24,8-oen 14,1 Mlla-za, ayada 10,6-0an
4,0 Mlla-2a oetiin. Homuowcenep Kyuoipy ammocghepacvinbiy KeyeK 380I0UYUACHIHA,
momwiey npoyecmepine JHcoHe ¢hazaapanvlx OAIAHbLICMAP2a aumapIblkmai acep
ememinin, ocvlraiuwa keyekmi SiO:—SiC KepamukacbiHbly JHCHLTYOKWAYIAY MeH
MEXAHUKANbIK —~ MYPAKMbLIbIK — aApAcblHOA&bl  mene-menoikmi  0acKapamvlHbIH
Kepcemeoi.

Tyiiin ce3nep: xeyexkmi kepamuka, SiO—SiC komnozummepi, Kyuoipy
ammocghepacwl; HCbLIYOMKIZIUMIK, CbI2bLLY Oepikmizi.
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VK 666.3-16
MPHTH 67.09.05
HAVYHAS CTATbHS

BJINSIHUE TEMIIEPATYPBI U ATMOC®EPBI OT)KUT'A HA
CBOMCTBA IIOPUCTOM KEPAMHUKMH SIO.-SIC

HI.M. KyiraeBa*

Mexnynapoanas oopa3zoBatenbHas kopnopanus, 050048, Anmatsl, Kazakcran

AHHOTaNUsA. B dannoii pabome ucciedosarno enrusnue omaicuea npu 1000 °C 6
meuenue 1 u ¢ ammocghepe apeona u 6030yxa Ha MUKPOCMPYKMYPY U CEOUCMEA
nopucmou kepamuxu Ha ocroge SiO:—SiC, codepacaweti 0-35 mac.% nano-SiC. C
yeeauuenuem cooepaicanus Hano-SiC nopucmocms HecKoabko ospacmana: ¢ 75,2 %
00 76,0 % 0ns obpazyos, omodxicocénnvix 6 apeoue, u ¢ 64,8 % 0o 67,5 % ons
obpazyos, oopabomannvix 6 8030yxe. bonee evicokas nopucmocms npu omoicuce 8
8030yxe cesa3ana ¢ yacmuyHvim okucienuem SiC, cCOnpooxcoarouuMcs gbloeneHuem
2a3000pa3HbIX npOOYKmMoa, cnocobcmeyrouwux 0bpazosanuro nop.
Tennonposoonocms ymenvutanacs ¢ 0,152 0o 0,122 Bm/m K 6 cepuu, omorcoicénnou
6 apeone, u ¢ 0,058 oo 0,045 Bm/m'K 6 cepuu, obpabomanuou 8 8030yxe, umo
00BACHAEMCA  YCUTIeHHbIM — paccesiHueM (QOHOHO8 Ha Nnopax u o00pa3zo8aHuem
oxcuonwix cnoés SiO:. I[Ipounocmv npu cocamuu, Hanpomus, cHudxcaracs ¢ 24,8 oo
14,1 Mlla 6 apeone u c 10,6 0o 4,0 MIla 6 so30yxe npu yseauuenuu cooepicanus SiC.
Ilonyuennvle pe3yromamsl NOKA3b18AI0OM, YMO AMMOCHeEPa OM#CU2a CyujecCmeeHHo
gnUsem Ha 280I0UUI0 NOP, NPOYECCbl OKUCTIeHUs U MedcazHoe e3aumooelicmaue,
onpedensii COOMHOUIEHUE MeHCOy MEeNIOUSOIAYUOHHBIMU U  MEeXAHUYECKUMU
ceoticmeéamu nopucmou kepamuxu SiO>—SiC.

KuroueBble ciioBa: nopucmas kepamuxa, komnosumsl SiO—SiC; ammocghepa
omoicuea, menionpo8oOOHOCMyb, NPOYHOCHb NPU CHCAMUU
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1 INTRODUCTION

Porous ceramics have become an essential class of advanced materials due to their unique
combination of low density, high thermal stability, and chemical inertness, which make them suitable
for use in extreme environments. These materials are widely employed in high-temperature thermal
insulation, catalyst supports, filtration membranes, refractory linings, and energy-efficient
construction systems (She et al., 2003). Their microstructure, consisting of interconnected pores
within a rigid ceramic matrix, provides a balance between mechanical integrity and desired functional
properties such as low thermal conductivity and high permeability (Dey et al., 2011). The key
advantage of porous ceramics lies in their ability to maintain dimensional and chemical stability at
temperatures exceeding 1000 °C while exhibiting adjustable porosity levels and lightweight
characteristics.

Among various porous ceramic systems, silicon carbide (SiC) and silicon dioxide (Si0-) based
composites stand out for their synergistic combination of thermal and mechanical properties. SiC
possesses outstanding characteristics such as high hardness, strong covalent bonding, superior
thermal conductivity (~120 W m™* K™ for dense SiC), and excellent oxidation resistance at elevated
temperatures (Yuan et al., 2016). Conversely, SiO- offers low intrinsic thermal conductivity (~1.4
W m™* K), a relatively low sintering temperature, and good processability, making it a valuable
component for forming porous structures (Yuan et al.,, 2016a). When combined, the SiO.-SiC
composite system integrates the thermal insulation capability of silica with the thermal stability and
mechanical robustness of SiC, yielding a promising material for next-generation thermal barrier and
insulating applications (Kim et al., 2005).

In porous SiO>—SiC ceramics, microstructural evolution during fabrication and subsequent heat
treatment plays a decisive role in determining final performance. The microstructure is governed by
factors such as sintering temperature, time, particle size, and most critically, the annealing atmosphere
(Jana et al., 2017). During thermal treatment, SiC particles can undergo partial oxidation. This
reaction leads to the formation of a thin SiO: layer on SiC surfaces and the generation of gaseous
carbon oxides that contribute to increased porosity (Wan & Wang, 2018). Therefore, oxidation
processes under air or oxygen-rich environments can substantially modify pore morphology,
interparticle bonding, and phase composition. In contrast, in inert atmospheres such as argon,
oxidation is suppressed, and the resulting microstructure depends more on viscous flow and particle
rearrangement. These mechanisms yield distinct structural features that directly influence both
thermal conductivity and mechanical strength (Chen &Miyamoto, 2014).

The relationship between porosity and thermal transport in ceramics is well-documented. The
introduction of pores disrupts the phonon transport path, reducing the effective thermal conductivity
due to enhanced phonon scattering at solid-pore interfaces (Chun et al., 2005). However, excessive
porosity can severely weaken mechanical strength, as the load-bearing cross-section is reduced and
stress concentration arises around pores (Kim et al., 2020, Wan & Wang, 2018). Thus, an optimal
microstructure must balance porosity for insulation and sufficient strength for mechanical stability.
The addition of nano-SiC particles is particularly interesting because nano-sized SiC can alter
sintering behavior, influence pore evolution, and improve interfacial bonding at moderate
temperatures (Su et al., 2018). At the same time, nanoscale SiC may also promote heterogeneous
oxidation and interfacial phonon scattering, leading to additional reductions in thermal conductivity
(Streitwieser et al., 2005). Annealing, or controlled post-sintering heat treatment, is a powerful
technique to modify ceramic microstructure without significant changes in composition. The
annealing atmosphere is especially critical: an inert gas such as argon limits oxidation and helps
preserve SiC integrity, while an oxidizing atmosphere (air) induces surface oxidation, forming SiO--
rich layers that can seal pores or, alternatively, generate new ones depending on the oxidation kinetics.
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Studies have demonstrated that annealing at intermediate temperatures (900-1200 °C) under air
results in the gradual oxidation of SiC, generating amorphous SiO: films that may enhance the overall
insulating capability but reduce strength due to interfacial debonding (Malik et al., 2020). In contrast,
annealing under argon tends to stabilize the as-formed microstructure and preserve mechanical
properties. Although individual effects of oxidation and porosity on SiC and SiO: ceramics have been
widely reported, comparative studies analyzing the interplay of annealing atmosphere and nano-SiC
content in SiO>—SiC composites remain limited. Recent reports on hierarchical porous ceramics have
suggested that the combined use of nano-sized reinforcements and tailored annealing conditions can
yield materials with both ultralow thermal conductivity (< 0.06 W m™ K™') and acceptable
compressive strength (> 10 MPa) (Jana et al., 2017). However, achieving this balance requires a
clear understanding of how pore morphology, oxidation reactions, and interfacial phenomena evolve
under different atmospheres. Furthermore, the growing demand for lightweight insulation materials
in aerospace, energy, and environmental technologies underscores the need for ceramics that combine
low thermal conductivity with sufficient mechanical robustness. For instance, in gas turbines and
combustion systems, thermal barriers must resist temperatures beyond 1000 °C while maintaining
dimensional stability. In energy storage and conversion systems, such as solid oxide fuel cells,
materials with tailored porosity are needed to minimize thermal losses while ensuring structural
integrity. The SiO—SiC system provides an adaptable platform for these applications, but systematic
studies under well-controlled annealing conditions are required to optimize its potential.

Therefore, the present study investigates the effect of annealing at 1000 °C for 1 h in argon and
air atmospheres on the porous SiO.—SiC ceramics with varying nano-SiC contents (0-35 wt%). The
focus is on elucidating the interrelation between porosity, microstructure, thermal conductivity, and
compressive strength. By comparing inert and oxidizing annealing environments, this work aims to
reveal the mechanisms that govern microstructural evolution and property variations in SiO»-SiC
composites. The findings will contribute to the rational design of low-thermal-conductivity porous
ceramics with optimized performance for high-temperature insulation and energy applications.

2. LITERATURE REVIEW

Porous SiC and SiC-based composite ceramics have been studied extensively. Malik et al.,
(2020) observed that both thermal conductivity and mechanical strength tend to decrease as porosity
increases, though particle size and intergranular bonding can modulate this trend. Kang et al. (2021)
reported extremely low thermal conductivities in porous nano-SiC via multiple thermal resistance
engineering.

In the specific SiO>—SiC system, oxidation of SiC to SiO: can act as a sintering aid, modifying
microstructural connectivity and pore geometry (Gomez-Gomez et al., 2019). The interfacial thermal
boundary resistance between SiO: and SiC phases can further suppress phonon transport (Manoji
Kumar et al., 2011). Recent work on hierarchical porous ceramics combining SiC and oxide phases
has shown promising insulation properties.

However, there is a lack of studies focusing specifically on how annealing atmosphere (Ar vs.
air) at moderate temperatures (e.g. 1000 °C) influences the tradeoff between thermal insulation and
mechanical strength in SiO.—SiC composites. This gap motivates the present work.

3. MATERIALS AND METHODS

Porous SiO2-SiC based ceramics were prepared using commercially available nano-sized SiO-
(~25 nm, Aerosil 300, Degussa AG, Hanau-Wolfgang, Germany), nano-sized B-SiC (~50 nm, 97.5%,
N&A Materials, Inc., USA), and nano-sized carbon black (~75 nm, N774, OCI Company, Ltd.,
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Korea) as a sintering materials. Nano-sized SiO2 powder (Slurry 1), B-SiC powder (Slurry 2), and
carbon black (Slurry 3) were each dispersed in distilled (DI) water using SiC balls. Slurry 1 was
prepared by conventional ball milling for 24 h, while Slurries 2 and 3 were processed by planetary
ball milling for 2 h. Subsequently, all three slurries were combined and mixed using conventional
ball milling for an additional 2 h. The resulting mixture was dried and then milled again with organic
binders in ethanol for 2 hours, using SiC balls and a polypropylene jar. Four different batches were
prepared by varying the g-SiC content from 0 to 35 wt%: SO, S10, S20, and S35, where the number
indicates the wt% of 3-SiC. The carbon content was kept constant at 40 wt%. Afterwards, the mixtures
were dried overnight in an oven at 70 °C. The dried powders were then ground and granulated by
passing through a 120-mesh sieve. The resulting powders were uniaxially pressed under 15 MPa into
green compacts of two sizes: 7 x 7 x 14 mm3 for compressive strength tests, and 10 x 10 x 2.5 mm?3
for thermal conductivity measurements. Green compacts were sintered in air at 800 °C for 2 h, then
subsequently annealed at 1000 °C for 1 h in air and argon atmosphere.

The sintered specimens were designated as follows: for example, SA-10 and SAr-10, where the
number after the dash (10) indicates the sintering temperature of 1000 °C, A and Ar means air and
argon atmosphere, respectively.

The theoretical density of the porous SiO.-SiC ceramics was calculated using the rule of
mixtures according to the following formula:

Pth = Psio, Vsio, + PsicVsic (1)

where, psio, and pg;¢ are the theoretical densities of silica 2.196 (gem™) and SiC (3.216 gcm”
%), respectively. Vsio, and Vg;c denotes the volume fraction of silica and SiC which calculated from

change of the weight after sintering in air, respectively. The SiO2 content calculated from the weight
change after sintering by the following reaction:

SiC + 02 — SiO2 + CO2 (2)
C + 0;— CO; (3)

The bulk density of the sintered samples was calculated from the weight to volume ratio. The
porosity of the samples obtained by following equation:

P=1-— £2x100 (4)

Pth

where, P and p, are the porosity (%) and bulk density of the porous SiO.-SiC ceramics,
respectively.

Compressive strength was evaluated using an Instron 3344 testing machine (Instron Inc.,
Norwood, MA, USA) at a constant crosshead speed of 0.5 mm/min. The compressive strength of
porous SiO>—SiC ceramics was tested six times for each sample type to ensure reproducibility.
Thermal diffusivity and heat capacity were determined using the laser flash method (LFA 467,
NETSCH GmbH, Selb, Germany), with a thin graphite coating applied to the sample surfaces prior
to measurement. Each sample was tested three times in an argon atmosphere. Thermal conductivity
was calculated using the following equation [100]:

k=0pCp ®)
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where p, a, and Cp denotes the sintered density, thermal diffusivity, and heat capacity,
respectively.

4 RESULTS AND DISCUSSION
4.1 Porosity and Microstructure

Figure 1 shows the porosity of the porous SiO2-SiC based ceramics as a function of initial
nano-SiC content. With increasing SiC content, porosity of argon-annealed samples increased from
75.2 % to 76.0 %, while for air-annealed samples it increased from 64.8 % to 67.5 %. The porosity
of argon-annealed porous SiO.-SiC based ceramics were 75.2% for SAr0-10, 75.7% for SAr10-10,
75.8% for SAr20-10, and 76.0% for SAr35-10.

In argon atmosphere, the increase is modest; presence of SiC particles impedes viscous flow of
SiO. and densification, thus stabilizing the pore network. In air, oxidation of SiC leads to the
formation of additional SiO. and gaseous CO/CO-, which expands the pore volume and introduces
new pore channels, thus boosting porosity more noticeably.

90
80 -
G 75.2 75.7 75.8 76.0
R & 2 4 — —¢
2
g 2 67.5
° .
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o 64.8 65.7 e
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60
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50 1 | 1 |
0 10 20 35

Initial nano-SiC content (wt%)

Figure 1 — Porosity of the porous SiO--SiC based ceramics as a function of initial nano-SiC content.

4.2 Thermal conductivity

The thermal Conductivity of the porous SiO»-SiC based ceramics as a function of initial nano-
SiC content has shown in Figure 2. Porous SiO»-SiC based ceramics annealed in argon atmosphere
showed the decrease in thermal conductivity from 0.152 — 0.122 W m™* K™! when initial nano-SiC
content increased from 0 to 35 wt%. The thermal conductivity of air-annealed porous SiC ceramics
decreased from 0.058 — 0.045 W m* K™ as initial nano-SiC content increases from 0 to 35 wt%.
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The marked decrease of thermal conductivity correlates with increased porosity and disruption
in continuous conduction paths. The air-annealed samples show much lower conductivity, reflecting
both the higher porosity and enhanced phonon scattering at interfaces, including possible amorphous
SiO: layers formed via oxidation. The role of thermal boundary resistance between SiO. and SiC
phases becomes more significant in these mixed-phase porous systems.

Compared to literature, the conductivity range is competitive with other low-k porous systems
(e.g., Kang et al. 2021, 0.14 W m! K™!) or the composite SiC—Si02—Al-0s—TiO: system achieving
~0.059 W m™ K at ~74% porosity.
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Figure 2 — Thermal Conductivity of the porous SiO,-SiC based ceramics as a function of initial nano-SiC content.
4.3 Compressive strength

Compressive strengths decrease as initial nano-SiC content increases (Figure 3). Porous SiO-
SiC based ceramics annealed in argon atmosphere showed the decrease in compressive strength from
24.8 — 14.1 MPa when initial nano-SiC content increased from 0 to 35 wt%. The compressive strength
of air annealed porous SiC ceramics decreased from 10.6 — 4.0 MPa as initial nano-SiC content
increases from 0 to 35 wt%.

The decline in strength is directly linked to increased porosity, reduced cross-sectional load-
bearing area, and more defects or pore stress concentrators. In air-annealed samples, the oxidation-
driven creation of weak SiO: phases and larger pores exacerbates mechanical degradation. The argon-
annealed samples maintain relatively higher strength because of limited oxidation and more coherent
phase interfaces.

In a log—porosity plot, one might expect a linear or near-linear relation consistent with empirical
strength—porosity models. The stronger performance under argon following the same porosity range
suggests that microstructural control (e.g. pore geometry, neck thickness) is better preserved in inert
atmosphere.
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Figure 3 — Compressive strength of the porous SiO»-SiC based ceramics as a function of initial nano-SiC content.
5 CONCLUSIONS

The effects of annealing atmosphere (argon vs. air) at 1000 °C for 1 h on porous SiO.—SiC
ceramics with varying nano-SiC contents were systematically studied. Key findings:

(1) Porosity increases with SiC content in both atmospheres; the increase is more substantial
in air due to oxidation-induced pore formation.

(2) Thermal conductivity decreases correspondingly, with the lowest value 0f 0.045 W m™ K
achieved in the air series.

(3) Compressive strength diminishes with SiC addition, with argon-annealed samples retaining
higher strength compared to air-annealed ones.

These results illustrate that annealing atmosphere is a crucial parameter in balancing thermal
insulation performance and mechanical reliability in porous SiO--SiC ceramics. Annealing in air
yields extremely low thermal conductivity but at the cost of mechanical strength, while argon
annealing provides a more favorable balance for structural applications.
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