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MODERN MOSQUE ARCHITECTURE: ABALANCE
BETWEEN GLOBALIZATION AND A SENSE OF REGIONAL
IDENTITY

E. Danibekoval™ , G. Abdrassiloval™ , R. Daurenbekoval** | N. Abdullayeva?®

!International Educational Corporation, 050028, Almaty, Kazakhstan
2Azerbaijan University of Architecture and Construction, Baku, Azerbaijan

Abstract. Modern trends of the time require significant changes in the spatial
planning, functional and artistic-image design of architectural objects, including
religious buildings as mosques. With the changing pace of life characteristic of the
era of globalization and the growing level of religious involvement in society, there is
a need for new architectural trends. These changes concern both the functional and
technological aspects as well as the visual characteristics of buildings, including
mosques, which must meet the requirements of modernity. This fact implies the
creation of architecture that can meet the needs of the religious community, ensure
inclusiveness, sustainability and conformity with modern technological and cultural
expectations of society. In modern conditions, mosques, as places of worship
designed for religious practices, must now become architectural objects that reflect
the dynamics of social, cultural and technological transformations. Our research
focuses on the study of examples of architectural solutions of modern mosques in the
world and Kazakhstan, which successfully combine innovation and tradition. We
analyze architectural and artistic techniques, stylistic trends and ways of adapting
the form of Islamic architecture buildings and their canonical components in
accordance with the needs of modern society. This study will identify key trends in the
integration of traditional architectural elements characteristic of different regions
with innovative solutions. This will help to substantiate the challenges of achieving a
balance between traditional architectural forms and modern technologies in the
context of global changes in architecture and technological progress.

Keywords: mosque architecture, regional architecture, religious architecture,
regional identity
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Anparna. Kazipei 3amanHuly ypoicmepi Ccayiem HblCAHOAPBIHbIY, COHbIH
iwinoe mewimmep cusKkmsl KVIbMMIK apXumekmypanvl 0d Koca anieauod,
KeHicmikmix-scocnapiay, (QYHKYUOHANObIK JHCoHE KOPKeM-00paszovlK uleuimoepine
eneyni eseepicmep eneizyoi manan emeoi. fanamoany 0ayipine mon omip vip2a2viHbly
e32epyi JHcaHe Koeamoa OiHU KAMbLCYOblH apmybl HCaHa cayiemmix ypoicmepee 0e2eH
Kaxcemminikmi  myovipoln  omwulp. bByn e3eepicmep  QYHKYUOHANObIK — dcoHe
MEXHONO2UANbIK ~— acnekmilepmer — Kamap, — Mmewimmepli — Koca — al2amoq,
eumapammapowly 6u3yanobl CUNAMMAMALAPLIH 04 KaMMuovl, o1ap Kasipel 3amau
mananmapuvina cat  oonyvl  muic. bByn owcazoati  Jinu  KaybImOacmuiKkmviy
Kaxcemminikmepin KaHagammaHowblpa aiamolH, UHKIIO3UGMILIKMI, OPHLIKMbLILIKNbL
KaMmMamacol3 ememin JcoHe KORAMHbIY Ka3ipel MexHON02UsANbIK dpi  MaOeHU
ymimmepine cail Kenemin cayiem Ya2iCiH Kaabinmacmulpyowbl Kezoeuodi. Kaszipei
Jgrcagoatioa mewimmep OiHU pacimoep MeH QYPulnmapobl OpPbIHOAY2A APHANZAH
KVIbMMIK ~ KYpulabimMoap peminoe eHOlI COYUOMIOEHU JHCIHe MEXHONO0SUSIbIK
mpancghopmayuanapovly Ccepninin OeuHelelmin cayiemmiK HblCaHOapea auHamybl
Kaxcem. bBi30iy 3epmmeyimiz xaszipei 3amauzvl mewimmepoiy UHHOBAYUSIAP MeH
dacmypiepOi commi YUMAcmoulpean apxXumexmypanivly uwewimoepiniy anemoeei
acone Kasaxcmamnoazvl muvlcanoapvin 3epmmeyze, apXumeKmypanblk-KOPKeMOiK
macinoepoi, cmuibOiKk 6ablmmapovl MandaAy2a HCaHe UCIAM CIVIEMIHIY umapam
niwiHOepin Kazipeli KOeaMHuIH Kajxcemmilikmepine cail Oetimoey Hconoapvl MeH
OHbIH KAHOHOBIK KYypamoac Oenikmepin Kapacmwipyea bazeimmanzan. byn sepmmey
mypni  eHipiepee MaH OICMYpLL  CIVIemMMIK dleMeHmmepoi UHHOBAYUSILIK
wewimoepmen Oipikmipyoeei Hezizel ypoicmepoi aHblKmayea MyMKiHOIK 6epedi. Byn
oacmypii cayiem Gopmanapvl MeH 3AMAHAYU MEXHOLOULLAD APACLIHOARbL mene-
meHOikmi cakmayza dazvlmmanean miHoemmepoi Hezizoeyze JHcol auaobl, acipece
apxumexkmypa MeH mexHoL02Usl CanacblH0azvl Hecahanovlk eszepicmep H#a20abiHOa.
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Annorauusi. CospemeHnuvie 6GessHUS 8peMeHU MpeOVIom  3HAYUMENbHbIX
UBMeHEeHUll 6 O0OBbEMHO-NIAHUPOBOYHOM, (DYHKYUOHANLHOM U  XYOOHCECBEHHO-
00pA3HOM peulenuy apxXumeKkmypHoiX 00beKmos, 6KIYAs KYIbIMO8YI0 apXUMeKmypy
KaK mevemu. B ycnosusx uzmenenus memna JHCU3HU, XAPAKMEPHO2O Ol INOXU
2nobanuzayuu, U pacmyuje2o YpoeHs pelucUuO3HOU B081eUEHHOCMU 8 00ujecmeae
BO3HUKAem NOMPeOHOCMb 8 HOBbIX APXUMEKMYDHbIX MeHOeHyusx. Dmu nepemensl
KAcaomcesi Kaxk (QYHKYUOHAIbHBIX U MEXHOI02UYECKUX ACNeKmMO8, MAaK U 6U3)AlIbHbIX
Xapakmepucmux — 30aHull, BKIOYAs Meuemu, KOmopvle OONNCHbI  OMmEedams
mpebosanusim  cogpemenHocmu.  Jlannoi  pakm  npeononacaem — co30aHue
apxumexkmypul,  CHOCOOHOU  YOOBNEMBOPUMb  NOMPEOHOCMU — PENUSUOZHO2O
coobwecmea, obecneuumv UHKIIOZUBHOCHb, YCIMOUYUBOCb U  COOMBEMCMEUE
COBDEMEHHbIM — MEXHOLOSUYECKUM U KVIbMYDHLIM — OXCUOAHUSAM obwecmea. B
COBDEMEHHBIX VCIOBUAX MeYemu, KaK KVIbMOble COOPYICEHUS, NPEeOHA3HAYEHHble
OISl OMNPABLEHUS. PENUSUOZHBIX 00pP008 U pumyanos, OO0NJHCHbI Menepb CMmamb
APXUMEKMYPHLIMU  00bEKMamu, OMpaniCarowum OUHAMUKY COYUOKYIbMYPHLIX U
mexuonocuseckux —mpancgopmayuii. Hawe uccredosanue ghoxycupyiomes Ha
UCCe008AHUU NPUMEPOS APXUMEKMYPHBIX PEUEHUL COBPEMEHHbIX Meyuemell 6 Mupe u
Kazaxcmane, xomopvie ycnewHo couemaiom UHHOBAYUU U MPAOUYUU, AHATU3E
APXUMEKMYPHO-X) 00HCECMBEEHHBIX NPUEMOB, CIMUTUCMUYECKUX HANPABIeHUU U nymetl
aoanmayuu  Gopmebl  30aHUNL  UCLAMCKOU —apXUMEKmypbl U UX KAHOHUYeCKue
cocmassowue 8 COOMEEeMCmeuu ¢ HOMPEeOHOCMAMU COBPEMEHHO20 00ujecmad.
Jannoe uccredosanue no3eonum 6vls8UMb Kilo4esble MEHOEeHYUU 6 UHMmeSpayuu
MPAOUYUOHHBIX — APXUMEKMYPHBIX — JJIeMEHMO8, XAPAKMEPHBIX Ol PA3TUYHBIX
PecuoH08, ¢ UHHOBAYUOHHBIMU peuleHUsMU. Imo no38onum oOO0CHO8amb 3a0auu
oocmudiceHusi Oananca medxcoy mpaouyuoHHbIMU APXUMEKMYPHbIMU Gopmamu U
COBPEMEHHBIMU MEXHOIO2USMU 8 YCILOBUSX 2N00AIbHbIX UBMEHEHUNl 8 apXumexkmype u
MEXHONO2UUECKO20 NPpocpecca.
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1 INTRODUCTION

One of the most significant and relevant studies in modern architecture is the exploration and
preservation of regional identity. This study is influenced by the globalization process and its
challenges. The evolution of design strategies for modern mosques is taking place with these
challenges in mind. These challenges include: the need to unify architectural styles while preserving
local traditions, the impact of urbanization on space in the built environment, the importance of
environmental sustainability, and the need for technological innovation and inclusivity in design.

The incorporation of new approaches and innovative technologies contributes to a
comfortable, ecologically orientated architectural environment, while the strengthening of the
regional component in modern mosque architecture contributes to the preservation of cultural
content and the designation of local belonging.

It is worth noting that regional identity in architecture is not affixed style or image, but a
dynamic system based on an informed understanding of local traditions and the essential nature of
architecture within a specific location, as expressed through the unique vision of a local architect
(Abdrassilova & Murzagaliyeva, 2020, Danibekova, 2023).

A mosque is a stable type of religious building characterised by the presence of a number of
canonical architectural forms, a characteristic functional zoning and a set of rooms. As it happened,
these canons have always been preserved as unchanged as possible in Islamic cult architecture in
different regional conditions. Islamic architecture is based on three key elements of the spatial
planning of mosques. These are the minaret, mihrab and minbar, which are integral components of
the religious space, ensuring its functionality and image recognizability.

The architectural typology of public buildings and structures, adapted to modern trends,
develops basic principles of object formation based on their characteristic features, visual signs, and
functional content that correspond to the needs of modern society. This approach is emphasized in
the textbook ™Architectural Typology of Buildings and Structures,” which systematizes and
elaborates on principles for the development of building types that take into account their desired
features and characteristics (Zmeul & Makhanko, 2005).

In the context of global architectural trends and with the increasing interest in the dynamics of
mosque architecture, modern architects are now in search of new approaches to the aesthetics of
shaping religious buildings. Atypical architectural methods are required, which, within the
framework of religious canons and traditional principles of Islamic architecture, will allow adapting
mosques to the changing demands of society.

Modern architects are demonstrating radically new approaches to mosque design that differ
significantly from traditional solutions. This has led to a transformation of the traditional aesthetic
image of these sacred buildings. The changes are not only seen in the planning structure but also in
the functional range of mosques, which has expanded to meet the needs of today's Muslim society.
Architects are also proposing unconventional silhouettes and shapes for mosques that go beyond the
typical visual characteristics associated with these religious structures.

According to modern scholars, the architectural designs of mosques are subject to change,
transformation and adaptation to modern circumstances. Even elements that seem to be inviolate,
such as the mihrab and minaret, are being reconsidered: some contemporary architects from
Muslim-majority countries suggest that it is feasible to do away with these traditional features
(Muksinov & Babajanova, 2005, Shukurov, 2014, Syahid, 2018). In the search for a solution to
the challenge of achieving the uniqueness of mosque architecture, a balanced approach appears to
be the most promising. This approach is based on a harmonious combination of progressive
architectural innovation, local natural and climatic factors, cultural traditions, and Islamic

11


https://www.researchgate.net/profile/Mushab-Asy-Syahid-2?_sg%5B0%5D=WYIW9wbgKgdigyAO_Shw73C08nkn0KEZE2Bideoiufd8wMatkzvHTNQvXaT1RQXLpvAFXTQ.jMupqZHMIuin0NpyoLdaiCUprfGhY4TKsLPE0Em2vQG42F9kMhQ4n2ipRjzXMBQSqokUbJWkZGBqbIYe3ekTaw&_sg%5B1%5D=S9vVNLL9RR3kzqSJs1tBoRFQYLccEr2yNgaIOb4yUbckLOU0sMzkiuhU2ssxZwNaTIJNxGI.K0H4re8x2_vQcFVPIo0R7IeZL7dUOV-XZCBtdzlWT639WcbgjRXFptt3iVW6DWUAsMh_EovhhmRlQc-zhTmdlQ&_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIiwicHJldmlvdXNQYWdlIjoic2VhcmNoIiwicG9zaXRpb24iOiJwYWdlSGVhZGVyIn19

QazBSQA Xa6apmbichl. Ne2 (96), 2025. Cayser

architectural principles. This method has the potential to create a new paradigm in mosque
architecture that balances global trends with a recognition of regional identity, while maintaining
their functional and spiritual importance.

2 LITERATURE REVIEW

The scientific literature devoted to the study of mosque architecture has a wide range. The
canonical requirements for buildings and forms of mosques, their functional zoning, as well as the
evolution of architectural elements are considered in the studies of Frishman M., Khan H., Grabar
0., Necipoglu G. (Frishman & Khan, 1994, Grabar, 1978, Necipoglu, 1998).

The evolution of mosque architecture in the territory of Kazakhstan is studied: from simple
rectangular forms of the 9th-10th centuries, oriented on functionality, to more complex
constructions of the 11th-16th centuries with domes and minarets. The increase in the number of
mosques, their forms and elements were due to the growing influence of Islam and partial
integration of local architectural traditions. This issue was studied by prominent Kazakh scientist B.
Glaudinov (Glaudinov, 1999, Glaudinov, 2019, Kasymbekova & Glaudinov, 2012). The research
noted that during the 9" and 10th centuries, mosques in Kazakhstan were simple structures with
rectangular rooms. However, from the 11th to 16" centuries, more complex shapes such as domes
and minarets began to be used as important elements in mosque architecture.

The scientists have revealed the connection of local traditional features of Islamic religious
buildings with Persian and Ottoman architectural styles, characterized by the use of domed
structures, arched vaults, calligraphic and ornamental decorations. The problem of loss of unique
regional features of cult architecture in the conditions of globalization is considered in detail
(Galimzhanova & Glaudinova, 2011, Sadykova Sh., 2018, Beisenova & Samoilov, 2022,
Slieptsov et al., 2024). The focus of our research is on works containing studies of contemporary
trends in the development of mosque architecture in the 21st century with examples of
reinterpretation of their canonical forms and elements (Kisamedin, 2013, Shukurov, 2014,
Shanbayeva, Kantarbayeva & Mahoney, 2024, Putra et al., 2025, Mertyurek & Demirbas,
2023, Tamimi & Pankina, 2024).

3 MATERIALS AND METHODS

When cultural and architectural traditions are influenced by globalization and unification is
observed, it is important to find a balance between preservation of local specificity and adaptation
to modern requirements. Formation of architectural and spatial design of religious buildings and
their functions should be based on the context of the local environment with the integration of
domestic traditional elements. This should be done by considering climatic, cultural, historical,
socio-political, and economic factors in order to create a harmonious and appropriate design. This
requires the exploration of alternative design approaches that ensure a harmonious combination of
tradition and innovation within the modern architectural discourse.

The research is based on a comprehensive approach to understanding the balance between
global trends and local identity in modern mosque architecture. This includes a review of academic
literature, architectural projects, and periodicals, as well as an analysis of the architectural and
artistic techniques and stylistic trends used in mosque design. The goal is to identify conceptual
approaches and trends in the architectural and planning solutions used in various regions around the
world.

We also aim to identify patterns of regional development in mosque architecture, considering
the influence of climatic, socio-cultural, and economic factors. This is done by examining spatial
regional archetypes and their evolution through the principle of continuity, while also taking into
account modern interpretations.

In the works of contemporary architects, the concept of the exterior design, functional zoning,
and interior space in modern religious buildings challenges established design stereotypes. In the

12


https://www.researchgate.net/scientific-contributions/Oleh-Slieptsov-2269223160?_sg%5B0%5D=N1zMlKStMz2eOBgz5gkSjPS91QQ9KOZQBHpKe22_WQhISw18NlSpg9Umm7W1t54PK4xcduo.h_aN-1qpLrBRYQ7uSo-IQdLWq2gq-2kYyvk86glsyGgn4bv0fHNrqipmjhyfkSxlvkCIfl9fzHBvOftaVj8luw&_sg%5B1%5D=tut6NrZog0Ng8xC7rcX-qZn4_EZTai16G_mwnnpUSmZ-ZNLSykdLELEsgE-t6QVkr64Bb38.jQoN4MaKQWj_kzdoHSv9ilRkJURIKdD8KZuKVr3pyZn2DL5D3NzZgwKw-yyxbtoFZpfXLQaR7nU9BHJKIQCJOA&_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIiwicG9zaXRpb24iOiJwYWdlSGVhZGVyIn19
https://www.researchgate.net/scientific-contributions/Oleh-Slieptsov-2269223160?_sg%5B0%5D=N1zMlKStMz2eOBgz5gkSjPS91QQ9KOZQBHpKe22_WQhISw18NlSpg9Umm7W1t54PK4xcduo.h_aN-1qpLrBRYQ7uSo-IQdLWq2gq-2kYyvk86glsyGgn4bv0fHNrqipmjhyfkSxlvkCIfl9fzHBvOftaVj8luw&_sg%5B1%5D=tut6NrZog0Ng8xC7rcX-qZn4_EZTai16G_mwnnpUSmZ-ZNLSykdLELEsgE-t6QVkr64Bb38.jQoN4MaKQWj_kzdoHSv9ilRkJURIKdD8KZuKVr3pyZn2DL5D3NzZgwKw-yyxbtoFZpfXLQaR7nU9BHJKIQCJOA&_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIiwicG9zaXRpb24iOiJwYWdlSGVhZGVyIn19
https://www.researchgate.net/scientific-contributions/Arailym-Shanbayeva-2286679014?_sg%5B0%5D=dG21hEhUDZpEubnfnNNgMw4Jjk-vTkyBPch1E4rlGUjMMDtZ7v-B4aT7KzjrilvXKXDd8CU.AjuDpymNKrkmglOl08mPa1WEOs6qDBVHEzU7IOu50xvmJEdkMnKGbCoLlE2Q72a6Xbzw-aw-BLdgYJjIXcjEjA&_sg%5B1%5D=1kHx_ACIEFOnCxQEwqmYyX-0b9Z4ypSP-Kko--4rhC6hfCEQlB5h5z4pwWMXHia9zNVe68Q.l63QJ_5hz6fq-CjQjPa_HqwMFShmTNqW3L72EMEPTDdOsYkztH602SQSoYx_Z0BX2xDo50Rup0shezAk3iGxow&_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIiwicG9zaXRpb24iOiJwYWdlSGVhZGVyIn19
https://www.researchgate.net/scientific-contributions/Zhanna-Kantarbayeva-2286629429?_sg%5B0%5D=dG21hEhUDZpEubnfnNNgMw4Jjk-vTkyBPch1E4rlGUjMMDtZ7v-B4aT7KzjrilvXKXDd8CU.AjuDpymNKrkmglOl08mPa1WEOs6qDBVHEzU7IOu50xvmJEdkMnKGbCoLlE2Q72a6Xbzw-aw-BLdgYJjIXcjEjA&_sg%5B1%5D=1kHx_ACIEFOnCxQEwqmYyX-0b9Z4ypSP-Kko--4rhC6hfCEQlB5h5z4pwWMXHia9zNVe68Q.l63QJ_5hz6fq-CjQjPa_HqwMFShmTNqW3L72EMEPTDdOsYkztH602SQSoYx_Z0BX2xDo50Rup0shezAk3iGxow&_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIiwicG9zaXRpb24iOiJwYWdlSGVhZGVyIn19
https://www.researchgate.net/scientific-contributions/Jon-Mahoney-2286662059?_sg%5B0%5D=dG21hEhUDZpEubnfnNNgMw4Jjk-vTkyBPch1E4rlGUjMMDtZ7v-B4aT7KzjrilvXKXDd8CU.AjuDpymNKrkmglOl08mPa1WEOs6qDBVHEzU7IOu50xvmJEdkMnKGbCoLlE2Q72a6Xbzw-aw-BLdgYJjIXcjEjA&_sg%5B1%5D=1kHx_ACIEFOnCxQEwqmYyX-0b9Z4ypSP-Kko--4rhC6hfCEQlB5h5z4pwWMXHia9zNVe68Q.l63QJ_5hz6fq-CjQjPa_HqwMFShmTNqW3L72EMEPTDdOsYkztH602SQSoYx_Z0BX2xDo50Rup0shezAk3iGxow&_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIiwicG9zaXRpb24iOiJwYWdlSGVhZGVyIn19
https://www.researchgate.net/scientific-contributions/Sudarmadi-Putra-2242350548?_sg%5B0%5D=WMcleGY-hhKAACaZRadkwYMQZXWvjMlpKvgZ3LQfuxWnqKljkG8QLf2fcPdtHJyRxVbSwVQ.LODsDhrkuqsqYQ32wNJKz_X8F6n929tOHefS-YXCUCaIZIbvmRKjCd-WiXfX3ynb3SU4Morp0gCPzMX4U411IA&_sg%5B1%5D=JV8lDj_ugRqwiuXy2QRMQUGPwjFyUFfpiD_SnUKT3BzlCCmDMT82Wh59jE06OiuiC_hXh8M.iIYoc_iJCAA51BTvylwnNdobmq2GClpHU8ITIoVNKV2uWyqkvoW_7q5AAeLkQmrU2mbojlv1d_ULfkiH1Oy0kg&_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIiwicHJldmlvdXNQYWdlIjoic2VhcmNoIiwicG9zaXRpb24iOiJwYWdlSGVhZGVyIn19
https://www.researchgate.net/profile/Serkan-Mertyurek?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InNlYXJjaCIsInBvc2l0aW9uIjoicGFnZUhlYWRlciJ9fQ
https://www.researchgate.net/profile/Ufuk-Demirbas?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InNlYXJjaCIsInBvc2l0aW9uIjoicGFnZUhlYWRlciJ9fQ

QazBSQA Xa6apmbichl. Ne2 (96), 2025. Cayser

21st century has brought the realization that the invocation of the Creator (namaz) is the most
important part of Islam, and that canonical elements such as the dome, minaret, mihrab, etc. are not
directly related to the act of prayer itself. The fact that a Muslim needs only a small space oriented
towards Mecca for worship freed architects from being rigidly bound to the canonical forms of the
mosque, opening the way to a more free and flexible architectural approach.

By referring to the Quran, the sacred book of Islam, which does not provide specific
instructions on mosque architecture, modern architects are able to create contemporary
interpretations of religious structures (Wiebe, 2012). This led to a reconsideration of the
architectural form of mosques, with the focus on creating a space that was in line with their spiritual
function and open to architectural innovation, rather than simply following traditional elements.

4 RESULTS AND DISCUSSIONS

We have considered examples that demonstrate the possibility of creating a prayer space
without traditional domes and minarets. These examples focus on the search for regional identity
and take into account the local context.

Figure 1 shows the Masjid Al Irsyad Mosque (Bandung, Indonesia, 2010, architect Ridwan
Kamil), a giant parallelepiped structure with a transparent mihrab surrounded by a water tank. Here,
the open mihrab with views of nature is the compositional focal point of the entire structure, which
is completely atypical for the historically established image of a religious building. However, the
author considered that ‘a mosque is a place where Allah is worshipped...the shape of which depends
on human imagination and is not mentioned in the Qoran...and the dome does not signify Islam...’.
Thus, the dome as a canonical element of Islamic architecture was excluded from the general
concept of the building (Indonesia’s unique mosques, 2019).

The architect explained the decision to reject the use of a dome due to the specific local
conditions of the tropical climate. Dome and vaulted roof structures are traditionally used in hot and
dry regions of Central Asia, the Middle East, and the Near East as a means of protecting buildings
from excessive solar radiation by cooling the air inside the dome space (Murzagaliyeva &
Abdrassilova, 2018). R. Kamil selected the methods of constructing the building that are
appropriate for the conditions of the tropical climate, imbuing the structure with regional
characteristics. Some of the concrete blocks in the walls are hollow, providing natural ventilation
and daylighting for the interior of the mosque during the day.

The Assiaf Mosque (Singapore, Forum Architects) is an interesting example of a conscious
deviation from established forms of Islamic architecture in favor of a modern, functional and
culturally sensitive approach. The context of the city-state of Singapore is multinational and
multicultural. The architects refused to use elements characteristic of Muslim architecture and
formed a neutral architectural image devoid of strong ethno-confessional associations. Thus, the
project is characterized by pronounced local features: inclusiveness, universality. Along with the
desire for adaptability of architecture in the conditions of a global metropolis, the regional character
of the building is manifested in the consideration of local specific climatic conditions - high
humidity and tropical air temperature. Under these circumstances, the mosque project focuses on
reducing the number of enclosed spaces. Instead of traditional walls, open-work aluminum screens
with Arabic patterns are used, providing effective natural ventilation and lighting while
simultaneously creating a visual effect of lightness and partial "de-materialization" of the facade,
enhancing the building's connection to the environment.

In the course of studying modern trends in mosque architecture in the northern cities of the
United Arab Emirates, it has been found that square or rectangular plans remain the predominant
form for prayer halls (in 96% of cases). The long side of the building, as a rule, forms the gibla wall
with the mihrab located in the center, while the roofs are mostly flat. The main visual element that
determines the typology of these mosques is often a minaret, which is often designed in an abstract
or unconventional way. An in-depth study of the internal spatial organisation, lighting quality,
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acoustic characteristics, comfort microclimate and sustainability of architectural solutions, taking
into account the specificity of the local context, is emphasized (Awad, 2021).

The building of the Alacaatli Uluyol Mosque (Ankara) demonstrates the rejection of the
characteristic features of Ottoman cult architecture. Its architectural composition is based on a
simple cube shape, but it also incorporates a traditional dome and a modern addition - a sun
protection grid, due to Turkey's climate. The study conducted by the authors found significant
differences of the analyzed mosques from the classical Ottoman typology, which was confirmed by
a digital ranking of architectural parameters. This led to the development of a methodology for
analyzing and categorizing cult architecture, which offers opportunities for further discussion
(Mertyurek & Demirbas, 2023).

The uniqueness of a building's image, its forms, decorative elements and symbolic content is
maintained by culture and tradition, and on the contrary, can be lost as a result of unification and
borrowing of global architectural solutions (Abdrassilova et al., 2024, Abdrassilova &
Danibekova, 2021). The studied examples of modern religious buildings demonstrate the
introduction of progressive ideas of foreign architects. New approaches to design are used here,
which noticeably differ from traditional architectural canons by their greater contextuality. As a
result, new images of religious spaces have been formed, which often do not fit into the usual
canonical framework.

Mjid Al Irsyad Moue. General view (Indonesia’s Masjid Al Irsyad Mosque. View of mihrab (Photo of
unique mosques, 2019) the day, 2015)

ASSYAFAAH MOSQUE

amTTLCTS e roman

N
Assyafaah Mosque. General view (Buck, 2006) Assyafaah Mosque. Interior (Buck, 2006)

Figure 1 — The search for regional identity in modern mosque architecture: examples from world experience.
Over the past two decades, Kazakhstan, as a young independent country, has shown an active

desire for change and renewal in all areas of public life. This is especially true in the field of
architecture, where Kazakh architects are increasingly turning to unconventional techniques,
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methods, and forms. This trend is reflected in iconic buildings that are traditionally known for their
sustainability and restraint when it comes to innovation.

Modern religious architecture, including Islamic buildings, also needs to be transformed to
meet the challenges of our time. Its development should be based on a conscious departure from
traditional canons, which encourages the search for new ideas rooted in a specific place's context -
through its culture, natural features, and the formation of local symbols and artistic images. In
Figure 2 we present examples of mosques in Kazakhstan as experiments of progressive domestic
architects. Going beyond the usual traditionalism, the authors proposed non-standard spaces of
religious buildings, whose artistic and imaginative design reflect the regional identity and the spirit
of the time.

I\

Makhshur Zhusup Mosque. View of peshtak
(Kisamedin, 2012)

&Ryskeldi Kazhy Mosque. Interior (Inside, 2015 -

Burabai Mosque. General view (There is a beautiful
mosque, 2019)

Figure 2 - Modern architecture of mosques in Kazakhstan.

One of the examples of non-traditional architecture in Kazakhstan is the Mashkhur Zhusup
Mosque in Pavlodar, designed by architects T. Abilda, N. Kabudaliev, S. Yusupov and S. Dautov in
2001. Despite the use of traditional elements such as domes, minarets and peshtaks, its design is not
a direct copy of a classical pattern. Instead, it represents a modern interpretation of traditional
architecture through the use of local symbols and unconventional spatial planning solutions. ... the
mosque does not seem to be a repeat of the old pattern, ... its image is new, ... it easily corresponds
with traditions, ... but it is modern and expressive ...” (Kisamedin, 2012).

The tent-shaped silhouette of the building, based on an eight-pointed star, as well as dynamic
domed shapes and the monumental peshtak with a corrugated surface, refer to the architectural
heritage of Central Asia. In particular, these techniques are reminiscent of the mausoleums of the
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Karakhanids, which combine the symbols of the Kazakh steppe - the Khan's tent and the warrior
batyr - with sacred images that are important for local culture and help to create a unique
architectural identity.

If we set aside the external similarities of the mosque to the usual traditional image and focus
on enhancing the believer's sense of belonging to the sacred act of conversion to Almighty, and
create conditions for a profound spiritual connection, it can lead to a shift in the three-dimensional
and artistic design of mosques, focusing on the inner experience of the person. At the same time,
regional identity plays an important role, allowing mosque architecture to not only preserve its
spiritual significance, but also reflect the unique cultural, semantic, historical, and climatic
characteristics of a particular area, forming a truly authentic and harmonious sacred space.

The architecture of Burabai Mosque (Bl Group, 2019) in the Shchuchinsko-Borovsky resort
zone, designed by the company, is expressed in a cubic form (There is a beautiful mosque, 2019).
The choice of this form is due to the roots of the reference to the cube/platform, its symbolic
meaning going back centuries.

In traditional Kazakh architecture, cubic forms often formed the basis of religious buildings.
One example is the mausoleum of Aisha-bibi a cubic shaped building with a cone-shaped dome
with richly decorated walls (Glaudinov, 2019). According to the Kazakh scholar E. Baitenov, the
cubic form is a kind of spatial archetype ‘platform’. A compact centric volume (of a square,
rectangle, circle, polygon) has traditionally been the basis of the volumetric and spatial structure of
buildings, including religious buildings such as mausoleums, mosques, sacral complexes (Baitenov,
et al., 2019, Baitenov, 2024). Thus, the shape of a cube/platform symbolized stability, balance and
solidity, a symbol of the earth. As a culturally fixed archetype, the cube reflects the spiritual, ethnic
and historical basis of Kazakh architecture, reflecting the mentality and connection with the
traditional image of dwelling - the yurt. Using the example of the Burabai Mosque, reference to this
archetype contributes to the integration of the building into the cultural landscape and the
actualization of the modern appearance of religious buildings in new interpretations in order to
strengthen regional identity.

Let's consider the trend of rethinking traditional forms in the work of modern architects in
Kazakhstan, taking into account cultural archetypes and the use of modern technologies. The
Yryskeldi Kazhi Mosque’s building in Astana (arch. S. Dzhambulatov, 2018) uses non-standard
shapes, such as triangular walls and a dome, which image is an inverted lotus flower. This
postmodern style meets the current demand for zero consumption of non-renewable energy (Inside,
2018). The use of solar panels helps solve the environmental problem by reducing energy costs and
provides a modern approach to integrating traditional symbols into modern architecture, shifting the
focus from traditional Islamic architecture towards innovation.

The last two examples considered are examples of a minimalist approach, which seem to
reflect current trends in architecture. However, simplicity of form, restraint, and modesty in the
design of sacred spaces have always been inherent in the local population due to the influence of
Sufism. Sufism originated in the 7th-9™" centuries as a mystical and ascetic branch of Islam and had
a significant impact on the spiritual culture and architecture of Kazakhstan.

In cult architecture, this was reflected in the desire to create private, meditative spaces that
encourage inner concentration and spiritual purity. Sufi ideas were widely spread in the region due
to the efforts of Khoja Ahmed Yasawi, the founder of the Turkic Sufi tradition, who blended Islamic
spirituality with traditional nomadic customs. As a result, a unique architectural style emerged,
characterized by simplicity, profound symbolism, and ascetic spatial planning (Abdrassilova,
Murzagaliyeva & Kuc, 2021, Orynbekov, 2005).
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Figure 3 shows how simple forms of cube, pyramid, as archetypes (according to the research
of E. Baitenov) in Kazakhstani architecture serve as a bridge between tradition and modern
architectural solutions, strengthen cultural identity and reflect the aspiration to innovation.

AN

/1\ AN AN N
11 1
//\ AR\
N |
A

«Burabai Mosque» | a

Figure 3 — Archetypes in modern interpretations of mosque architecture in Kazakhstan (authors’ material).
5 CONCLUSIONS

Studies have shown that in the conditions of globalization the modern mosqgue is now open to
change, the architectural appearance of which is formed at the intersection of tradition and
innovation, past and present. The essential importance of this aspect is that the architecture of
religious buildings can be enriched by taking into account the local socio-cultural identity and
spatial environment. A delicate correspondence to the local multinational and multicultural
environment as in the case of the Assiaf Mosque in Singapore, or consideration of the philosophical
underpinnings of ancient traditions and beliefs such as Sufism can be an important guideline in the
search for authentic architectural expression. Contextualized architecture of mosques, in turn,
contributes to the formation of a mature and conscious society, aware of its own religious and socio-
cultural identity. On the example of a developing country like Kazakhstan, this direction becomes
especially relevant when architecture becomes an important element reflecting the state priorities
and missions aimed at strengthening the country's position in the international arena. Thus:

1. In the conditions of growing globalization processes in Kazakhstan, regional architecture
based on the adaptation of artistic image and form to the local context is called to solve the problem
of revival of traditions, preservation of identity with strengthening of identity;

2. Taking into account the local specifics of multinationalism and multiculturalism of the
environment will ensure cultural relevance, achieving balance and inclusiveness;

3. Mandatory integration of ecologically oriented modern technologies and architectural
trends into the system of designing religious buildings will support compliance with the global
trend - sustainable development.

4. Dialogue with the environment, the ability to adapt to changing conditions of the time and
active interaction with the local cultural context will allow to go beyond the established norms in
the design of modern mosque buildings balancing between globalization and the search for regional
identity.
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Abstract. Parks of culture and recreation occupy a special place in maintaining the
ecological balance in the urban environment, due to their location and large territory.
However, in the existing park facilities, opened in the Soviet period, the condition of
the appearance has noticeably deteriorated, the former grandeur of architectural
forms and landscapes has been lost. With the change in ownership, the
multifunctionality and accessibility of object zones located in the park space has been
lost. The study examined the developments of designers in the field of architectural and
landscape design, specialists studying the sociological, communication, technological
and economic issues of the functioning of public spaces in the urban environment. The
relevance of this study lies in the need to reboot the architectural and landscape design
of parks, which must meet the requirements of the time, in the development of a certain
approach to the application of pre-project analysis methods for the renovation of parks
as public spaces. The study provides a brief historical background on the origin and
development of park culture, and examines in detail the principles and methods of
designing park areas at the present stage. Using the method of environmental pre-
project analysis, a new view of the park is proposed as an environmental object that
ensures the full satisfaction of the needs of a modern person. The presented experience
of park renovation is interesting and accessible for use in practical activities when
creating a multifunctional aesthetically complete environment based on a natural
complex.

Keywords: Renovation, park space, pre-project analysis, environmental design,
placemaking.
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MOCTKEHECTIK KE3EHJETT KAJAJBIK
CASIBAKTAPIBI JKAHAPTY TOKIPUBECI

A.A. Kocuosal* © | 10.I. onos! @, I.C. Myrkanosa! © , B.IL. Tpopumos! @
AM. AcbinGexopa? @

' AGait MbIp3axmeTtoB ateiHarsl Kekmeray yausepcuretinin, Kekmeray, 020000, KazakcTtan
2Kynom Baiiceititopa arsianarsl Kasak yiaTTsIK eHep yHHBepcnTeTi, 010000, Kazakhstan,

Anaarna. Kananvix opmaoa 3Kono2usivlk mene-meHOikmi cakmayoa MaoeHu-
oemanvic casbaKxmapvlibly OPHbL HCIHE AYMARLINBIY YIKEeHOI2l epeKuie OpblH anaobl.
Jlecenmen, OYpvinbl KeHecmiK Ke3eHOe Aubliean casoax HblCaHOApblHOA OAApOblH
CbIPMKbL KelbemiHiy Hca20auvl aumapivlKmatl HAwapian, cayiem HblCaHoapbl MeH
AAHOWADMMAapsiHbIY OYPbIHELL CATMAHAMbL HCOUBLLIObL. MeHwiK HblCAHOApPbIHLIH
o32epyiMen  caabax — KeWicmiciHOe — OPHANACKAH  HbICAHOAD — AYMAKMAPbIHbIH
KON@DYHKYUOHANOBLIbIZbL  MEH  KOAJICemimMOinici  Hcouvliovl. 3epmmey  caynem-
AAHOWApmMmulK,  OU3AUH  CANACLIHOARbL  Ou3auiHepiepliy, KAaldublK Oopmaddesl
KO2AMObIK KeHICMIKMepOiH MHCYMbIC iCMEYIHIY COYUONOSUSIbIK, KOMMYHUKAYUSIBIK,
MEXHONIO2UANBIK IHCIHE IKOHOMUKATLIK MICeNeNepin  3epmmetmin  MamaHoapobly
azipnemenepin 3epmmedi. Byn 3zepmmeyoiy e3exminiei mulHaoa: casbaxmapobiy
yakvim manabvina cail 60aybl mMuic caynemmik-1aHouagdmmolx OU3AUHbIH Kauma
JoHcyKmey Kadicemminiei; casbakmapovl Ko2amoOblK KeHiCMIK peminoe AHcanapmyovl
oHcoba anodviHOazvl manday a0icmepin KOaOaHyObly HAKMbl MACiNiH  a3ipaeyoe.
3epmmey caabax maOoenueminiy nanioa OOIYbl MeH 0amybl Mypanbl KblCKAUA Mapuxu
Manimemmepdi bepedi dcoHe Kaszipel Kezenoezi casdoax aymaxmapvii H#ooanayovly
npuHyunmepi Mex 20icmepin e2oiceli-meaxcelii Kapacmulpaosl. Kobanay andvinoazvl
9KONOCUANLIK ~ manday  20iCiH  KONOaHA  Ombipbln,  Kazipeli  adamoapoviy
Kasicemmiiikmepin monvlk KAHA2ammaHowblpyovl KAMMAMACHI3 ememin 9KOI02USLbIK
00vekm peminde casbaKka KHcana Ke3kapac ycwinwvliaovl. Casbakmul Hcayapmyoviy
YCbIHbLIZAH Madicipubeci madbuu KeuleH He2i3iHoe Kon QYHKYUOHANObL, ICMEMUKAIbIK
KYHObL Opmamnsl Kypy Ke3iHoe NpakmukaivlK Kblavemme Nauodlany YuliH Kbl3blKmbl
JHCOHE KONHCEMIMOI.

Tyiiin ce3nep: Kayapmy, casbax xeyicmizi, sxcobaga Oetiinei manoay, KOpuaeaH
Opmanvl 24cobanay, OPHAIACMbIDY.
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'Kokmerayckuit yaupepcurer uMenn Adas Meip3axmerosa, Kokmeray, 020000, Kasaxcran

?Kazaxckuii HAllMOHANBHBINA YHHBEPCUTET HCKyccTB uMeHu Kynsim BaiicenTtoBoli,
Acrana, 010000, Ka3zaxcran

AnHoTtauusi. Ocoboe mecmo 8 NOOOePHCAHUU IKONOSUYECKO20 PABHOBECUs 8
20pPOOCKOU cpede 3aHUMAlOm HAPKU KYIbmypbl U OmobiXa, 6 CUILY CB0e20
pacnonodcenus u 3HadyumenvHou meppumopuu. OOHAKO, 6 CYWecmB8YIOuUxX
NAapKoBbIX 00BbEKMAx, OMKPLIMbIX ewe 8 COBEMCKULL NePUoo, 3aMEMHO YXYOUULOCH
cocmosiHue 6HewHe20 6uod, YMpauyeHo Oblioe Geauyue ApXumeKmypHvlx (Gopm u
Janowagpmos. C  uzmenenuem Gopm cobcmeenHocmu,  ympaieHa
MHO20QVHKYUOHAILHOCMb U OOCMYNHOCHb 00bEKMOBLIX 30H, PACHOLONCEHHbIX 6
napkogom npocmpancmee. B xode ucciredosanusi paccmompeHvl pazpabomixu
ouzatinepos 8 obaacmu apxumexkmypHo-1aHOuagpmuo2o Ou3aiHa, cneyuaiucmos,
UBYYAIOWUX  COYUONIO2UYEeCKUe,  KOMMYHUKAYUOHHblE, — MeXHOLo2uYyecKue U
9KOHOMUYECKUe BONPOCHL (DYHKYUOHUPOBAHUSL OOWECMBEHHbIX NPOCMPAHCIE 8
20poOcKoll cpede. AKMYanbHOCMb HACMOAWE20 UCCIe008AHUS 3AKNIOUAemCs: 8
HeobXooumMocmu nepe3azpy3ku apXumeKmypHo-1aHOUaApmuo2o ousauHa napros,
KOMopble OO0JIHCHbL COOMBEMCMB08AMb MPeOOBAHUAM BPEeMEHU;, 6 BblpabomKe
ONpeoeneHH020 Nnooxo0a K NPUMEHEHUI) Memoo08 NpeonpoeKmHo20 aHauu3da
peHosayuu napkos, Kaxk 00ujeCmeeHHuIX npocmpancms. B ucciredosanuu oana
KPAMKAsi UCMOPUHECKAsi CNPABKA O 3aPOACOCHUU U PA3GUMUU NAPKOBOU KYIbMYpbl,
0emanbHO paAcCMOMPeEHbl NPUHYUNBL U MEeMOO0bl NPOEKMUPOBAHUS NAPKOBLIX 30H HA
cospemennom  smane. Memooom  cpedo6oco  NPeONPOeKmMHO20  AHAIU3A,
npeonazaemcs Ho8blll 83271510 HA NAPK, KAK HA Cpedosoli 0Ovbekm, obecnevyusanuuil
NOJHOYEHHOe — YO0BNemBOpeHUue  NOMPeOHOCMEl  COBPEMEHHO20  YeloBeKd.
IIpedcmasnennvlii.  onvlm  peHosayuu  NApKO8, UHMepeceH U O0OCMYNeH K
UCNONB308AHUIO 8 NPAKMUYECKOU OesimelbHOCMU  Npu  CO30aHUl HA OCHOBe
NPUPOOHO20 KOMNIEKCA MHO2ODYHKYUOHATLHOU ICMEMU4ecK NOTHOYEHHOU CPeObl.
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1 INTRODUCTION

In modern conditions, a park zone is an integral part of the city, intended for mass and affordable
recreation of city residents.

From Wikipedia: "Parks of culture and recreation are usually located in populated areas on the
territory of garden and park or forest areas. Large parks in the Soviet period often had their own
summer theaters, lecture halls, reading rooms, attractions, dance halls, as well as rental bases for
various sports and cultural equipment. Shooting ranges, children's towns and sports grounds operated
in the parks, in winter - ski bases and skating rinks, children's towns and playgrounds. Boat stations
operated on the reservoirs near the parks.

Parks of culture and recreation carried out mass - political, cultural and educational and physical
education - health work. Exhibitions, folk festivals, state and sports holidays were held here,
performances, concerts and films were organized in summer theaters. The parks also hosted various
courses and clubs, health and sports groups".

This study, using a number of post-Soviet parks as an example, offers an analysis and
development of conceptual proposals for the renovation of public space in modern conditions and in
accordance with international standards.

The study is based on the study of the works of domestic and foreign scientists and specialists
in the field of architectural and landscape design, including as applied to the design of park areas.

Along with field research, information was collected and processed, the main conflicts of the
park environment were identified using the method of environmental pre-project analysis and their
solutions were worked out in the process of thematization.

The toxicity of the existing infrastructure of parks opened in the twentieth century is shown.
The problem is that despite the presence of a recreational place, there is a complete lack of its
functionality. Moreover, there are parks that are degrading in an ecological and social sense, becoming
a dangerous place for city residents.

Using analog design and collage modeling methods, taking into account the world experience
of architectural and landscape design, elements and innovative ideas that can be applied in the course
of park renovation have been selected. and will introduce modern trends in demand by all categories
of citizens.

The relevance of this study is due to the combined approach to the application of domestic and
foreign experience in the field of improvement of ecological zones in the urban environment, which
is of interest to specialists in architectural and landscape design, as well as specialists working in the
field of communication and information technologies.

For interested specialists, a selection of proposals for the use of new forms of analysis in the
preliminary design is offered, and the attention of developers is focused on individual zones for
special categories of visitors.

The main risks and requirements for park safety in the urban environment are identified.
Solutions to problems of different mobility and socialization are proposed. Particular attention is paid
to the creation of an inclusive case of accessibility of stay of people with limited mobility in the
natural environment.

The study shows the use of placemaking and the practice of participation in the project. Using
the opinion of city residents in updating the appearance of the park and creating infrastructure will
provide additional ideas for transforming existing objects in the interests of visitors. This practice has
a positive response among the population, attracts additional investment from the private environment
of small and medium businesses.

When zoning the park, it is necessary to resolve issues related to the objects: organizing various
cultural events, entertainment and shows that meet the needs of various groups of park visitors;
holding ethnocultural events, exhibitions, fairs of arts and crafts; promoting scientific and educational
knowledge, achievements of science, technology, art and literature; developing physical education
and sports; organizing a variety of recreation for visitors - active and passive forms, in summer and
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winter. Much attention when making landscape decisions should be paid to landscaping, the so-called
quiet recreation areas: paths, pedestrian, running and cycling paths, and ski routes in winter.

Also, as one of the zones, it is necessary to provide a children's location for younger children,
with the possibility of organizing a variety of recreation in a playful way.

A specific aspect in the development of the concept of the park zone is introduced by motives
of ethno-cultural elements based on the historical and cultural features of the arts and crafts of
Kazakhstan. In general, the study examines the general patterns of application of the basic principles
and methods of architectural and planning pre-project analysis, their relationship with the renovation
of parks, with adaptation to modern requirements.

The use of various innovative technologies will help to create modern architectural forms and
landscape design in three-dimensional space.

It is in this area that such conditions are created for the population that ensure a high standard
of living. Thus, pre-project development offers conditions for a healthy, comfortable, convenient life
for both an individual and all residents of the urban environment.

The purpose of this study is to develop the main architectural and planning directions for the
renovation of parks in the post-Soviet period.

The value of the study lies in the creation, on the basis of the presented work, of a template
module of a preliminary design solution for full or partial use in the renovation or design of the
construction of park areas.

2 LITERATURE REVIEW

Today, it is impossible to imagine urban space without parks — they have become a
multifunctional eco-platform in the lives of city dwellers. In some sources, the prototypes of park
recreational areas were created by the Persian kings, while others mention their origin in ancient
China. The first parks and gardens appeared in the Baroque era in France. Thus, the Royal Tuileries
Garden at the Louvre was opened to the public in the 17th century. Then similar park areas appeared
in Europe. At first, park space was distinguished by aristocratic forms of design, which implied that
visitors observed a certain etiquette. Publicly accessible city parks appeared in the 19th century.

During the reforms of Baron Osman in France, the Bois de Boulogne and the Bois de Vincennes
were landscaped as parks, where new boulevards with trees, walkways and gazebos were created. In
the Buttes Chaumont Park in Paris, the complex relief is already arranged in a romantic style, with
small architectural forms and attractions. Among the first architects of urban park spaces, Frederick
Law Olmsted in the USA should be noted, defending the ideas of accessible recreation for the rich
and the poor. In Austria, landscape design was represented by the artist Joseph Selleni and the chief
city gardener Rudolf Siebeck, the founders of the Stadtpark - an important part of this park was a
large cafe. In the 20th century, parks acquire the multifunctionality characteristic of modern times,
they combine nature, entertainment, sports, culture and ideology. As an example, we should consider
Gorky Park in Moscow (Russia), created in 1928. At different times, architects Konstantin Melnikov,
El Lissitzky, Alexander Vlasov and Georgy Shchuko worked on the park project. The park was
designed taking into account the suggestions of workers, uniting the territories of Neskuchny Garden
and the All-Russian Agricultural Exhibition.

An interesting multifunctional development is La Villette Park in Paris (France), created in 1982
by architect Bernard Tschumi and philosopher Jacques Derrida. The architectural idea of the park
consists of three independent layers with different thematic loads, united into a single integral space.

In the generally accepted architectural hierarchy, parks are divided into several types: natural
park, botanical park, arboretum, zoological park, forest park, national park, landscape park,
amusement park, park of culture and recreation.

The authors Guk T.N., Frolova Yu.V., Semenkova E.V. (Guk et al, 2018) in their works consider
the division of parks into the following types: open-parterre options, where the presence of flower
beds, flower gardens, lawns and living decorative hedges is most prevalent; closed - the presence of
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trees and densely growing shrubs predominates, which, thus, allows isolating from noise, exhaust
gases and other interferences; with reference to a building structure or object - such squares and parks
perfectly decorate high architectural monuments, modern buildings and are also designed to ennoble
the central squares of the city.

In landscape design, there are: a regular park (French or geometric, with well-groomed alleys,
flower beds, pools of regular shape) and a landscape park (English or natural, with a natural
landscape). Park design styles: classical, which is represented by the Renaissance, French and
English; modern in the form of minimalism, loft and hi-tech.

Vergunova A.P. (Vergunov, 1980) in her works is of the opinion that in the traditional sense,
the ultimate goal of designing landscape objects, including gardens and parks, was to create a certain
artistic image of the park, a park ensemble in which "nature, architecture and man are harmoniously
interconnected."

Rozenson A.A. (Rozenson, 2007) believes that the modern practice of designing public space
is aimed not so much at obtaining a highly artistic object, but at creating a harmonious and
comfortable environment for a real person, capable of "treating a person in a humane manner."

According to Gelfond A.L. (Gelfond, 2019): "public space is a public space for communication
and social activity, organized in accordance with the dominant function." Stepanchuk A.V., Gafurova
S.V., Latypova M.S. (Stepanchuk et.al, 2020) adhere to the idea that public space is considered not
just as an additional element of the city, but as a component that changes its appearance, like an
“urban living room”. The perception of the holistic image of the city and its local landscape objects
is formed on the basis of the significance and identity of the place (Treija et.al, 2020).

This statement has many followers who believe that the design of public space should include
such types of analysis as urban planning, historical, analysis of the cultural potential of the territory,
local community (community), with the definition of target audiences and identification of their
needs. Based on the results of a comprehensive pre-project analysis, a complete picture of the local
identity of the territory is formed, its development potential is revealed, problems are identified and
the main ways of solving them are determined. The reorganization of urban public spaces should be
carried out while maintaining identity (Salakhova et.al, 2022).

It is important to endow each space with an individual architectural and figurative solution in
order to consolidate it in the visual perception of a person in the urban structure as a whole. It is
extremely important, "in the process of designing public spaces, to take into account the peculiarities
of the formation of the symbolic identity of the city, to identify and preserve the characteristic features
of the city's uniqueness" (Jaszczak et.al, 2021). Some architects and designers, when developing
park projects, put the economy as the dominant factor, while others put the ecology as the dominant
factor. There are views that combine both directions. “Parks, squares and other typologies,
competently integrated into the urban structure, create a single public and recreational framework,
shaping the image of the city, transforming adjacent territories and having a positive impact on its
economy” (Kaplan, 1984, Grundlingh, 2017, Abbott, 2020). This interpretation of the urban
environment is aimed primarily at improving the ecology and reducing the negative impact of the
metropolis. At the same time, “the viability of the urban ecosystem, as well as the natural one, is
ensured by a combination of various components” (Stepanchuk et.al, 2020).

It should be noted that as a result of various approaches to design, most recreational spaces of
the post-Soviet period often simply do not meet the requirements of the modern world. Thus, at the
level of internal and external appearance, small architectural forms have an archaic appearance,
landscape design is presented in the simplest forms, zoning is practically absent, the infrastructure is
technologically outdated. Such territories require updating and an integrated approach for
comfortable and meaningful recreation of citizens. An integrated approach to the organization of
spaces is the ability to create an environment and provide a scenario for the social life of a place.
Design is characterized, first of all, by the fact that during work on the transformation of the territory,
processes are launched that will develop after the end of the project (Ivankina & Perkova, 2018,
Shchenkov & Antonova, 2020).
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Currently, the design of park objects is actively developing in the process of urbanization of
modern cities, enriched with new approaches, for example, environmental design methods:
problematization and thematization of the design task. This allows taking into account a number of
requirements for the urban environment, such as functional, social and environmental, during the
design process. The created park ensemble assumes harmoniously interconnected ‘“nature,
architecture and man” (Hayward & Weitzer, 1984, Cohen, 2009, Dmitriychuk & Denisova, 2019).

The study, as the most effective approach, presents the method of environmental pre-project
analysis, which allows you to look at the park not only from the point of view of the natural complex
and architectural landscape ensemble, but also from the position of the environmental object.

It can be safely stated that “without environmental analysis, only in rare cases do holistic
natural, artistic and functional dominants develop simultaneously in a single park complex.” In most
cases, these are long years of “adaptation”, “grinding in” of contradictory situations, trends and
processes (Sidorenko, 2022). Solutions to the problems of "grinding and adaptation" are described
in the review by Anel Moldakhmetova: "According to placemaking expert Guillermo Bernal, director
and founder of the Lugares Publicos bureau, when creating a concept for a public space, it is important
to ask people not about the objects they would like to see there, but about the functions and scenarios
they need. We need to discuss not the color, shape, style and size, but the emotions, activities and
scenarios for using parks as public spaces" (Moldakhmetova, 2019).

Having studied domestic and foreign materials devoted to the architectural and landscape
design of park spaces, we can state the effectiveness of the integrated use of methods: environmental
pre-project analysis, by analogy, collage, placemaking and participation. This symbiosis of methods
will satisfy the wishes of society, and on the basis of scientific and specialized knowledge create an
environmentally useful, and most importantly, multifunctional park space within the urban system.

3 MATERIALS AND METHODS

The study included a set of methodological activities aimed at developing an algorithm for pre-
project analysis of architectural and planning renovation of post-Soviet parks.

The study i1s based on the method of environmental pre-project analysis, through
problematization and thematization of the project assignment. Using field research (in the form of a
survey, observation, photo recording and documentation of problem points of the existing type of
park), as well as collecting and processing information, the main conflicts of the park environment
were identified.

When working through the problematization, groups of conflicting contradictions were
identified and directions for their solutions were developed.

The solution of social conflicts can include the search for compliance of environmental zones,
which take into account the interests of age and social groups of the population.

Consideration of the functional conflict is intended to unite the needs of different groups of the
population in one territory when visiting the park. For example, to provide separate recreation areas
for playgrounds, walking areas for different ages and mothers with strollers, bike paths and dog
walking. The solution of visual-aesthetic and artistic conflicts is in the plane of satisfying the aesthetic
and spiritual needs of visitors, through the harmony of the natural landscape and architecture of the
park space.

Resolution of the environmental conflict consists in identifying and eliminating possible
negative environmental impacts on the park landscape. For example, the close location of a highway
with toxic emissions, failure to comply with the requirements for maintaining the drainage cover of
soil and water bodies.

Understanding the communication and information conflicts will help make the public place
more accessible to visitors. For example, the presence of two or more entrance groups, proximity to
a transport interchange, the presence of parking lots, the location of recreational placement maps and
signs for orientation in the park space.
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Accessibility of park visitors to modern technologies (availability of power supply bases, Wi-
Fi, LED screen) is a solution to the technological conflict.

In addition, when designing, it is imperative to take into account the climatic features of the
location of park areas, consider the presence of open, closed and covered facilities.

When thematizing the design task, a quantitative and qualitative analysis of existing
architectural and landscape solutions was carried out, and issues of zoning the park space were
worked out. In the course of a comparative analysis, as well as by the method of designing by
analogies and collage modeling, ways of design solutions were proposed.

The study was conducted on the example of a comparative analysis of the general plan of the
Alash Arystary Park (formerly the Park of the Fighters of the Revolution, 1957-2023), with a study
of the opinions of residents of the city of Kokshetau and the Akmola region in social networks and
through an individual survey. The research material is partially based on archival data of the
Kokshetau History Museum.

4 RESULTS AND DISCUSSIONS

The Alash Arystary Park, previously known as the Fighters of the Revolution Park until 2023, is
one of the oldest recreation areas located in the city of Kokshetau in the Akmola region (area of the
territory is 24 hectares).

According to the materials of the City History Museum, the creation of the Park of the Fighters
of the Revolution dates back to 1918, when General Annenkov's White Guards shot about 60
Bolsheviks from Kokshetau here. The history of the monument is notable for the fact that the burial
place of the fallen revolutionaries was originally located 100 meters to the west. However, in 1957, by
decision of the executive committee of the Kokshetau City Council of People's Deputies, the remains
were reburied to their current location and a modest obelisk was erected. In 1967, in honor of the 50th
anniversary of the Great October Revolution and in memory of the fallen heroes, a monument was
erected, which still stands today (Figure 1).

The archives of the museum fund indicate that the authors of the monument were sculptor V.I.
Kostin from Donetsk and architect V.K. Romanko from Kokshetau. The monument was erected with
funds from the city's workers, and the figures were made at the Kokchetav Instrument-Making Plant.

ros — AR T

a)

Figure 1 — View of the monument to the Fighters of the Revolution: a) — 1967 [photograph from the archive of the
Kokshetau city history museum]; b) — 2024 [material of the authors].

From the description of the monument: “On a high granite pedestal is a bronze sculptural group
of three reinforced concrete figures - two men and a woman. The total height is 11.5 meters. The area
of the stylobate is lined with concrete slabs. On the southern side is a bas-relief depicting an episode
of the battle and a bas-relief symbolizing the exploration of space, the idea of the struggle for peace.
To the left of the monument is a bowl for the eternal flame. On the stele located on the right side of
the monument are words from the poem by Robert Rozhdestvensky "Letter to the Thirtieth Century"
(Museum of the history of the city of Kokshetau, a.d. 03.09.2024).
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The monument occupied a central place in the park, where, along with the park area, a children's
railway was installed in Soviet times. Figure 2 shows the carriages of the “Young Kokchetavets”
train and the 1.8 km long circular railway track (the children’s railway station operated until 1995,
and by 2001 it was completely dismantled and liquidated).

b)

YA P ar o

PRN

Figure 2 — Views of the “Young Kokchetavets” train of the children’s railway: a) — at the Sinegorye station;
b) — diagram of the Children’s Railway; ¢) — on the section [photo by M. Helme, 1991 from the Museum’s archive];
d) — a diesel locomotive of the Children’s Railway at the locomotive depot [authors’ materials].

There was also a football court here, which in winter became a hockey field and an ice rink.
According to old-timers, the park was a favorite place for citizens to relax, athletes trained here and
city holidays were held.

In the 90s of the twentieth century, the park area lost its former significance and cultural
appearance. So, without proper care, the children's railway was gone, everything was overgrown with
weeds. At the same time, citizens have repeatedly raised the issue of restoring the park.

Since 2015, the Fighters of the Revolution Park has begun a second life, it was decided to make
an updated park of culture and recreation with a roller ski track on the site of the park. Figure 3 shows
the general plan for the reconstruction of the park. All subsequent years, adjustments were made to
this plan. In 2023, by the 200th anniversary of the city, work was completed on the project, on which
about 900 million tenge had been spent since 2015.

The initial project included the following: construction of an entrance area, a sports and utility
complex, and a public toilet; fencing of the area; installation of external utility networks; placement
of a roller ski track, bridge, pond, and parking lot. Landscape design included: arrangement of flower
beds and lawns; planting of trees and shrubs; installation of small architectural forms; covering of
paths with paving stones. Through public-private partnership, the park was planned to accommodate:
a stele, a youth palace, a water park, an indoor gym, a swimming pool, volleyball and basketball
courts, football pitches, a motorcycle track, an amphitheater, a Ferris wheel, a rock garden, a cafeteria,
an ethno zone, and attractions.
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Figure 3 -a), b), c), d) — Types of the master plan
“Construction of a park of culture and recreation in the park “Fighters of the Revolution” of the Akmola region” (since
2023 — park “Alash arystary”) [authors’ materials].

As a result of the project adjustment, the construction of the bridge and pond was replaced by
the installation of pedestrian and bicycle paths, children's and sports playgrounds.

A study of social networks and a survey of city residents showed an ambiguous attitude towards
the reorganization of the park. The architectural plan, according to park visitors, does not correspond
to the actual object. Visual inspection and photo recording of the current state of the park confirm the
problematic nature of the object (Figure 4).
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Figure 4 — a) collage diagram of constructed and unconstructed objects, from those planned by the general plan
[authors’ materials].

When comparing the condition of the park space, it should be noted that during the
reorganization period (2015-2024), the central alley with many trees was cut down in the park. The
monument to the fighters of the revolution was left unchanged, but needs reconstruction. On the
positive side, a children's playground, a playground with sports horizontal bars, a skateboarding area,
a sports and utility complex building were built, and a large number of paths were paved with paving
stones. At the time of the study, there was no landscape design in the park space at all, which is clearly
shown in Figure 5. Thus, the lawns are overgrown, flower beds are missing, and the planted conifers
are in a non-textured condition. The paving stones on the main alley and paths have crumbled in
places and are overgrown with grass. The children's playground surface has partially become
unusable, and there are no goals on the football field.

Figure 5 — typical violations of the quality of the park reconstruction: a) views of the overgrown grass lawn and
trash can; b) view of the playground, broken lampshade, unkempt lawn and spruce seedlings; ¢) defects in the tartan
covering of the playground [authors' materials, 2024].

In general, the arrangement of the park for the most part does not coincide with the general
development plan, zoning was carried out without taking into account the social and functional load,
the requirements for the visual and aesthetic appearance of the public space were not met. The
infrastructure of the park was partially established, including external utility networks for electricity,
heat, telephone, water supply and sewerage, a well was installed, the fencing of the facility was
reconstructed. At the same time, the reconstruction was carried out without taking into account the
communication, information and technical load on the park, as an object of mass visitation of different
age groups of the population. Thus, it can be concluded that, using the example of the Alash Arystary
Park (formerly the Bortsam Revolutsii Park, 1957-2023), parks of the post-Soviet period have lost
their former significance; their reconstruction was often carried out without proper development and
compliance with master plans and architectural and landscape requirements, according to the
principles of uncontrolled development of funding due to the placement of small forms of "yard level"
(children's slides, exercise machines, a football field).

Regarding the analysis of the thematization of the master plan for the reconstruction of the
Alash Arystary Park, the authors of the study propose to revise it using existing analog design
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solutions, from which the most suitable techniques and functional processes for the designed park
should be selected.

Using environmental analysis, a study was conducted to develop a pre-project design or adjust
the master plan of the park zone (in this case, making adjustments is more appropriate, since
construction has not yet been completed).

The long term of the existing project, constant deviations from the plan and the inadequate
quality of the already erected objects indicate the lack of proper technical, author's and state control
over the implementation of the general plan of the park zone.

In the future, according to the project, within the framework of a public-private partnership, it
is planned to place in the park: a stele, a youth palace, an indoor sports hall, a swimming pool, a water
park, a moto track, volleyball and football courts, an amphitheater, an ethnic village, attractions, a
Ferris wheel and a cafeteria with an inner courtyard. In some sources, city officials discuss the
possible placement of retail facilities on the territory of the park.

According to the basic principles of placemaking, the opinions and wishes of citizens, their
vision of the development and functionality of this public place became the focus of the study.

For example, the existing playground and the area with exercise machines, according to the
suggestions of visitors, should be made less traumatic. During the survey, many complaints and
requests were received to install more children's play equipment, as well as to make sports equipment
multifunctional in terms of physical activity.

Another desire of citizens was to launch a mechanical, colorful train along the main alley and
paths for excursion rides around the park area for children and older visitors.

A football field without goals, according to the current plan, is a universal site where you can
play mini football or gorodki. At the same time, it would be more productive to expand the football
field and make a court, and in winter - a flooded skating rink and a hockey field.

The survey and the analysis of social networks show a complete denial and negative attitude of
citizens to the placement of retail facilities and restaurants on the territory of the park.

Questions arise about the feasibility of building a Ferris wheel, since there is one in the central
park of the city and it is in demand by only 25%. More than 80% of the respondents surveyed
positively consider the placement in the park space of: a youth palace, an indoor sports hall, a water
park, a motorcycle track, a volleyball and football field, since among the residents of the adjacent
residential area there is a need for the functioning of these facilities.

The survey participants showed significant interest in the organization of places of mass
recreation and landscape design of natural zones. In Figure 6, in the form of a diagram - collage, the
changes proposed in the park renovation project are presented.

Figure 6 — a collage diagram of proposals for the park renovation plan for the placement of:
a) — small architectural forms in a natural forest area for its comfortable and safe visiting; - a rope town; - a quiet
recreation area; - benches, benches and swings of various shapes; b) — an LED screen in the amphitheater area; - an open-
air exhibition in the ethno-village area; - a typical cafeteria [authors' materials, 2024].
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A significant area of the park zone is occupied by a natural forest, which needs to be made more
accessible, comfortable and safe for visitors, while maintaining its recreational purpose. Using
landscape design tools, the forest (without cutting) should be divided into pedestrian paths, lighting
should be installed (paths and forest glades), good benches, picturesque bridges over ravines, urns,
feeders for animals and birds should be placed.

In the forest area adjacent to the sports facilities, a rope town should be located, which will be
especially appreciated by lovers of active recreation. The opposite part, overlooking the rock garden, is
well suited for visitors of middle and older age categories for a place of relaxation in the form of yoga
or doing a set of exercises.

Parallel to the main park alley, make indentations where benches, benches, swings will be placed,
the design of which can be varied. It is proposed to announce a competition among residents or
enterprises of the city for the development and installation of these small architectural forms. In the area
of the ethno-town, to maintain the national flavor and create a creative mood, it is proposed to install
indoor rows of exhibitions and fairs-sales of decorative and applied art items. The path leading from
the main alley to the ethno-town should be decorated with stand structures of open-air exhibitions,
where you can demonstrate the works of artists, photographers, place information about the history and
achievements of the city and the region.

The idea of collective recreation will work great if you install an LED screen in the amphitheater
area - an open-air cinema with free viewing. Firstly, this will solve the problem of free space when
concerts or other festive events are not held. Secondly, with a good selection of the repertoire, the
cinema will become a place of attraction for different ages. Visitors attracted by ticketless viewing will
certainly be interested in other attractions of the park.

Considering the fairly large area of the park space, one of the main tasks of the public place is the
presence of a main entrance and two side entrance groups. In addition, one stationary toilet is not
enough, it is proposed to install bio-toilets or stationary toilets for visitors in the perimeters of the
boundaries of the target spaces (in the zone of visibility and accessibility, approximately 100-200
meters).

In addition, in addition to the power supply unit included in the project, it is proposed to place at
least two more typical cafeterias: 1 - between the ethno-village and the amphitheater (open-air cinema);
2 - between the sports area and the rental place for sports equipment of the roller ski track.

When modeling the space, the implementation of the principle of accessibility and awareness of
visitors is of great importance. This is primarily the placement of maps, diagrams and signs on
orientation in the park, which should not only have an explanatory function, but also aesthetically please
visitors, encourage them to visit these places.

The project requires special attention for people with limited mobility. Inclusive landscape
design involves the placement of paths, steps, benches that will be comfortable for different age
groups and people with limited mobility. These can be designed facilitating steps, seats, ramps,
railings that will make the natural environment safe and comfortable (Sinyavskaya, 2019, Morozova,
Medvedeva & Dovbnya, 2024).

Based on the interests of the safety of park visitors, the project should provide for facilities and
a system for the timely prevention of anthropogenic threats (hooliganism, vandalism, failure to
comply with fire safety rules, terrorist attacks). CCTV cameras, stationary devices (such as an "SOS
panic button") should be installed on the park territory, it is necessary to resolve issues of park area
security and access control, as well as lighting of the territory.

Lighting of park facilities performs a number of interrelated functions, including ensuring
safety, comfort and aesthetics.

In general, the issues of attractiveness of public space are a combination of functional and
aesthetic composition that creates an emotional release, encouraging people to visit the park area and
receive a response in mental balance, physical health, satisfaction of interests, which is individual for
each visitor.
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Ethnic and decorative elements that combine the natural landscape and functional zones: art
structures, photo zones, various locations with lighting, respond well to the emotional response of
park visitors.

The requirements of modern times dictate the conditions, without fail, to provide visitors with
access to innovative technologies: to place places for charging mobile phones and electric vehicles,
to provide free Wi-Fi.

The real application of placemaking is not only the definition of desired processes, but also a
significant step towards solving the problems of financing and promoting project ideas. In the modern
world, the practice of participatory design is in great demand, both in the development of the concept
of an object and its financing. For example, at the World Urban Parks Congress (Kazan, Russia, 2019,
over 130 speakers and 1,500 delegates from all continents), the economic model of natural parks,
tools and cases of their financing were discussed. “Different economic models of parks were
considered: for example, La Mexicana in Mexico City exists 100% on private funds, and Bosque de
Chapultepec in Mexico City (the largest in South America) is half made up of public funding, half by
sponsors and income from events and souvenirs” (Moldakhmetova, 2019).

When city residents and wider communities are involved in the design of park space, then a
common desire arises to make the facility a better and more exciting place for everyone. A sense of
ownership, responsibility and participation in the creation of something new appears, and then - the
management of these processes. During the discussion, motives for sponsors and ways to solve
financial problems of construction are revealed. Financing a public space is a costly and lengthy
process, but with great economic prospects. In order for the park to be in demand as a public space,
it is necessary to constantly develop all recreational areas, hold cultural and mass, sports events,
exhibitions, fairs, master classes and other events.

5 CONCLUSIONS

In conclusion, it should be noted that the study:

1. Identified typical problems of architectural and landscape design of parks of the post-Soviet
period;

2. Identified and tested as the most effective approach to park renovation an integrated approach
to the use of methods of environmental pre-project analysis, design by analogs and collage modeling,
as well as placemaking and participation;

3. Developed the main architectural and planning directions for the renovation of parks of the
post-Soviet period,;

4. Substantiated the importance of the opinion of the public community in creating the concept
of park space, in terms of implementing their vision of functionality, aesthetics and a scenario for
subsequent development;

5. Proposed options for solving the problems of financing design solutions for the renovation
of park space.

The practical value of the study is that, using the example of the developed integrated approach,
an analysis of the master plan for the renovation of the Alash Arystary Park was carried out, focusing
on the identified shortcomings and violations in the implementation of the existing project. In the
course of the study, a number of proposals are made for adjustments to the master plan for the
renovation of the park.

The significance of this study lies in the accessible presentation of the material, on the creation
of a template module for preliminary project analysis of the renovation of a natural complex that
meets the interests of visitors and determines the culture of the urban environment.
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Abstract. Due to modern requests and need to improve spatial characteristics, a
popular form of a workspace called "open space” requires a detailed analysis and
consideration of transformation ways using architectural and planning solutions. This
article presents a brief overview and systematization of office "open spaces” and an
experience in scientific and design developments, which allows to generalize the
organization principles of a theoretical model of "open spaces”. The research data
consists of analytical and in-situation analysis based on materials collected by the
authors. The article analyzes the advantages and disadvantages of this kind of
organization of a workspace. The prospects for its development are related to creation
of a working environment as a tool to ensure the effectiveness of a modern company.
The increase of the intellectual part of work has led the search for ergonomic office
spaces to optimal working conditions, and then to the formation of an office
environment towards a qualitatively new organizational model — “work-home-leisure-
food places”. Research has shown that the transformation of open spaces nowadays is
a result of objective factors of change in working relations. An integral characteristic
of such a space currently is the requirement to workspaces for ergonomics, humanity,
and facilitating of internal and external communication. The conducted research for
improvement of open workspaces allows us to identify a number of necessary aspects,
implementation of which guarantees a stable and demanded form of "open spaces” in
the future. Recommendations are given taking into account different factors when
organizing such spaces in the future.
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Anparna. "Open space” socymvic KeHicmicin YubIMOAcmulpyovly Key mapaieam
mypi, 3aMamayu CyYpamblcmapobly 632epyine OaulaHblCMbl JHCOHE KeHiCMIKMIK
cunammamanapovl HCaKcapmy MaxKcamolHoa Ccay1emmik-Hcocnapaay uleuimoepi
apxwiivl  mpancpopmayus MYMKIHOIKMepIH e2xcel-me2xcelni mandayovl HCIHe
Kapacmulpyovl Kadxcem emeodi. byn ocymvicma "open space” keyce rewicmicine
KblcKauia wony dcane dxcyueney, "open space” awvlk Keyicmixmepoiy meopusiivlk
MOOENiH YUbiMOACMbIPY NPUHYUNMEDIH HCATNBLIAYZA MYMKIHOIK Oepemil &bliblMu
JHcaHe Hcobanvlk a3ipnemenep maogcipubeci ycvlHvliean. byn sepmmeynep aeémopnap
HCUHARAH HAKMbl  Mamepuanzd HelizoelceH aHATUMUKANLIK —JHCoHe  mabueu
manoayiapoarn mypaovl. Maxanaoa myHOau Kenicmikmi  YublMOAcmulpyobly
apmulKWbLILIKMApsl ~ MeH — Kemwiinikmepi — mandanaovl.  Onapoviy — 0amy
Nnepcnekmusanapsl Kazipei 3amManebl KOMNAHUS Kbl3MeMIiHIH MUIMOLNICIH KAMMAMACHL3
ememin Kypal pemiHOe JHCYMbIC OpMACulH KYypymeH oOauianvicmsl. Enbdexmiy
UHMENIeKMYan0bl KOMNOHEHMIH KeHelumy 3P2OHOMUKANbIK KeHce KeHicmiciH i30e)0i
OHMAINbL HCYMBIC HCAR0AUBIHA O6ALIMMAObl, OYIl Keyce OpmacbiHblY KAIbINMACYblH
cananvl  JHCaHa  YULIMOACMBIPYWBLILIK — MoOenbee — "y mMblc-Yli-0eManbic-
mamaxmany" axenoi. 3epmmeynep kopcemkeroel, Kazipei yakblmma O0bin HCamKaH
auvlK Keyicmixmepoiy e32epyi 6HOIPICMIK KAMbIHACMAPOblY 632epViHil 00beKmusmi
Gpaxmopnapvina oavnanvicmul. Kazipei xezenoezi MYHOQU OpmMAaHblY aANCLIPAMAC
CUnammamacsyl KeHicmikmiy 3p2oOHOMUKARA, A0AMePULINIKKe, UKL JHCOHE ChIPMKb
KOMMYHUKAYUAHbL KAMMAMACHL3 emyae YMmbliybl 60161n mabwiiadvl. AublK Hcymbic
Keyicmicin olcakcapmyovl JiCAInwliay Oipxamap Kadxcemmi acnekminepoi 6enin
Kepcemyze MyMKIHOIK Gepedi, onapovl dcyseze acvipy "open space" mypaxmuol dcone
CcYypanvicKa ue ¢opmacvina Kenindik 6epedi. donrawaxkma. bonawaxma ocvinoati
KenicmikmepOi YubiMoacmsipyoa KOCbIMula ¢haxmopnapovl ecenke any OOUblHULA
ycoviHblcmap 6epinoi.

Tyiiin ce3nep: "open space "(open space),” kence nanowagmer”, opnanacy
uxKemoiniei, Kopnopamuemix YUublMOblK KYPbLIbIM, —C2Y1emmiK-KOMNOIUYUSLIbIK
9KCNPeccu8minix, YYHKYUOHANObIK UHMeSPAYUSL.
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HAVYHAA CTATBA

COBPEMEHHBIE ITPUHIIUIIBI
OPI'AHM3BAIIUU TPOCTPAHCTB «OPEN SPACE»

E.B. Ilasxruu! T.A. Kuceiea™>

'Kaszaxckuii arporexnuueckuii yausepcurer uM. C. Ceiidynnuna, 010011, Acrana, Kazaxcran

’MesxmyHapoaHbIil yauBepcuTeT Actana, 010000, Acrana, Kazaxcran

Annotaums. [llupoxo pacnpocmpanennas gopma opeanuzayuu padboyezo
NPOCMPAHCMBA «Open space», 8 CeA3U C USMEHEHUAMU COBPEMEHHbIX 3anpocos U C
Yenvio YayuueHus HpOCMPAHCMBEHHbIX XapaKmepucmuk, mpeodoyem 0emanbHO20
aHanU3a U  PACCMOMPEHUSI  8O3MOJNCHOCMEl mpaHchopmayuy ¢  NOMOUbIO
apxumeKmypHo-niaHupo8oYHbIX peuieHull. B oannot pabome npedcmasier Kpamruti
0030p u cucmemamusayusi OPUCHbIX NPOCMPAHCIE «OPEn Spacey, ONblm HAYYHBIX U
NPOEKMHbBIX ~ pa3pabomox, No380AANUWUL  0000Wumb  NPUHYUNLL  OP2AHU3AYUU
meopemuyeckol. Mooeniu OMKpPbIMbIX NPOCMpaHcme «open space». Jlanuvie
Uccne0o8anusi  CKIAObIGAIOMCs U3 AHAIUMUYECKO20 U HAMYPHO20 AHANU3A,
baszupyrowecocs Ha akmuueckom mamepuane, cobpaHnom asmopamu. B cmamve
NPOAHATUZUPOBAHBI  NPEUMYujecmseda U  HeOOCMAmKU  Makou  OpeaHu3ayuu
npocmpancmea. Pacwupenue unmennexmyanonoti cocmagnsioujeli mpyoa Hanpasuio
NOUCKU IP2OHOMUYHBIX OQUCHBIX NPOCMPAHCIE K ONMUMATIbHBIM YCIIOBUSIM paOOmbl,
ymo  npuseno  GopmuposarHue  OQuUCHOU  cpedbl K  KAYECmEEeHHO  HOBOU
OP2AHU3AYUOHHOU MoOdelu — «paboma-oom-oocye-obwenumy. Hccredosanus
NnoKa3anu, uYmo mpaHcghopmayusi OMKpPbIMbIX NPOCMPAHCME, NPOUCXOO0AUWAS 8
OQHHBIU MOMeHm 8peMeHU 00)Clo8NIeHad 00beKMUBHLIMU (AKMOPaAMU U3MEHEHUs!
npouU3800CMBEHHbIX omHowenull. Heomvemnemotl xapaxmepucmukot maxou cpeovl
HA CO8PEMEeHHOM dmane s811emcs cmpemieHue npoCcCmpancmeda K d9p2oHOMUYHOCMU,
2yManHocmu, obecneduenulo 6HympeHHeu U @HeuwHel KommyHukayuu. llpoeedennvie
0000UeHUsT YCOBEPUIEHCNBOBAHUS OMKPLIMBIX PAOOUUX NPOCMPAHCING NO3BOIAIOM
8bl0eNUms  ps0 HeoOXOOUMbIX dACNEeKMO8, pealu3ayus Komopvlx 2apanmupyem
ycmouuusyro u 8ocmpeboganHyo opmy «open space» 8 nepcnekmuse. /lamvi
peKomeHOayuu no yuemy OONOJIHUMENbHbIX (haKmopos npu op2aHu3ayuu n0OOOHbIX
npoCmMpancms 8 Oyoyuem.

KuaroueBble cioBa: «open space» (onen cneltic), «oguchwiii aanouiagpmy,
2ubKocmv  NIAHUPOBKU,  KOPNOPAMUBHAS — OP2AHU3AYUOHHASL — CMPYKmMypd,
aApXUMeKmypHO-KOMNO3UYUOHHASL 8bIPA3UMENIbHOCHb, (DYHKYUOHATIbHAS UHMe2PpayUsl.
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1 INTRODUCTION

Many forms of social coexistence in our lives have a collective beginning, starting from
childhood. Kindergarten, school, and university give us skills of social and collective activity and
social coexistence. A person is a social being and can realize himself only in society because he
or she needs to create and do something meaningful and useful for society. Therefore, when such
a form of workplace organization as "open space™ appeared, it seemed quite organic for teamwork
and was perceived as a solution to many economic and social problems. But does such a space
meet the needs of modern person? How does open space affect a person's psychological state, how
does it allow us to preserve our individuality? These issues require detailed consideration.

Besides that, it should be taken into account that, in accordance with the principle of
functional integration, in the modern world, the workflow is carried out not only in the workplace,
but also in public places, cafes, transport, etc., which is possible due to the appropriate level of
communication and technical means. Therefore, the office environment in progressive companies,
at the present stage, is not created from the position of accommodating the maximum number of
employees, but is focused on creating the most comfortable working conditions and combining
various functional elements into a single interconnected organism.

2 LITERATURE REVIEW

The open organization of the workspace was analyzed theoretically and applied practically
at the beginning of the 20th century by such architects as F.L. Wright — the Larkin building in New
York. The building is described in the book "The Complete 1925 Wendingen Series" by F.L.
Wright and F.A. Davis. (Wright, & Davis, 1992).

Another great architect, Ludwig Mies van der Rohe (Seagram office building in New York),
contributed to the formation of the modern open space, which is described in the book "Building
Seagram” by Phyllis Lambert (Lambert, 2013), as well as by the modern theorist A. Lange
(Lange, 2014) - "The Dot-Com City: Silicon Valley Urbanism", etc.

The issues related to the new ideology of office space were considered in the theoretical
works of D. Borodai, A. Borodai, & S. Borodai, (Borodai, & Borodai, 2024) D. Myerson
(Myerson, 2003), D. Spath and R. Kern (Spath, & Kern, 2003) and other major architects.

Theoretical studies of the figurative, organizational, architectural and planning ideology of
modern offices include the works of F. Duffy (Duffy, 1997), A. L. Gelfond (Gelfond, 2003).

At the same time, the complex issues of the formation of the architectural environment of
"open spaces” insufficiently specified by national researchers. It is necessary to conduct an in-
depth analysis of the architectural and planning organization of open office spaces as an
architectural environment where intellectual activities take place and new forms of labor
organization are continuously created, as well as to establish the principles of formation of modern
highly efficient open office spaces associated with the values of society during the period of
globalization.

3 MATERIALS AND METHODS

To achieve the purpose of the study, a two-stage method of information collection was
applied:
- conducting an analysis of existing techniques for organizing workspace;
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- collection of information through scientific sources, which are based on the study of all
indirect and direct factors affecting the subject of research.

The study used the most characteristic planning techniques for organizing public space for
each historical period, which had the greatest impact on the subsequent development of open space
spaces, based on the characteristic methods of organizing social, business and labor activity in
foreign countries of Europe and the United States.

Based on the analysis of specialized resources, including electronic archives and platforms,
international peer-reviewed publications, the principal characteristics of the workplace
organization were analyzed.

As a result, the analysis of existing methods of organizing open spaces, through a
comprehensive study and systematization of current foreign design experience, a comparison of
factors and an analytical review of reliable information, served as a theoretical basis for
determining the ways of evolution and transformation of open spaces as a workplace organization
in the era of the global process of increasing integration in the spheres of society.

4 RESULTS AND DISCUSSIONS

Transformation to organization of workplaces as open spaces began at the end of the XIX
century. This method of organizing the workspace began to be used not only for economical
reasons, but also to create a psychological atmosphere of transparency and strengthen control over
employees. The first office of a such kind appeared a hundred years ago in the "Victorian™ era,
when cast-iron ceilings were used in buildings to create large indoor spaces (Wright, & Davis,
1992). Figure 1 shows an example of the first open office spaces, implemented by architect F.L.
Wright in 1906, during the industrial revolution, in which the first office premises for clerks
appeared, primarily serving commercial and banking transactions. At that time, such an
organization was considered the most productive. In the 50s of the last century, a more advanced
form was used in Germany, which was called "office landscape™ because its desks were arranged
at various angles in a haphazard manner, forming work areas of different sizes and configurations
(Lange, 2014).

By the 2000-s, open space had reached the peak of its popularity. Representatives of
"communicative™ professions work in a common open space more often than others. These are
brokers (20%), advertising, marketing and logistics managers (10% each), design engineers,
architects (14%), credit specialists (13%), call center operators and translators (15% each). And
the methods of organizing such spaces, for various reasons, require changes and unification.

One of these reasons is the transfer of staff work to a hybrid mode - a combination of
"remote"” and office work, in which it is possible to fill open spaces not 100% and this largely
negates the negative effects of working in such a space, and also gives "dynamism" to workplaces.
According to the survey, the majority of employers (73%) consider it optimal to spend 2-3 days a
week in the office. But for this, it is important that the office is located close to home (61%), the
availability of infrastructure for leisure (11%) and modern design (9%).
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Figure 1 — F.L. Wright office space in the Larkin Building in New York in 1906.
(URL.: https://cyberpedia.su/3x86c¢.html)

To date, there are several types of organization of open space offices:

1. Team-oriented principle, it implies that workplaces are grouped into teams to hear and see
each other.

2. Hybrid space represents workplaces as arranged using partitions, when employees seat at
their desks without seeing each other.

3. Cluster workspace is a group of workplaces with low partitions, fenced off by high
partitions from other work teams. Figure 2 shows an example of the organization of such a space.

Figure 2 — The "open space" office of the 2000s. Cluster workspace: a group of workstations with low
partitions. (URL: https://investment-estate.com/en/novosti/kak-vyglyadit-novyy-centralnyy-ofis-robert-bosch-
ukraine-v-kieve-foto)

The use of the “open space” system for organizing the workspace offers both economic and
social benefits because of the following reasons:
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- saving space and materials due to the absence of the need for installing partitions and doors.
Without these elements, engineering systems are more efficiently equipped, surface areas for
partitions are not wasted,

- fast interaction of employees with each other. To solve operational issues, you do not need
to go to the offices;

- simplified the process of monitoring the work of employees. Employees are at plain sight,
therefore there is no opportunity to be distracted from work for a long time;

- democracy. Equality of all employees is ensured. Their statuses are equalized;

- maintaining the corporate spirit. A common space creates a unified working spirit.

The feeling of unity makes the team work more efficiently:

- simplification of document management. All documents are in the same space;

- effective use of office equipment.

But with the development of public relations, such a model of workplace organization is
becoming morally obsolete. At the present stage, such spaces do not stand up to criticism in terms
of primarily sanitary and epidemiological requirements (Spath, & Kern, 2003). Figure 3 clearly
shows all the negative aspects of the organization "open space™ in the middle of the XIX century.
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Figure 3 — The "open space" office in the middle.
The team-oriented principle of space organization because everyone sees and hears each other.
(URL.: https://twitter.com/habr_popsci/status/821326209149714432)

In a selective survey of open space employees, the following indicators were obtained:
- 56% of employees claimed that they did not have enough personal space;

- 60% indicated an increased noise level;

- 55% were dissatisfied with the temperature regime of the room;

- 45% noted a lack of natural light.

Thus, the main and significant disadvantages of open spaces are:

- increased noise level,

- stress and reasons for conflict due to lack of personal space;

- insufficient sunlight in full-time working conditions;
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- rapid spread of infectious diseases
The percentage of negative aspects was revealed through a survey of users of open spaces
and is shown in Figure 4.

stresses and reasons for conflict due
to lack of personal space;
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the rapid spread
of infectious diseases;

Figure 4 — Analysis of negative indicators of the open space workspace (authors' material).

Nowadays, the question arises of the need to reduce the negative impact of these factors and,
thereby, increase the productivity of work in open spaces. The improvement of the open workspace
at the present stage is more important than ever, it is necessary to revive such spaces for their
demand in the future. To determine the prospects for development, it is necessary to identify the
main characteristic structural elements of such an environment and the features of their interaction
with each other.

The workspace itself also needs to be transformed. Firstly, the spatial organization must be
clearly visible; secondly, ergonomics must be achievable without compromising the psychological
comfort of employees; thirdly, the office must comply with modern standards of working spaces
(Bantserova O. L. & Kasimova A. R., 2023).

Based on the analysis of modern theoretical and practical developments, it is necessary to
consider additional architectural and planning techniques and means for organizing open space
that will enable a qualitative transformation of the workspace, specifically:

1. Due to the fact that each employee has their own individual needs, it is not recommended
to standardize workplaces, but to use well-isolated modules.

2. Provide, properly position, and arrange nearby areas for eating, meeting rooms, and leisure
spaces.

3. The meal room should be equipped with a kitchen, large, closed with doors for sound
isolation and air-conditioning.

4. Avoidance of high partitions between workplaces. Such partitions visually reduce the
space and work area of the employee, in the illusion of isolation, there is no silence.

5. Use of plants to create a friendly environment.

6. Control of area standard. At least 6.00 m2 is provided for organization of the workplace
per one employee, while the spatial organization must be clearly visible, the office must comply
with modern standards of air exchange, light and sound level.

7. Availability of office equipment for staff. In the printing area should be equipped with
noise isolation.

8. Convenient routes to move between tables to the meeting and leisure areas, as well as to
the exit.

9. The use of sound-absorbing floor covering.

10. Dividing the entire open office space into noisy and quiet zones.

11. Providing places of active recreation with board games and exercise equipment.

12. Toilet cabins should be completely enclosed, with maximum insulation. The office
should be equipped with shower cabins.

13. Providing soundproof spaces for telephone conversations - “telephone booths".
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The above techniques will determine the relevance and development of open spaces in the
future. Figure 5 shows some examples of the transformation of the modern workspace.
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Figure 5 — Methods of organizing individual areas of the open space office nowadays.
(URL.: http://milodamalo.ru/portfolio/tsup-avtovaz-open-space/)
(URL.: https://www.floornature.com/top-offices-and-work-spaces-12800/)

The figure of the open space concept presented in Figure 6 with a focus on future
sustainability demonstrates the extent of the impact of using various techniques or design elements
to achieve maximum psychological and physical comfort of employees and optimal business
development.
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Figure 6 — The concept of organizing an open workplace [material by the authors]

5 CONCLUSIONS

To develop the communicative relevance of open spaces it is necessary to form a theoretical
model of the organization of such a space through the definition of criteria for most optimal
conditions. These criteria include:

1. Adaptability of transformable design. The ability to easily adapt the space to changing
circumstances without stopping the work process. The workspace, as a systematically organized
process, is constantly developing as well as the rules and conditions of labor organization.

2. Systematization of the organizational structure. The structure is responsible for two
fundamental conditions, i.e. the division of labor into separate tasks and the coordination of actions
to implement them. The success of the company is ensured by the interaction and exchange of
information and knowledge among groups of employees and departments. A mandatory condition
for the activity of a modern company is the close interaction of all its constituent elements,
avoiding uncertainty and ensuring the diversity.

3. Architectural and compositional integration. Humanity, ensuring internal and external
communication should become an integral characteristic of the communicative production
environment at the present stage. In this case, "humanity" means creating the most comfortable
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conditions for different groups of office workers, creating physical and psychological comfort for
them. Such means include aesthetic comfort, which is achieved through such design techniques as
well-chosen color, biophilic forms, and the scale of architectural and design elements to a person.
The formation of an imaginative solution to the space should solve the tasks of self-identification
of the company, informing, creating an aesthetic environment that initiates the work of an
employee, perform a representative function, manifesting the status of the company in a material
form.

The use of optimality criteria in organization of workplace will provide effective and
sustainable forms leading to the decreasing the boundaries among work, home and leisure, which
is a global trend in the modern world. Thus, the transformation of open spaces nowadays is due to
objective changes in industrial relations.
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Abstract. The article is dedicated to studying the evolution of business spaces,
from their origins in prehistoric times to the modern stage, where business centers have
become an integral part of urban infrastructure. It analyzes the process of formation
and development of multifunctional business spaces, which are a crucial element of
public buildings. The article examines various typological features of business centers,
including their functional zoning, planning, and compositional solutions. In a historical
context, the transformation of business activity locations is traced: from chaotically
organized markets and trade exchange points in ancient times to the antique agoras
and Roman forums, where organized spaces for negotiations and product
demonstrations already existed. The medieval period is characterized by the dominant
role of monasteries and temples as centers of economic and banking activities. During
the Renaissance, the first specialized buildings for conducting business appeared, such
as the gallery in Florence, which became a prototype for modern office spaces.
Particular attention is given to changes in workplace organization in the 19th—20th
centuries: from compact offices to the concepts of “Bureau-landscape” and “Action
office”, as well as the emergence of cubicle systems. In the 21st century, business
spaces have become flexible, adapting to digital technologies and new working
methods, including coworking. An important focus of the study is the balance between
individual and collective work, the impact of spatial organization on employee
productivity, and issues of privacy and workplace comfort. The role of business spaces
in creating an environment for communication, meetings, seminars, training sessions,
and informal interactions is examined, as these aspects contribute to effective
collaboration between employees and clients.

Keywords: business center, office building, banking, business space,
multifunctional building, spatial organization.
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BUBHEC-KEHICTIKTEP COVJIETIHIH
KAJIBIIITACYbBI MEH IAMYbI

T.K. Vzakoaes* ® , JL.T.HypkymeBa ©

XaseiKapaiblk 0iiM 6epy kopropanusicel, Anmarsl, 050043, Kazakcran

Anparna. byn maxanaoa 6usnec KeHicmiciHiy 380J0YUACHl KAPACMBIPBLIAODI,
OHbIY natioa 6oyviHaH bacman Kazipei Kezenee Oellin, OHOA OU3HeC OPMAIbIKMAapsl
Kananvlk UHQPAKypulIbIMHbIY axcvlpamac 6enicine atinanovl. Kenghynkyuonanow
ickepaiKk KeHicmikmepOiy Kalblnmacy icane 0amy yoepici mandaHuln, 0aapobly
KO2aMObIK UMapammapovly MaHul30bl d1eMeHmi peminoeci peni 3epmmeneol.
Maxkanaoa 6usHec opmanblKmapulHbly Mypai MUNOIOSUANLIK epeKulesikmepi, OHblH
iwinoe @OYHKYUOHANOLIK aumakmapaa 06wy, AHCOCNapiay JHCIHe KOMNOZUYUSILIK
wewimoep  Kapacmulpvliadvl.  Tapuxu  KoHmexcme  iCKepaik — OelceHOiNiK
OPBLIHOAPBIHBIY, MPAHCHOPMAYUACHL KAPACMBIPLLIAObLL. edxcenel 3aMaHoagbl pemcis
YUbIMOACMbIPbIIRAH 0A3apaap MeH cayoa aimacy HyKkmeepinen bacman, Keaiccozoep
JHcypeizyee JicoHe OHIM YIeilepin Kepcemyee ApHAN2AH YUbIMOACKAH alanoapuvl dap
aHmukanelx —acoprap Mmew pum  gopymoapvina Oeuin. Opma 2acwviprapoa
MOHACMbIPLAAD MeH UOA0AMXAHANAD IKOHOMUKAILIK JHCOHe OAHKMIK Kbl3MemmiH
opmanvikmapusl peminde 6acvim pen amxapowvl. Kavima epney 0ayipinde 6Ousnec
JoHCypeizyee apHanaH aneauwikbl ApHaubl eumapammap naivoa 6o0n0vl, MblCanbl,
Dnopenyusndagel eanepest, 01 Kazipei Keyce KeHicmikmepiniy npomomunine atHaniobl.
XIX-XX eacviprapoa scymvic opblHOAPbIH YUbIMOACMbIPYOA2bl 032epicmepee epeKuie
Hazap ayoapuliaowvl. WARbIH KeycelepoeH bacman «Keyce JNaHOWAgmvly HcoHe
«apeKem KeHyceci» mYHcblpblMOaAMaiapulHa Oetiin, COHOAU-aK KAOUHALIK JHCylienepoiy
(kyoukn) natioa 6onyvl. XXI 2acvipoa dusnec keyicmixmep uxemoi 60avin, Yuppavly
MEXHONI02UAIAD MeH JHCAHA JHCYMbIC MICiNoepine, COHbIY [WiHOe KOBOPKUHEKE
bevimoene b6acmaowvi. 3epmmeyoiy MaHbLI30bL OALBIMBL — JHCEKE HCIHE YIHCHIMOBIK
HCYMBICIBIY, — MeHeepimi,  Kenicmikmi — YubiMOacmuipyobly — Kblzmemkepepoin
OHIMOINI2IHe acepi, KYNUSIbLIbIK NeH JHCYMbIC OPHBIHbIY JHCAUIBLIbIZbL MIceeepi.
busnec xewicmiziniy xommyHnuxayus, xezoecynep, CeMuHapiap, MmpeHuHsmep Hcoue
betipecmu KapbiM-KamblHAC ANAHbIH KATLINMACMbIPYOa&sl poii Kapacmulpbliaovl, Oy
Kbl3MemKepiep MeH KiueHmmepOoiy muimoi e3apa apekemmecyine blKnaj emeoi.

Tyiiin ce3nep: OuszHec-opmanvix, Keyce umapamsi, 6aHK Mekemeci, OuzHec-
Kenicmizi, KON@YHKYUOHANObL 2UMAPAM, KeHICMIKMIK YUbIMOACMbIDY.
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HAYVUYHAS CTATbS

O®OPMUPOBAHUE U PABBUTHE APXUTEKTYPbI
BU3BHEC-ITPOCTPAHCTB

T.K. Vzakoaes* ® , JL.T.HypkymeBa ©

MexnyHnapoaHas oopazoBareibpHast kopropanusi, Anmmatel, 050043, Kazaxctan

AHHoTauus. Cmamovs nocesAueHa U3y4yeHUuo 260a0YUU OU3HEC-NPOCMPAHCMS,
HAYUHASA C UX 3APOAHCOCHUS 8 NEPBOOLIMHbBLE BPEMEHA U 00 COBPEMEHHO20 IMAand, Ko2oa
OUu3Hec-yeHmpvl CMalu HeOMbEMIEMOU YACMbIO 20POOCKOU UHDPACMPYKMYPb.
Ilpusooumcsa ananuz npoyecca Gopmuposanus u pazeumusi MHO20QYHKYUOHATbHBIX
0€l08bIX  NPOCMPAHCMS,  KOMOpble  ABNAIOMCA  BANCHEUWUM — dJIeMEHMOM
obwecmeennvix 30anuti. B cmamve paccmampusaromces pasiuunvle MunoaiocuiecKue
ocobeHHoCcmuU  OU3HeC-yeHmpos, 6KIOUAs UX (QYHKYUOHAIbHOE 30HUPOBAHUE,
NAAHUPOBOUHbIE U  KOMNOZUYUOHHbIE peuwleHus. B ucmopuueckom  KoHmeKcme
npocuedxcueaemcs  mpancgopmayus  mecm  0€l060U  AKMUGHOCMU:  OM  XAOMUYHO
OPeAHU30BAHHBIX PLIHKOS U MOYEK 00MeHa MOoBapos 6 OPesHOCU K AHMUYHBIM A20pam U
pUMCKUM hopymam, 2oe yoice Cyuecmeosaiu Op2aHuU306aHHble NIOWAOKU O/ Nepe208opos U
demoncmpayuu  0opazyos  npooykyuu. CpeoHeseKkosvlll  nepuood  Xapakmepusyemcs
OOMUHUPYIOWEL POTLbI0 MOHACMbIPEU U XPAMO8 KAK YeHMPO8 IKOHOMUUECKOU U OAHKOBCKOL
OdessmenvHocmu. B snoxy Bospoowcdenus nosensaomes nepevie Cneyuanusuposantvle 30aHus
0151 6edeHust buzHeca, makue Kak 2anepes 60 Dropenyuu, KOMopas cmMaia NPOMOMUNOM
cospemennvix oucHvix npocmpancms. (Ocoboe eHUMAHUE YOENAemcsi UIMEHEHUAM 6
opeanuzayuu pabouux mecm ¢ XIX—XX sexax: om komMnaxmuuix opucos 0o koHyenyuii « oopo-
aanouwagpmay u «oguca oeticmeuily, a Maxdxice NOAGIeHUI KAOUHHBIX cucmem «KyOukiy. B
XXI 6exe OusHec-npoCmpaHcmea CMAHOBIMCs SUOKUMU, RPUCNOCAOIUBASCL K YUDPOBLIM
MEXHONO2UAM U HOBbIM Memooam padbomol, 6KI0YAs KOBOpKuHe. Baowcnoi memoti
UCCHe008aHUSL AGNACMCS OANAHC MENCOY UHOUBUOYATBHOU U KOLLEKMUBHOU pabOmOll, 6lusHue
NPOCMPAHCMBEHHOU — Op2AHU3AYUU  HA  NPOOYKMUBHOCMb — COMPYOHUKOS,  BONPOCHL
KoHGhuOenyuanvbHocmu u xomgpopma pabouux mecm. Paccmampueaemcs ponv Ousuec-
NpOCMPAHCIE 6 POpMUPOSaAHUL CPedbl OJisi KOMMYHUKAYUU, NPOBEOEeHUsl 6CIpeY, CeMUHAPO8,
MPEHUH208, a Mmaxice HehoOpMATbHO20 0OUleHUs, KOmopas cnocobcmayem 3pexmugnomy
83aUMOOELICBUIO COMPYOHUKO U KIUCHMOB.

KuroueBsle cioBa: duznec-yenmp, ogucroe 30anue, OAHKOBCKoe yupedcoeHtue,
OU3HeC-npoCMpancmeo,  MHO2OPYHKYUOHAIbHOE — 30aHue,  NPOCMPAHCMEEHHAS
op2aHu3ayusL.
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1 INTRODUCTION

Business spaces have several characteristics that have been interpreted in different ways over
the course of evolution.

Let us trace the process of forming a multifunctional building using the example of a business
center as the most popular type of public building at the present time. The business center has a wide
range of typological features: a varied set of functions, planning and compositional schemes. This is
explained by the socio-cultural dynamics of business relations, which led to the complex evolution
of the building on the basis of diverse historical prototypes (Gelfond, 2006).

Initially, business spaces appeared and sometimes were partially arranged in a somewhat
chaotic manner. These were the meeting places for the exchange of the results of hunting, gathering,
spoils of war and primitive production.

As the socio-cultural development progresses, business contacts become more frequent, and
trade turnover grows. Places of commercial activity become more or less permanent geographically
and in a concomitant manner are equipped with stationary or temporary open or semi-open pavilions
of various sizes with places for placing goods and relatively convenient location of the participants
in the transaction. At the same time, the sphere of related services (catering, sanitary services,
entertainment, temporary accommodation and storage of goods) begins to develop nearby. As the
direct commodity exchange is replaced by the “goods-money-goods” system, the need arises for the
formation of points of exchange of volutes. Here, in a natural way, an organized space for the
administration system appears. With the formation of cities, these spaces become part of the
settlement.

The expansion of wholesale trade and intermediary activities has become in many ways the
basis for the emergence of proper business spaces. Commercial activity has formed its own typology
of markets and shops. When the possibilities of guaranteeing the results of the transaction developed,
it became possible to negotiate a transaction outside the area where the entire mass of goods is located,
using in some cases only its samples. As a result, the characteristic features of the spatial organization
of'the deal began to crystallize: a place for making a decision or conducting business communication,
a place for registering a deal.

The development of economic, social, and technological activities in society directly influences
the formation and evolution of business spaces. From the open market squares of ancient agoras and
Roman forums of the 2nd century BC to modern office centers and flexible work zones, each
historical change reflects the transformation of business methods, interactions, and management.

Over the centuries, business spaces have adapted to the changing demands of trade, finance,
and governance. In the Middle Ages, monasteries and churches performed certain functions of banks
and administrative centers, while the first exchanges and specialized trade spaces laid the foundation
for the formation of modern office spaces. In subsequent eras, the strong development of the banking
system, stock exchanges, and government administrative structures led to the emergence of
specialized buildings as office spaces aimed at improving the efficiency of work processes.

Demonstrating new approaches to organizing business spaces, certain established concepts in
the architectural and planning structure of modern office spaces have appeared, such as “Bureau-
landscape”, “Action Office” and “Hot Desking”. The first concept is based on mobility and flexibility
of space, created for the comfort of employees. Research into these trends and their historical origins
not only allows us to define the principles of office environment development and their typological
features but also to foresee future transformations of architectural spaces for business activities.

2 LITERATURE REVIEW
The results of the analysis and study of current trends in the development of the architecture of
business centers in major cities of Kazakhstan are reflected in the works of Ignatyeva N.V. The main

directions of the research include: analysis of the evolution of architectural solutions for business
centers in major Kazakhstani cities; identification of modern trends in the design and construction of
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business centers, taking into account international experience and local characteristics; investigation
of'the impact of economic, social, and cultural factors on the formation of the architectural appearance
of business centers; development of recommendations for integrating business centers into the
existing urban environment in accordance with the principles of sustainable development (Ignatieva,
2010).

The topic is also thoroughly presented in the work of Gelfond A.L., who considers the business
center as a modern form of organizing public space, responding to new demands in economics,
technology, and urban planning. The research focuses on: defining architectural and planning features
of business centers; analyzing functional zoning; studying the transformation of public buildings;
identifying the role of business centers in shaping the cityscape and public life; and developing
architectural solutions that contribute to sustainable development and a comfortable urban
environment (Gelfond, 2002).

A separate study by T.K. Uzakbayev (Uzakbayev, 2023) is devoted to identifying the evolution
of the architecture of business centers — from early office buildings to modern multifunctional
complexes — and integration trends related to changes in lifestyle, work formats, and user needs.

As for the detailing of specific aspects, general issues of urban placement are comprehensively
addressed in the works of researchers such as Costa A.A., Lazareva M.V., and Korshunova N.N.

The parametric characteristics of this type of buildings are regulated by construction norms
(Online.zakon.kz, 2023). Historical aspects of the issue and representative examples are presented
in a number of encyclopedic and reference publications.

3 MATERIALS AND METHODS

A comprehensive methodological approach was applied in writing this scientific article,
including theoretical and empirical methods of analysis. The main methods used in this research are
as follows:

Historical-chronological method — This method allowed for the study of the stages of formation
and evolution of business space architecture from the end of the II century BC to the present, helping
to identify patterns influencing the formation of architectural business spaces.

Architectural-artistic analysis — Used to study the volumetric and spatial characteristics of
business spaces.

Functional and typological analysis — Applied to classify types of business centers: traditional
offices, coworking spaces, open spaces, and mixed-use formats.

Field survey and photo fixation — Conducted to collect visual material from real objects in the
city of Almaty, including the external appearance and internal organization of modern spaces.

4 RESULTS AND DISCUSSION

In Antiquity, on agoras in Greece and later on forums in Rome, there were open spaces in the
squares and in the surrounding galleries for communication between the parties to the transaction and
the demonstration of samples of goods. From here originates and it is recorded from the end of the II
century BC its activity. Small semi-open or closed rooms for consultation and decision-making were
relatively visually isolated. They were often located in temples.

In the early stages of the culture ofthe Western European Middle Ages, monasteries and temples
were powerful business and banking centers. They acted as economic and financial “dictators”,
performing managerial, clerical and banking functions (Gelfond, 2006).

Medieval European monasteries had areas dedicated to writing and copying manuscripts, called
scriptoria, which were the medieval prototype of the modern study. Separate alcoves, closed off by
curtains, were used to increase concentration and productivity while working. An example of a
painting “St. Augustine in His Study”, depicts St. Augustine working in a secluded room by Italian
artist Sandro Botticelli, circa 1490-1494 (Figure 1).
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Isolated rooms with limited access were places for storing documentation for the administration
of commercial activities. Subsequently, as both commercial and regulatory documentation
accumulated, they separated into a separate typological group, from which, being supplemented by
works of a scientific, cognitive and cultural and educational nature, libraries and archives were
formed.

The Central and Northern European Middle Ages provide examples of the already clear
differentiation of certain types of business spaces. At the same time, markets with small-piece trade
remain on the squares. Important for the spatial organization was the massive appearance on the
market since the 12th century of bills, which made it possible to receive goods not directly, but at a
later date convenient for settlements were carried out mainly by promissory notes, which were
exchanged for money at the end of trading. It also influenced the specifics of the organization of the
business space.

(b)

Figure 1 — Medieval prototype of business space: a) Group business space in a multifunctional room of the European
Middle Ages (History-Thema, n.d.); b) Individual business space in a multifunctional room of the European Middle
Ages (Botticelli, ca.1495).

For small and medium-sized businesses, office work was done at home, with many store owners
living above their stores and hiring clerks to help with bills, paperwork, and daily household chores.

Gradually, the main part of state and municipal administration of business activity merges with
other governing bodies and, in order to optimize these services in space, office buildings are formed
that have become an independent typological unit. A typical example is the Gallery of Offices,
Florence (1581, architect G. Wazzari), intended for the Medici Bank and became a kind of prototype
for corporate headquarters. Changes from the stores as the turnover increased and the need to fix each
exchange operation appeared such a common typological unit as banks.

Typological development of buildings is directly related to the history of the development of
banking. It is known that banks arose as a result of monetary and commodity relations in antiquity.
Already in the ancient and feudal world, the bank acts as an intermediary in payments, performs the
functions of exchanging money (Gelfond, 2006).

Trade in specially designated places on the streets or in catering establishments moved to
adapted and later purpose-built buildings. For example, the Amsterdam Stock Exchange began
operating in 1602, in a separate building. The growth of trade operations led to the need for a new
building. It was here that the main implementation of goods was introduced. This made it possible
not to demonstrate the goods themselves in the process of direct trade or resale, which influenced the
organization of the business space. As a result, the premises for the actual trading were divided with
the areas for negotiations and the premises for the administration of commercial activities.

Based on the above studies of the development of the business space, it is possible to determine
the following individual parameters, which together determine the individual characteristics of each
of them: degree of organization (organized, semi-organized, spontaneous); degree of commodity
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specialization (specialized, mixed, non-specialized); degree of openness (open, semi-open, closed);
degree of mobility (fixed, moving, non-fixed); degree of temporality (short-term, long-term,
permanent); degree of transformability (transformable, partially transformable, non-transformable);
degree of expandability (expanding, narrowing, pulsating); degree of individuality (individual, group,
mass); degree of accessibility (public, limited, corporate); degree of manageability (externally
administered, internally administered, externally and internally administered) (Figure 2).

o ( Degree of Commodity
( Degree of Organization 5—&} U@V Specialization }

F [ *E:B’ Degree of Mobility J
[Degree of Expandability /\7‘J K

Figure 2 — Business spaces individual parameters (author’s material)

The developing system required a kind of organization of jobs. On the one hand, decision-
makers need isolated spaces that exclude the possibility of their accidental distraction by other
employees, which determined the appearance of individual offices. On the other hand, for the current
work, technologically providing for direct contact and control over the performance of official duties,
common premises are required, corresponding to the structure of the office. At the same time,
employees performing control functions could be located in the same room, maintaining full visual
contact with the controlled group. As the engineering systems for artificial lighting and ventilation
improved, common office spaces became larger and larger.

The use of sound-absorbing ceiling and partition panels has become essential for the normal
functioning of such premises. For the convenience of those working in adjoining rooms, there was a
kitchen for warming up a semi-finished product or a small dining room. Called the Taylorism at the
turn of the last century and before last, this system of organization existed with minor changes until
the middle of the twentieth century.

(b)

Figure 3 — General business spaces of the XX-XXI centuries: a) “Bureau-landscape” 1950 (Everprof, 2024). b)
“Action office” 1963 (IB Group, 2022).

In the 1950s, the German bureau-landscape system began to spread, with a less cramped, natural
placement of employees. Workplaces in this system are located in groups of various sizes, and low
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partitions between adjacent divisions are made of various indoor plants. An evolution of this system
was the “Action office”, which introduced the concept of flexible, semi-enclosed workspaces that
allowed office space to be personalized and often changed to suit the needs of the company and its
employees. The rationale for this system was the understanding that workers needed large dedicated
spaces for various types of work - space to record and make calls (Figure 3).

Over time, the concept of an “Office of action” evolved to such an extent that each of the
employees had their own high, three-way vertical division that defined their individual space, and
which they could autonomously personalize.

This concept, invented by R. Propst “Cubicle”, has been widespread since the 1980s. This is a
massively cost-reduced and standardized version of the “Office of Action” concept, featuring cheap
and uniform fixed partitions — visually resembling a box, with minimal space and maximum employee
density. Businesses adopted this concept to save on rent and furnishings, and it became a symbol of
corporate culture in the second half of the 20th century, especially in the United States. Even with
such individualized spaces, the main drawbacks related to acoustic discomfort remained.

A proposed solution was a new concept called the “Cocoon”, invented by Finnish designer Eero
Aarnio. The “Cocoon” concept is an approach to office space organization that places special
emphasis on employee privacy, comfort, and psychological safety.

The concept allows for the creation of isolated zones within office spaces that resemble a
cocoon in shape and feel, enabling users to focus on their work while reducing stress and distractions.
The main features of the “Cocoon” concept include: tall enclosing elements that provide visual and
acoustic isolation; soft textures and materials that enhance coziness; a human-centered design
incorporating biophilic elements (plants, natural colors, organic forms); and flexible use—these zones
are suitable for both individual work and informal communication. This approach has become
especially relevant in the post-pandemic period, as the demand for comfortable and adaptable
workspaces has increased (Figure 4).

s -
;> ﬁm

(b)

Figure 4 — General business spaces of the XX-XXI centuries: a) Paired “Cubicle” in the common space (LAS, 2015).
b) The Cocoon Concept (Collaborative Office Interiors, 2025).

As technology advances workers have become more mobile, they can work anywhere: it has
become the norm to see people working in cafes, coffee shops and homes as companies have begun
to adopt these new ways of working. As mobility became the norm, office design began to embrace
the “Hot Desking” boom, with no space allocated to staff and employees choosing an empty space to
work. This is due to the increase in the number of freelancers, the demand for part-time work, flexible
office space and creative collaboration.

As the development progresses, the individual cabinet acquires some transformations. It offers
both the opportunity for individual work and the opportunity to communicate with clients and
colleagues. With a certain level of responsibility, meeting places are organized in or near the offices.
The equipment, furnishings, saturation of the office with means of communication and information
storage are changing. For the top level, lounges with bathrooms, mini-kitchens, canteens, wardrobes
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are added to the office. An additional entrance and exit are organized, bypassing the areas for placing
ordinary employees. However, the basic principles presented in the office - the emphasis on privacy,
focus, and individuality in the workplace - is returning to the forefront and playing an increasingly
important role as decisions critical to successful business are made in a comfortable environment
(Uzakbayev, 2023).

Business spaces are also important for holding meetings of employees of various levels,
individual or group communication with clients, seminars and trainings. To create an atmosphere of
informal communication with clients, “coffee shops” appear (coffee + office), which allow discussing
positions in the process of eating.

Remote work could lead to a decrease in the value of office real estate by 2030, according to
analysts from the consulting firm McKinsey. Their data shows that only 37% of employees worldwide
currently continue to work offline. As a result, the demand for office space has significantly declined.
The study suggests that this trend is likely to persist in the coming years. Experts believe that this
figure may have a negative impact on the global economy, potentially leading to a 1oss of investments,
a drop in real estate values, and a reduction in jobs (24.kz, 2023).

This analysis suggests that we are currently undergoing a transitional period in the organization
of work processes. Employees are gradually returning to office spaces, but not in full capacity. The
pandemic period required a special approach to the use of workspaces.

The development of technology has provided humanity with the ability to work anytime and
from anywhere. By the end of 2019, flexible approaches to workspace organization had become
widespread and were increasingly applied in office design.

Thus, the concept of hybrid workspaces has gained popularity in recent years, especially as
many companies began shifting employees to remote work.

Accordingly, such changes impact office spaces, prompting architects to adopt hybrid systems
that can be adapted for various types of work and employee needs, combining elements of both
individual work and collaborative activities. These zones are designed with flexibility in mind,
allowing for easy modification of their functions based on tasks. The main features of hybrid zones
are as follows: Focus Zones; Collaboration Zones; Meeting Rooms; Lounge and Social Areas;
Flexible Workstations; Ancillary Spaces (Figure 5).

Ancillary Spaces Focus Zones
Support zones providing Designed for individual work that
comfort and infrastructure for requires concentration
daily operations

Spaces for meetings
Not assigned to specific (%\ alE:d team tasks, wﬁioh
employees. Convenient for A=A can be open or semi-
companies with flexible enclosed
schedules and remote employees
g | R
ARR Ranging from small capsules to
Spaces for informal communication, full-scale halls. Used for offline
breaks, and relaxation. May include coffee and online meetings, video
stations, soft furniture, and live plants. conferences.

Figure 5 — The main features of hybrid zones (author’s material).

Considering the above-mentioned aspects, the implementation of the hybrid workspace concept
is proposed using the example of the Capital Tower business center (Table 1) (Figure 6). The average
values, based on popular recommendations for hybrid office spaces, may vary depending on the
specific needs of different organizations and their requirements. However, in general, hybrid offices
typically follow these proportions: Focus Zones — 20%; Collaboration Zones — 25%; Lounge and
Social Areas — 17%; Meeting Rooms — 13%; Flexible Workstations — 15%; Ancillary Spaces — 10%.

59



QazBSQA Xaoapumbichl. Ne2 (96), 2025. Cayaer

Table 1
Spatial distribution for a 460 n? office [author’s material |
Ne Zone Area (m?) Function
1 Focus Zones 92 Individual work, concentration
2 Collaboration Zones 115 Team tasks, brainstorming
3 Meeting Rooms 60 Offline/online meetings, Zoom
4  Flexible Workstations 69 Universal workspaces
5  Lounge & Social Areas 78 Informal communication, relaxation, coffee breaks, sleep,
mini-fitness, recovery
6  Ancillary Spaces 46 Kitchen, printing area, wardrobe, storage
Total: 460 m?

The layout of hybrid zones should be adaptive, multifunctional, and foster improved interaction
between employees. It is crucial that the space maintains a balance between work areas, relaxation
and creativity zones, while also offering flexibility to alter functions based on the needs of the
company and its employees.

Focus Zones

@ Collaboration Zones
@ Meeting Rooms
Flexible Workstations
Lounge & Social Areas
@ Ancillary Spaces

Ancillary Spaces
10% Focus Zones
20%

Lounge & Social Areas
17%

Collaboration Zones
Flexible Workstations 25%
15%

Meeting Rooms
13%

Figure 6 — The concept of hybrid workspaces is illustrated through the layout of Office No. 4 with an area of 460 m? in
the Capital Tower business center, Almaty (author’s material).

This concept integrates all the elements of a traditional office environment while allowing
employees to perform their duties both from the office and remotely. Such an approach is
characterized by a high degree of flexibility and adaptability in work organization, enabling effective
collaboration among employees regardless of their location.

S CONCLUSIONS

1) Business spaces are modern multifunctional business centers that trace their origins back to
antiquity, where agoras and forums served not only as places of trade but also as venues for
negotiations, product demonstrations, and decision-making.

2) The lowest level of organization was characteristic of spontaneously emerging business
spaces during the primitive communal era. Antiquity demonstrates a certain degree of order in
business processes, while the Middle Ages saw the formation of a developed system of internal and
external administration. During this period, the foundation was also laid for working not with entire
batches of goods, but with samples—an innovation that changed the structure of business spaces.

3) Throughout these eras, various spaces such as temples, town halls, and establishments of
public catering and trade were adapted for business activities.

4) Business spaces have the following individual parameters, which together determine the
individual characteristics of each of them: degree of organization (organized, semi-organized,
spontaneous); degree of commodity specialization (specialized, mixed, non-specialized); degree of
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openness (open, semi-open, closed); degree of mobility (fixed, moving, non-fixed); degree of
temporality (short-term, long-term, permanent); degree of transformability (transformable, partially
transformable, non-transformable); degree of expandability (expanding, narrowing, pulsating);
degree of individuality (individual, group, mass); degree of accessibility (public, limited, corporate);
degree of manageability (externally administered, internally administered, externally and internally
administered).

5) The set of parameters defining business spaces has been continuously refined throughout
their development, accompanied by improvements in the conditions for conducting trade and
intermediary activities in terms of cultural and everyday comfort, external and internal administration,
informational and consultative support, legal and financial services, operational security, and
accessibility.

6) The emergence of the concepts of the “Action Office”, “Cubicles”, and “Bureau-landscape”
reflected an attempt to balance individuality, efficiency, and team collaboration among employees.
Modern concepts, such as the “Cocoon” and “Hybrid offices”, focus on comfort, flexibility, and the
psychological well-being of employees, taking into account the demands of the post-pandemic reality.

7) The future of office spaces lies in hybrid formats that combine remote and in-person work,
becoming the dominant model of work organization. This requires architects and designers to create
spaces that can quickly adapt to changing conditions.
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Abstract. The integration of modern computer technologies into the construction
industry is transforming design and building processes, offering professionals
numerous advantages. One of the most significant advancements is the adoption of
virtual modeling tools, which enhance design accuracy, improve project quality, and
reduce implementation time. These technologies also optimize material costs, making
construction more efficient and cost-effective. A major milestone in this digital
transformation is the widespread use of Building Information Modeling (BIM)
technologies, such as Revit and Archicad. These programs create a unified software
environment that streamlines project management across all stages, from initial design
to construction and operation. Additionally, they enable the development of complex
architectural forms through 3D printing, further expanding the potential of modern
construction methods. The success of 3D printing in construction depends heavily on
advanced materials, particularly fine-grained concrete with inorganic binders. While
these materials enhance durability and structural integrity, their development remains
a challenge due to strict technical requirements. Overcoming these challenges requires
a scientifically grounded approach to optimizing material composition and ensuring
seamless integration into additive manufacturing processes. In conclusion, the fusion
of digital tools with construction methodologies significantly improves efficiency,
precision, and sustainability. These innovations not only advance the design and
building processes but also pave the way for the successful realization of complex and
economically viable projects, shaping the future of the construction industry.

Keywords: nano silicon, fine-grained concrete, 3D printer, strength, modified
additives, hydro silicates, water-cement ratio.
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HAHO KOCHACHI BAP YCAK TYHWIPIUIKTI BETOH/bI 3D-1a
BACBIII LIBIFAPY

K. AKManaﬁynM@ ,9.Y. Kaﬂapﬁaﬁ*@ , .M. Paxumaxanos, H.. Bepuilqz.n@

K.1.Corb6aeB arsiaaarel Kaz¥T3Y, Anmarel, 050013, Ka3zakcran

Anparna. Kasipei 3amanzel KOMNbIOMEPAIK MEXHOI02UANAPObIY KYPbLIbIC
CANACLIHA eH2I3NYl Hcobanay dHcone KYpulivlc yoepicmepin mybeeelini o3eepmin,
MAMAHOApea  KONme2eH apmulKUWbLIbIKMmap YcolHoln  ombulp. En  manvi30b1
AHcananelkmapowvly  Oipi  — ocobanay 0andiein  apmmelpbln, H#coOA  CANAcbIH
HCAKCApPMamuli  HCIHe ICKe acblpy VaKblmvl MeH WbIRbIHOAPLIH — a3aumamsit
8UPMYANObl MOOenbOe)y KYpanoapvlH nauodanrany. byn mexuwonoeusnap couoaui-ax
MamepuanoviK wbleblHOapobl OHMAIAHOBIPBIN, KYPLLILICHbL AHARYPIbIM MUIMOL DI
yHemOi emedi. Llughproix mpancgopmayusoazel manvlz0ul Kezendepoin 6ipi — Building
Information Modeling (BIM) mexnonocusinapvinoly, aman aumkanoa Revit nen
Archicad cexinoi bagoapramanapoviy KeHiHeH KolOauuliybl. Byn 6asdapramanap
Jrcobanayoan bacman Kypulivic neH navoaianyea bepy xezeyoepine Oeuinei Oapavik
yoepicmi  Oipikmipemin Oipmymac 0a20apiamanvl opma  Kalblnmacmuipaobl.
Counvimen kamap, onrap 3D 6acvin wwieapy apkwiivl Kypoeni cayiemmik hopmanapovl
azipreyee MyMKIHOIK Oepin, Ka3ipei Kypuliblc 20iCmepiHiy MyMKIHOIKmMepiH Kenelimeol.
Kypviivicma 3D 6acvin wivizapyovly madvicmul 001ybl He2i3iHeH OellopeaHUKaIblK
batinanvlcmuipebiiumapsl  6ap ycax myuipuikmi Oemou ceKinodi odcemindipineen
Mamepuanoapea oatnanvicmol. bByn mamepuanoap 6Gepikmik nen KYpoliblMObIK
MYMAacmulkKmovl — apmmulpadsl, aiauoa oaapovbly O0amyvl Kamay MexXHUKAIbIK
mananmapea o6auiaHvlcmol Kypoeni minoem 6onvin Kaia oepedi. byn macenenepoi
wewty yuwlin mamepuan KYpamblH QblIbIMU He2i30e OHMALAHObIPLIN, 01apObl
aooumuemi 6HOIpic yoepicmepine yunecimoi eneizy Kaxcem. Kopvimvinoviniail Kee,
Yughpavlk Kypanoap meu KYpolivblC 20iCmepiniy yuiecimi muimMOiniK, 0andiK JHcoHe
MYPaAKmvlivlK OeHeellin aumapivikmat apmmulpaosl. byn owcayanvikmap scodbanay
MeH KYPblLiblc yoepicmepin Jceminoipin Kana Koumail, COHbIMeH Kamap Kypoeni api
IKOHOMUKANBIK MYPEblOAH MUIMOI AHco0anapobl mabblCmbl JHCy3e2e aAcblpyd HCOl
QUIbIN, KYPBLIbIC CANACLIHbIY 001aUARbIH KAILINMACMbIPAObL.

Tyiiin ce3nep: nano kpemnuil, myiipwixmi 6emon, 3D npunmep, bepixminix,
MOOUDUKAYUATBIK KOCRANAD, 2UOPOCUTUKAMMAD, CY-YeMEeHM KAMbIHACYL.
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AHHOTAUMA. Bredpenue coepemeHHbIX KOMNbIOMEPHLIX MEXHOI02Ull 8
CMpOUmMeNbHYl0  Ompacib — mpancopmupyem  npoyeccvl  NPOEKMUpPOBAHUs U
cmpoumenscmed, Npeoocmasiss CReyuarucmam MHO20YUCTEHHbe NpeuMyuecmaa.
Oonum u3 Haubonee 3HAYUMbBIX OOCMUNCEHUU ABNIAEMC NPUMEHEHUe UHCIMPYMEHMO8
BUPMYATLHO20 MOOENUPOBAHUS, KOMOPble NOBbIUAIONM MOYHOCMb NPOEKMUPOBAHUSL,
VAYUULAIOM KA4eCmB80 NPoeKmos U COKpAwaion 8pems ux peanuzayuu. Imu mexHoniocuu
maxoice ONMUMUSUPYIOM 3amMpamvl HA MAmMepuanvl, Oelds Cmpoumenrbcmeo 0Oognee
a¢hhexmuenbvim U IKOHOMUUHBIM. Basicnvim amanom yugposou mpancgopmayuu cmano
WUPOKOE UCNONIb308AHUE MEXHONIO02UL UHDOPMAYUOHHO20 MOOENUPOBAHUsL 30aHUL
(BIM), maxux xax Revit u Archicad. Omu npoepammul co30aiom eOUHYI0 NPOCPAMMHYIO
cpedy, Komopas ynpowaem YnpasileHue NpOoeKmoM Ha 8cex Imanax — om
NepeOHAYANIbLHO20 NPOEKMUPOBAHUsL 00 CIpoumenbcmea u skcnayamayuu. Kpome moeo,
OHU NO360JIAIOM paA3padamvléams CIOHCHbLE ApXUMeEKmypHole popmbl ¢ nomowwro 3D-
neyamu, pacuupsis 603MO*CHOCMU COBPEMEHHBIX CIMPOUMENbHbIX Memooos. Y cnex 3D-
neyamu 8 Cmpoumenbcmee 60 MHO2OM 3A8UCUM OM NEPed08biX MAMepuUaios, 0coOeHHO
OM MeNKO3ePHUCIO20 OeMOHA ¢ Heop2anuyecKumu escyuumu. Hecmomps na mo, umo
MU Mamepuanbl NO8LIUAIOM O0JI208EYHOCHb U CIMPYKMYPHYIO UELOCMHOCHb, UX
paspabomka ocmaemcst C104CHOU 3a0ayell U3-3a CMpo2ux mexHuyeckux mpeboeaHull.
Il npeooonenuss smux mpyoHocmeu HeoOX00UM HAYYHO O0OOCHOBAHHBIU NOOX00 K
ONMUMUZAYUYU COCMABA MAMEPUANos U obecneduenulo ux 06eculo8Hol uHmezpayuu 6
a0oumusHvle NPouU3BOOCmMeEeHHble npoyeccol. B 3aknouenue, unmezpayus yugposwix
UHCMPYMEHmMOo8  C  Memooamu  CMpoumenbCmed  3HAYUMENbHO — NO8blulaem
aghghexmuenocms, MOUYHOCML U YCMOUYUBOCMb. DMU UHHOBAYUU HE MOIbKO
Ccnocobcmayiom pazeumuio Npoyecco8 NPOeKMUPOSAHUs U CMPOUMeNbCmed, HO U
NPOKIA0bIEAOM NYymb 05l YCHEeUHOU Peanu3ayul C10MHCHbIX U IKOHOMUYLECKU 8bl20OHbIX
npoexmos, hopmupys 6yoyujee CmpoumenbHOU ompaciu.

KiroueBble cioBa: nano KpemHuil, menxozepuucmolii 6emon, 3D npuumep,
NPOYHOCMb,  MOOUPUYUPOBAHHblE — 000ABKU,  2UOPOCUIUKAMDBL,  B0OOYEMEHMHOE
OmHoUweHuUe.
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1 INTRODUCTION

The construction industry is actively adopting BIM technologies and software like Revit and
Archicad, enabling the design and construction of buildings through 3D printing. For creating
materials for construction objects, a variety of materials based on inorganic binders with specific
properties are used, depending on the product’s purpose and the chosen 3D printing method.

This study focuses on modifying fine-grained concrete using nano-silica. The introduction of
chemical additives makes it possible to produce high-strength concrete with rapid hardening
properties. To enhance and accelerate strength development, the optimal dosage of the additive was
determined. Adding nano-silica resulted in a strength increase of 1.4 times (or 76.3%) within one day,
76.3% within three days, 66.2% within seven days, and 44.0% within 28 days. The results also
demonstrated a significantly accelerated strength gain.

The key characteristic of concrete is its compressive strength. To ensure rapid and high-quality
construction, it is recommended to use high-strength concrete that gains substantial strength during
the initial curing period. This can be achieved by incorporating nano-silica additives (Zolotaryeva,
S. V., 2016).

Despite the globally proven efficiency of active mineral additives, their usage in Kazakhstan
remains limited. The main reasons include their dusty, hygroscopic, and lightweight nature, making
them less suitable for some applications. Such materials tend to clog technological equipment and
cement delivery systems. In specific cases, the consumption of such fillers can reach 200-250 kg per
cubic meter of concrete, requiring additional cement silos at concrete plants for storage. Moreover,
the low bulk density of mineral fillers, often as low as 150 kg/m3, further increases costs (Baigarina,
A., Shehab, E., & Ali, M. H., 2023).

The effectiveness of active fillers is often assessed by their impact on strength properties. When
a specific amount of cement is replaced by an equivalent amount of active filler, the resulting increase
in concrete strength serves as a performance indicator. However, the benefits of nano-silica extend
beyond strength improvement. Nano-silica acts as a critical component in high-strength, corrosion-
resistant, and frost-resistant concrete.

Nano-silica particles are up to 100 times smaller than cement particles and exhibit high
pozzolanic reactivity due to their large surface area and high silicon dioxide content. A standard dose
of 40 kg of nano-silica provides a surface area sufficient to react with calcium hydroxide released
during cement hydration. This early pozzolanic activity sets nano-silica apart from other additives. In
concrete containing nano-silica, the porous structure shows a marked reduction in capillary pores and
an increase in fine gel pores. The amount of chemically bound water and the degree of Portland
cement hydration indicate that nano-silica accelerates hydration significantly during the initial seven
days. At a constant water-cement ratio, concrete with nano-silica achieves a hydration level at seven
days comparable to that of ordinary cement at 28 days. This acceleration results in a twofold increase
in concrete strength under both normal humidity and elevated temperatures of 60°C (Mustafin, N.
Sh., & Baryshnikov, A. A., 2015), (Rudyak, K. A., & Chernychev, Y. 0.2016).

The improved hydration of calcium silicates and the reduction of capillary pores provide two
key benefits for nano-silica-modified concrete: high strength and low permeability. These
enhancements make the concrete highly resistant to physical (wear, erosion, and impact) and chemical
(water, sulfates, chlorides, organic substances, and acids) effects.

Studies of concrete structures containing nano-silica have shown that such materials maintain
durability for up to 10 years. High-quality concretes with nano-silica additives demonstrate superior
resistance to carbonation and chloride penetration from seawater compared to ordinary Portland
cement concretes with equivalent strength. Under proper conditions, nano-silica-modified concrete
offers excellent protection for steel reinforcement, comparable to that provided by ordinary Portland
cement concretes of the same strength class (llyina, L. V., & Zavadskaya, L. V.,2018),
(Inozemtsev, A. S., Korolev, E. V., & Zhyong, Thanh Kui. 2018).
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2 LITERATURE REVIEW

Considering the results of various experiments by different researchers, it can be noted that the
specific surface area of SiO2 nanoparticles (S = 50 to 450-900 m?/g) is a critical factor in improving
the mechanical performance of concrete. This improvement is achieved by activating the hydration
reaction of calcium silicates, forming C-S-H hydrates, and modifying the nanostructure of the C-S-H
gel.

The use of nano-silica provides several benefits, including:

- Enhancing resistance to abrasion;

- Reducing cement consumption;

- Increasing the strength of concrete, particularly in fine-grained mixtures;

- Improving early strength under normal curing conditions (25—-40 MPa within the first 24
hours);

- Producing highly workable, non-segregating concrete mixtures with a slump of 20-24 cm;

- Increasing corrosion resistance.

The addition of nano-silica reduces water permeability by 50%, doubles sulfate resistance, and
increases frost resistance to F500. As research indicates (Ibragimov, R. A., & lzotov, V. S. 2014),
the objective of this study is to analyze the effect of nano-silica on the strength characteristics of fine-
grained concrete and to determine its optimal dosage.

In research on improving concrete strength through nano-silica modification, Portland cement
of the CEM 1 42.5 H grade, produced by the Shymkent Cement Plant, was used as the binder. As
reported in previous studies (Krasinikova & llyina, 2011,2016), the mineralogical composition of
the cement (by mass, %) was as follows: CsS — 60.0; C.S — 15.5; C;A — 8.4; C4AF — 11.3; free CaO
— 0.50. The study used washed quartz sand from the Kapshagay quarry. According to research
findings (Krasinikova et al., 2016), the sand complied with GOST 8736-2014 for construction sands,
with a natural moisture content of 6-7%, a bulk density of 1450 kg/m3, a true density of 2600 kg/m?,
a fineness modulus of 2.9, and impurity content of 0.5%.

Nano-silica was used as a modifying additive and met the requirements of technical
specifications. As specified by the manufacturer (Krasinikova, 2016), the average particle size of the
initial nano-silica particles was 12 nm, with a pH of 3.6-4.3. Nano-silica is a bluish-white material
with a specific surface area of 200 m?/g. Its chemical composition (by mass, %) is as follows: SiO2 —
99.5; Al:Os — 0.05; Fe20s — 0.001; TiO2 — 0.01.

Master Rheobuild 1000 superplasticizer was used as a plasticizing agent, with a density of 1095
kg/mé and a solid content of 20% by mass. As noted in studies (llyina et al., 2011), the
superplasticizer was added at a dosage of 0.5% by cement weight.

3 MATERIALS AND METHODS

To determine the characteristics of a fine-grained concrete mixture and fine-grained concrete,
a mixture was prepared consisting of Portland cement, including 60 kg of cement, 1340 kg of sand,
and 260 liters of water. Nano-silica powder was added to the water solution, and its uniform
distribution was achieved through ultrasonic treatment. The resulting solution was added to the dry
sand and cement mixture. The cement-sand solution was prepared using mechanical mixing for 60—
90 seconds. From the obtained mixture, 40x40x160 mm column specimens were formed, which were
cured under normal conditions for 3, 7, and 29 days.

Micro-silica, reacting a second time with calcium hydroxide, helps reduce the capillary porosity
of cement paste by densifying the structure and sealing the pores of low-base calcium hydrosilicates.
Detailed studies on the kinetics of strength development and the porosity characteristics of cement
paste show that the introduction of micro-silica and superplasticizers into concrete significantly
reduces the number of all types of pores compared to unmodified cement paste. The effectiveness of
micro-silica is associated with the rate of pH reduction in the hardening system environment, which
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accelerates the main hydration reactions of cement (Potapov, V. V., & Gorev, D. S. 2018). As shown
in Figure 1, the microstructure of the cement paste becomes denser after the addition of microsilica.

Figure 1 — SEM images of the cement paste microstructure:a — control sample without microsilica; b —
sample with microsilica additive.

By reducing the concentration of calcium ions in the liquid phase of the cement paste, micro-
silica in the mixture contributes to the formation of gel-like low-base calcium hydrosilicates in
hydrated phases. This results in a simultaneous increase in gel pores and a decrease in the capillary
porosity of the cement paste. It has been determined that micro-silica additives allow for obtaining
high-strength dense cement paste. Furthermore, the correspondence between the phase composition
and structure of the cement paste after heat-moisture treatment and normal curing enables the
production of high-quality concrete with an accelerated strength gain rate under normal conditions.
Micro-silica significantly increases the hydration degree of alite in the early stages.

Concrete modified with micro-silica is characterized by reduced water permeability, increased
resistance to alkali, sulfate, and frost aggression. In studies of concrete degradation mechanisms, the
primary durability factor is often considered to be the presence of open capillary pores that are easily
filled with liquid phases during freezing, leading to hydraulic and crystallization pressure buildup.
This causes stress in the concrete, with stress concentration occurring at structural defect sites, leading
to local damage—crack formation and propagation accompanied by residual strain growth. To
minimize frost damage, it is recommended to reduce open porosity (by densifying the concrete
mixture and optimizing curing conditions with a lower water-to-cement ratio (W/C)) and to ensure
reserve porosity for compressible pore water by using air-entraining additives, which reduce
hydraulic pressure.

Experience shows that air entrainment reliably enhances concrete frost resistance. However,
some researchers believe that the role of air entrainment diminishes sharply at low W/C ratios. To
improve concrete strength, the introduction of damping additives capable of relaxing induced stresses
is recommended. Studies have shown that gel-like products of cement hydration can serve as damping
additives, and their stability can be enhanced by binding portlandite in cement paste with active
mineral additives, among which micro-silica is one of the most active representatives (Matyukhina,
A. A, etal. 2017).

Reducing the W/C ratio and increasing the micro-silica content decreases air volume and
increases compressive strength. Furthermore, concrete frost resistance improves, reaching a
maximum when the micro-silica content is 20%. For concrete specimens of this composition, minimal
strength variation was observed during testing, indicating the highest stability of the cement paste
structure.

Thus, at low air content, the matrix’s relaxation properties, determined by the permeability of

cement paste, pore size, and the number of crystalline and gel-like cement hydration products, play a
critical role in ensuring concrete strength under frost impact without air-entraining additives. The
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introduction of micro-silica leads to an increase in low-base calcium hydrosilicates of the C-S-H type.
Compared to high-base hydrosilicates, these hydrates exhibit greater stability and strength due to an
increase in strong Si-O-Si siloxane bonds and a decrease in weak Ca-O ionic bonds. A reduction in
portlandite crystals decreases the crystalline hydrate component and the number of stress
concentrators, thereby enhancing crack resistance in cement paste. In the contact zone between
cement paste and aggregates, the reduction of Ca(OH): crystals contributes to increased strength, and
the porosity and size of crystalline phases in cement paste also decrease (Duballet, R., Baverel, O.,
& Dirrenberger, J. 2017).

High frost resistance is also ensured by the stability of hydrated phases resulting from the effect
of micro-silica additives. Therefore, the key factors in ensuring the durability of road concrete are:

Low initial W/C ratios that ensure reduced capillary porosity and water saturation;
Structural characteristics of cement paste, including increased cement gel content and a free
Ca(OH): content not exceeding 1.0%, which slows down gel phase aging and facilitates
stress relaxation;

Recommendations for road concrete with frost resistance grades of F500—F600 without air-
entraining additives include W/C ratios of 0.25-0.30 and mandatory introduction of
hydrogen-releasing components along with micro-silica additives up to 15-20% of the
cement mass;

Capillary porosity of concrete and the amount of free calcium hydroxide in cement paste
can serve as predictive criteria for the durability of road concrete used under cyclic freezing
conditions in de-icing solutions.

4 RESULTS AND DISCUSSION

As Figure 2 illustrates, nano-silica was added to fine-grained concrete in proportions of 0.05%,
0.10%, 0.25%, and 0.5% of the cement mass, and the workability of the prepared mixture was
determined by measuring the slump of the cone.

Effect of SiO2 Content on Mix Mobility
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Figure 2 - Effect of Nano-Silica Content on the Workability of the Mixture
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The analysis of the results revealed that in mixtures with nano-silica, the cement-to-water ratio
remained consistent, but the workability of the mixture decreased. This indicates that within the
studied range, the addition of nano-silica reduces the mobility of the mixture.

Compressive Strength of Fine-Grained Concrete
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Figure 3 - Variation in Compressive Strength (MPa) of Fine-Grained Concrete with the Addition of Nano-Silica

As Figure 3 demonstrates, the results of the experimental studies reveal the effect of nano-silica
content on the compressive strength of fine-grained concrete. Meanwhile, Figure 4 illustrates the

strength gain over 3, 7, and 28 days at various nano-silica contents with a water-to-cement ratio of
0.45.
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Figure 4 - Strength improvement of fine-grained concrete in comparison with the control mix.
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As Figure 5 illustrates, the rate of strength development of fine-grained concrete with the
addition of nano-silicon dioxide is presented.

Strength Accumulation Rate Relative to 28 Days
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Figure 5 - The rate of strength development of fine-grained concrete (relative to 28 days).

The analysis of experimental data determined the effect of the nano-additive on the strength
and rate of strength growth. When the nano-additive was introduced, the strength increased by 1.4
times on the first day, by 74.6% on the third day, by 65.7% on the seventh day, and by 42.0% on the
28th day. The maximum hardening was achieved with the addition of 0.5% nano-silica. The rate of
increase in compressive strength rises with the addition of nano-silica, especially affecting the
concrete during the first and third days of hardening. This suggests that the use of nano-additives can
produce fast-hardening concrete.

As several scientists (Nematollahi et al., 2017; Verian et al., 2020) have noted, the obtained
results regarding the increase in the solution's strength can be attributed to the nanostructure formed
by the addition of nano-silica particles. These particles, characterized by a large specific surface area
and high physicochemical activity, accelerate the hydration rate of cement. Consequently, the directed
formation of calcium silicate hydrates occurs, which structures the cement matrix and enhances its
strengthln addition, the positive effect of nano-silica in cement compositions is explained by the
pozzolanic reaction, as a result of which nano-silica binds free calcium hydroxide to form high-
strength, low-basic calcium hydroxysilicates.

SiO; + Ca(OH)2 + H20 = mCaOnSi02qH,0

The use of nano-silica additives leads to increased strength, along with additional possible
effects, such as improved sulfate resistance, frost resistance, and chloride migration resistance, etc.
Thus, the analysis of the effect of nano-silica revealed that when nano-silica was added, the
compressive strength increased by 1.4 times on the first day, by 74.8% on the third day, by 64.8% on
the seventh day, and by 42.8% on the 28th day. The addition of nano-silica allows for the production
of fast-hardening concrete with high strength.
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5 CONCLUSIONS

This study demonstrates that the incorporation of nano-silica ash in fine-grained concrete
significantly enhances its efficiency compared to micro-silica. By requiring 50 times less material to
achieve comparable improvements in compressive and flexural strength, nano-silica presents a highly
effective alternative. Additionally, its compatibility with standard technological regulations makes it
a practical choice for the production of ready-mix and precast concrete. Beyond strength
enhancement, nano-silica also contributes to increased sulfate resistance, improved frost durability,
and greater resistance to chloride ion migration. However, to maximize its effectiveness, it is crucial
to prevent particle agglomeration during production. This can be achieved by optimizing vacuum
sublimation processes or refining incorporation techniques in concrete mixtures. Future research
should focus on further improving the dispersion methods of nano-silica and evaluating its long-term
performance in various environmental conditions.
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Abstract. Additive manufacturing, also known as three-dimensional printing
(3D printing), has many advantages over traditional construction technologies,
including high construction efficiency, less construction waste, and significantly
reduced labor costs. Nowadays, additive technologies are becoming increasingly
popular in various fields, including the construction industry. One of the most
effective ways to regulate and ensure the required technological and construction
properties of concrete mixtures in concrete technology, including 3D printing, is by
using various modifying additives. The introduction of active mineral additives into
concrete mixes allows for reduced cement consumption, increased cement stone
density, improved water resistance, and decreased permeability. This article presents
the results of a study on the effect of mineral additives on the properties of cement
paste, shape stability, and physicomechanical characteristics of fine-grained
concrete in additive manufacturing technology, aiming to select the most effective
mineral components for the production of cement materials for 3D printing. The
optimization of the structure to form a dense and hermetic high-quality concrete
structure based on cement binders can be achieved by introducing finely dispersed
mineral additives of various compositions. The study examines the effect of mineral
additives on the normal density and setting time of Portland cement, the kinetics of
plastic strength gain in cement systems over time depending on the type and
concentration of additives and the type of Portland cement, the ultimate shear stress
of the concrete mixture, the formability of the mixture, the dimensional stability of the
layers, and the physicomechanical characteristics of the hardened composites.
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YCAK TYHIPIIIKTI BETOHHBIH KYPAMbBIH O3I'EPTY

APKbBIJIBI 3D BACBIII HIBIFAPY JAT'BI TUIMAIJIIKTI
APTTBIPY

I'.B. Annaéeprenosa’ ™~ JLB. Apyosa??, O.JI. Ceiitkazunos'?, K. Kopumxkuenxo®

Xanwikapansix 6inimM 6epy koprnopamuscel, 050043, Anmatsl, Kazakcran

2J1.H. T'ymuneB aTeiHaarsl Eypasusuisik yiTTeiK yHuBepenteti, 010008, Acrana, Kazakcran

SKpakoB TeXHOIOTUANBIK yHUBEepcuTeTi, 31-864, Kpaxos, [Tonbmia

Anparna. Yw enwemoi 6acwvin wwizapy (3D bacvin wwieapy) aooumuemi
oHOipic ~ 0acmypai  KYPbLIblC — MEXHONO2UANAPbIHA — KAPAAHOA — KONMe2eH
APMBIKWBLILIKMAP2A Ue, AHU KYPbLIbIC MUIMOLTIZT HCO&apbl, KYPbLIbIC KATOIKMAPbL
as oncone eHOeK WbleblHOapbl aumapivikmai memeHn 6Oonaovl. Kasipei yaxvimma
aooumuemi - MexXHONo2UANAp P MYpPIl Canaiapod, COoHvly [WiHOe KYpPblIblC
UHOycmpuscvlHOa manviman boaa 6acmaovl. bBemon mexnonozuscvinoa, coHviy
iwinoe 3D bacvin wwvleapyoa 6emoH KOCNANAPLIHLIY KAXCEMMmMi MexXHOI0SUIbIK

HCOHE KYPbllblC-NMEXHUKAIIbLK xacuemmepiﬁ pemmey MeH KAMmdamdacsvl3 emydlh;

muimoi adicmepiniy Oipi apmypiai MOOUPUKAYUATBIK KOCRALAPObl KOAOAHY OOJIbIN
maowviiaovl. bemon Kocnanapwvina 6encenoi Munepaniovbl KOCNALApObl eHei3y YeMeHnm
WDIRLIHLIH - YHeMOoey2e, UYeMeHm MAcCbiHblY Mbl2bI30bI2bIH, CYed  MO3IMOLNICIH
apmmuipy2a JHcane omizeiuimicin momenoemyee MymKinoik bepedi. byn maxanaoa
3D bacvin wwizapy mexHonr02UACLIHOA YeMeHm Mamepuaioapbii oHOIpy2e apHani2aH
ey Mmuimoi MUHepanovl KOMHOHEHmMmepoi Mmanoay MakcamvlHod MUHEPALObl
KOCnanapowuly yemeHm KOCNACbIHbIY Kacuemmepine, niulinee meo3imoilicine dcoHe
aooumuemi 6HOIPic MEeXHOLOUACHIHOAEbL Y CaK MYUIpuiKmi OemouHblY GUUKATbIK-

MEXAHUKAIbIK CURAMMAMALAPbIHA 2CEePIH  3epmmey Homudicenepi KeamipiiceH.
Llemenm 6atinanbiCMulpeblUmMapbiHOa HCOAPLL Canaibl OEMOHHbIY MblEbl3 IHCIHE
2epPMeMUKAIbLIK, KYPbIIbLMbIH KAIINMACMbIPY YULIH KYPbLILIMObI OHMALIAHObIPY 2D

mypiai Kypamoagwl ycax Oucnepcmi MUHepaniovl KOCRAaiapovl eHei3y apKblibl JCy3e2e
acvipoliybt mymin. Conoaui-aK, MuHepaiovl KOCNAaiapovly NOpmiaHOyeMeHmmiy
Kanvlnmsl mulabl30blebl MeH Kamaio YakblmblHA acepi, KOCnaiapobly mypi MeH
KOHYEHMPAYUsACLIHA  JCOHE NOPMIAHOYeMeHm mypine OaulaHblcmvl  YaKblm
OolbIHWA  YyeMenm  JiCYUeNepiniy  NAACMUKAIbK — Oepikmici  JHCUbIHMbIZbIHbIY
KUHemuKacwl, 6emon KOCNACbIHblY WEKMI bl2blCY KePHEYI, KOCNAHbIH KAIbINMbLIbIEYI,
Kabammapowly niwinee mo3iMOinicl, Kamaumolizan KOMNosummepoiy @u3uxa-

MEXAHUKANBIK cunammamaapbsl 3epmmeﬂdi.

Tyiiin ce3nep: 3D Oacvin wwizapy, nopmaanoyemenm, ycax myuipuixmi
OemoH, MuHepanovbl KoCnanap, MoOUDUKAYUsLILIK KOCNAap.
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HAVUYHAS CTATBSA

IMNOBBINEHUE DO@PEKTUBHOCTHU B 3D IEYATHU ITYTEM
MOIJUDOUKALINU COCTABA MEJIKO3EPHUCTOI'O
BETOHA

I'.B. Anna6eprenosal 2, JLB. Apyosa??, O./. Ceiitkasunos’, K. Kopuukuenko®

Mexnynapoanas o6pasoBaTensHas kopnopanus, 050043, Anmatel, Kazaxcran
2 EBpasuifcKkuii HaMoHANbHEIH yHuBepcuTeT umenw J1. H. I'ymunena, 010008, Acrana, Kazaxcran
3 KpakoBCKuii TeXHONIOTHYeCKuii yauBepcuteT, 31-864, Kpakos, [Tonbima

AHHOTaNUsA. 400umuHoe nPouU3B00CME0, MAKICe U3BECMHOe KAK MpexmMepHas
neuams (3D neuamyw), umeem MHOI*CECMBO NpeUMYUWECME neped MmpaouyuOHHbLMU
CMPOUMENbHLIMU — MEXHONIO2UAMY, — BKIIOYAs  BbICOKYIO  Idexmuenocno
cmpoumensbCmed, Menvliee KOaIuuecmeo CmpoumebHulX 0mxo008 U 3Ha4umenbHoe
cokpaweHue mpyoosampam. B nacmoswee epems adoumuenvie mMexHOI02UU
cmanosamcs 6ce Oonee NONYIAPHLIMU 8 PA3TUYHBIX 00IACMAX, 8 MOM YUCle U 8
cmpoumenvuou ompaciu. OQOHum u3z 3¢hghekmusnvix cnoco6o8 pe2yruposaHus u
obecneuenus, mpedyemvlX MEXHONOSUYECKUX U  CMPOUMeNbHO-MeXHUYeCKUx
ceoticme OemoHHbIX cmecell 8 MmexHono2uu 6emonos, 8 mom yucie npu 3D-nevamu,
A6NAEMCL  NPUMEHEHUEe  PA3IUYHbLIX  Moouuyupyrouux 0oobasox. Beedenue
AKMUBHBIX MUHEPANbHBLIX 000aB80K 6 Ccocmas OemoHHbIX cMecell NOo360Jsem
9KOHOMUMb  pACX00 YeMeHma, NOo8blUamsb NIOMHOCMb YEMEHMHO20 KAMHS,
8000CMOUKOCMb, CHUNCAMb NpOHUYAemMocms. B smou cmamve npedcmagnensi
pe3yibmamsl  UCCIe008AHUSL  GIUAHUSL MUHEPANTbHLIX 000A80K HA C8OUCM8a
yemMeHmHo20 — mecma, dopmoycmotiyvueocmv U QuzuKo-mMexaHuveckue
Xapakmepucmuky  MelKO3epHUCmo20 6emoHa 68 MexHONo2UU AOOUMUBHO20
npou3soocmea, ¢ yeivio 6vlbopa Haubonee dphhekmusnoco MuHepabHble
KOMHOHEHMbl Ol U320MOBNEeHUS YeMeHMHbIX Mmamepuanog o0 3D-neuamu.
Onmumuszayusi cmpykmypsl ¢ yeuvio QopmMuposanusi NIOMHOU U 2epMemudHou
CMPYKMYPbl  8bICOKOKAYECMBEHHO20 OEMOHA HA YEMEHMHBIX BANCYUWUX MOHCem
ObLIMb ocyujecmeaneHa nymem 88e0eHUs MeIKOOUCNEPCHbIX MUHepalbHble 000asKU
pasiuyHo2o cocmasa. A maroice UCCie008aHO GIUSHUE MUHEPATbHBIX 000A80K HA
HOPMANbHYIO 2YCMOMY U CPOKU CXBAMBIBAHUS NOPMAAHOYEMEHmMA, KUHEeMUK)y
Habopa niacmuyeckol NPOYHOCMU YeMEHMHBIX CUCTEM 80 8DeMEHU 8 3a8UCUMOCTIU
om euda u KOHyewmpayuu 000A6OK U 6Udd NOPMIAHOYEeMEHMA, NnpeoeibHoe
HanpsiceHue coguea bemoHHOU cmecu, hopmyemocms cmecu, hopmoyCmouyuU8oCms
cloes, uzuKo-mexanuiecKkue XapakmepucmuKy 3ameepoesuiux KOMno3umos.

Kurouesble cioBa: 3D neuamu, nopmianoyemenm, MeaKo3epHUCMbLIL OemoH,
MUHepaibHvle 000asKU, MOOUPDUKAYUOHHbIE 00DABKU.
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1 INTRODUCTION

3D printing technology is currently one of the most advanced technologies that help increase
the efficiency of construction and save all types of resources.

3D printing is an additive construction technology that allows for the creation of a complete
building structure of any complexity using a digital model and a 3D printer that uses various materials
in a short time (Lesovik, 2021).

The main problem with the widespread adoption of such technologies is the lack of integrated
solutions for designing printable walls that meet structural and thermal requirements, as well as the
lack of available materials that enable the production of mixtures for building printing that are
optimized for the features of a 3D printer. At the same time, an important condition for the economic
attractiveness of 3D technologies is the minimization of initial costs, as well as the availability of the
raw material base, which is currently a key driver of innovation.

To date, mixtures based on Portland cement have received significant scientific study and
practical application in the field of building printing. There are well-known studies aimed at finding
ways to increase their effectiveness through the use of chemical and mineral additive complexes (Lin
et al., 2017), modification of the cement binder base (Slavcheva et al., 2021), and the use of special
technological techniques for their production (Reiter et al., 2018). At the same time, cement types
themselves are characterized by high energy consumption during production, and concrete based on
them often has suboptimal rheological properties for building printing and a tendency toward
increased early strength.

Despite the attractiveness of the new technological solution for the construction of building
structures and judging by existing international experience in implementing this process, there are
many problems that must be addressed before the potential of 3D printing in construction can be fully
realized. Fine-grained concrete based on cement binders, being the most common and affordable
construction material, forms the basis for the adoption of 3D printing technology in construction
(Duballet et al., 2019), both in Kazakhstan and in other countries.

A wealth of theoretical and practical experience, as well as expert knowledge, has been
accumulated worldwide in the field of fine-grained concrete. This knowledge can be used to formulate
requirements for cement-based 3D printing materials and to optimize and standardize their
formulations to improve quality. One of the key characteristics of high-quality and high-strength
concretes, unlike traditional ones, is the presence of a highly dispersed mineral additive in the
composition. This additive modifies the structure of the mixture, regulating its mobility and affecting
the density and strength of the composite (Verian et al., 2020).

This can be achieved using mineral additives of natural or artificial origin. The use of these
additives, also known as supplementary binders, not only reduces environmental damage but also
lowers the cost of concrete and improves some of its properties (Chernysheva, 2019).

This article presents the results of experimental studies on modifying the basic composition of
fine-grained concrete used in 3D printing to enhance the efficiency of additive manufacturing in
construction by improving its formability, shape stability, and physical-mechanical properties.

2 LITERATURE REVIEW

One of the most effective ways to regulate and ensure the required technological and
construction properties of concrete mixtures in concrete technology, including 3D printing, is the use
of various modifying additives. The introduction of active mineral additives into concrete mixes
allows for reduced cement consumption, increased density of cement stone, improved water
resistance, and decreased permeability.

An analysis of classifications of mineral additives in cements, concretes, and mortars according
to regulatory sources indicates the absence of their differentiation based on their influence on the
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rheological properties of mixtures. This is an important factor for the effective use of mineral
additives in 3D printing technology.

A review of the literature allows us to consider composition and rheological properties of
molding mixtures based on composite gypsum binder (Chernysheva, 2021) which, to a certain extent,
takes into account their influence on rheological properties.

Considering the experience of using groups of additives, it should be noted that finely ground
lime flour (with a particle size of 2.9 microns) is used as a rheologically active additive when ground
together with cement and a 1% plasticizing additive. The authors obtained a concrete mix with a
mobility of 12.5 cm, which does not meet the requirements for the use of such mixtures in 3D printing.
Additionally, the strength characteristics of concrete slightly decreased in the samples obtained by
the authors.

Regarding reactive additives, it is important to highlight the effectiveness of silica in increasing
the strength of fine-grained concrete-based products (Chen, 2020). Its introduction in an amount of
12% increases compressive strength by 55% and bending strength by 14%, due to the binding of free
calcium hydroxide into low-base calcium hydrosilicates, which have high durability. It is also known
that clay calcined at a specific temperature and ground to 250-800 m?/kg can be used as a reactive
additive (Shinkevich, 2019), allowing for an increase in the average density and softening coefficient
of cement stone.

Several studies indicate the effectiveness of using various mineral additives in cement systems
for 3D printing technology, including metakaolin (Chen, 2020), clay in the form of bentonite
(Mendoza Reales, 2019), diatomite, microcrystalline silicon (Han, 2021), and others. Additionally,
kaolin and wollastonite are used to regulate the plastic properties of molded masses (Zareei, 2019).

However, when developing concrete mixes for 3D printing, particular attention should be paid
to rheological properties, which directly affect geometric changes caused by the spreading of
underlying layers. This factor largely determines the quality of the molded product.

Currently, no standardized criterion exists for assessing the effectiveness of 3D printing that
accounts for geometric changes in construction products due to the spreading of underlying layers,
depending on the presence of modifying additives, particularly mineral additives.

Numerous studies have examined the effects of mineral additives on the structure and properties
of composites based on cements of various mineralogical compositions in combination with different
chemical additives (Ibragimov, 2023). Several authors have proposed classifications of mineral
additives based on various criteria, which is highly useful for their application and effectiveness
analysis. However, the impact of different types of mineral additives on the formation of structure
and properties of 3D-printed concrete, as well as on achieving optimal rheological properties of
concrete mixtures and physicomechanical properties of the hardened composite, remains
insufficiently studied. This underscores the necessity for further experimental research in this field.

3. MATERIALS AND METHODS

The effects of mineral additives with different mineralogical compositions and hydraulic
activities on the normal density, setting time, kinetics of cement dough strength gain, ultimate shear
stress of fine-grained concrete mixtures at the boundary of gravitational spreading, and the
physicomechanical characteristics of fine-grained concrete printed using a 3D printer were
investigated.

Table 1 presents the results of determining the hydraulic activity of mineral additives.

Table 1

Activity of the studied mineral additives [author's materials]

Ne Name of mineral additives Activity, mg/g Content Si0,,% Content ALOs, %
1 2 3 4 5

1 Diatomite 1653,8 93,00 4,60

2 Microsilica 1617,3 92,40 0,60

3 Biosilicon 1500,6 88,20 5,10

4 Metakaolin 13438 49,36 32,25
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According to Table 1, diatomite, microsilicon, biosilicon, and metakaolin exhibit the highest
hydraulic activity (in descending order).

The results of studies on changes in the normal density and setting time of Portland cement
CEM 1 42.5N, depending on the amount of additives with various mineral compositions, are presented
in Table 2.

Table 2

The effect of mineral additives on the normal density and setting time of Portland cement CEM 1 42.5N

Name of mineral additives The content of mineral _ _Setting time Normal density, %

additives, % beginning end
1 2 3 4 5

- - 3 h 30 min 4h 48 min 32,39
20 3h 36 min 5h 09 min 42,08

Diatomite 30 3h43 m!n 4h 55 min 48,05
40 4 h 08 min 5h 14 min 55,11
50 4 h 23 min 5h 58 min 58,33
20 3 h 45 min 4h 43 min 33,36

Microsilica 30 4h34 m!n 5h45 m?n 36,73
40 5h 00 min 5h 53 min 39,56
50 5h 03 min 5h 55 min 39,77
20 2h 39 min 4h 12 min 38,19

Biosilicon 30 4h07 m!n 4h 57 m?n 42,08
40 4 h 00 min 5h 15 min 47,35
50 3h 41 min 5h 11 min 52,66
20 3 h 06 min 4 h 30 min 37,46

Metakaolin 30 3h38 m!n 5h02 min 43,08
40 3 h 57 min 5h 22 min 48,24
50 3 h 43 min 5h 30 min 51,77
20 4h 12 min 5h 15 min 38,93

Kaolin 30 4h22 m!n 5h16 min 42,39
40 4 h 38 min 6 h 05 min 45,16
50 4 h 39 min 6 h 06 min 48,65
20 3 h 34 min 4h 31 min 35,29

Wollastonite 30 3h43 m!n 4h45 m!n 37,45
40 4h 18 min 5h 21 min 40,53
50 3 h 50 min 5h 04 min 42,24

As seen in Table 2, all the studied mineral additives lead to an increase in the normal binder
density by 3.2-85.4% compared to the additive-free composition. The smallest increase in normal
binder density is observed when using a microsilicon additive (3.2-24.9%, depending on its content),
while the largest increase is recorded with the addition of diatomite (32.3-85.4% compared to the
additive-free composition). The use of silica at a 10% concentration by weight of Portland cement
reduces the setting time by 5 minutes compared to the additive-free composition. The introduction of
10% biosilicon reduces the initial and final setting times by 51 minutes and 36 minutes, respectively.
Similarly, 10% metakaolin reduces these times by 36 minutes and 18 minutes. Wollastonite, when
added at 10-20% by weight of Portland cement, decreases the setting time by 4-17 minutes compared
to the additive-free composition.

Conversely, the remaining additives in the studied concentrations lead to an increase in the
setting time compared to the additive-free composition: initial setting time increases by 6-67 minutes,
final setting time increases by 71-79 minutes.

To assess the effect of mineral additives on the rheological properties of fine-grained concrete
mixtures, experimental studies were conducted on the maximum shear stress of concrete mixtures
containing the studied mineral additives, based on Portland cement CEM | 42.5N and sand with a
grain Finenes modulus FM 2.3 and FM 2.4.
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According to the results of trial 3D printing of fine-grained concrete with different mobility
levels, it was found that concrete mixtures with mineral additives but without Portland cement of
mobility grade Dc 2 exhibited defect formation, such as tears, due to changes in rheological properties
affecting extrusion. In this regard, a concrete mix with mobility grade Dc 3 (corresponding to a cone
immersion depth of 8.9 cm) was selected for further research. Mineral additives were introduced as
a partial replacement for quartz sand. The research results are presented in Tables 3 and 4.

Table 3
Effect of Mineral Additives on the Ultimate Shear Stress of Concrete Mixtures with Portland Cement CEM | 42.5N and
Sand with a Grain Size Modulus of FM 2.4

Type of mineral The content of mineral The density of the concrete Maximum
additives additives, % mix, kg/m® shear stress, Pa
1 2 3 4
- - 2227 81
20 2186 57
. . 30 2115 55
Diatomite 20 2056 8
50 1968 51
20 2203 45
Microsilica 30 2150 43
40 2074 47
50 1991 44
20 2174 71
Biosilicon 30 2133 56
40 2080 69
50 2050 61
20 2197 63
. 30 2180 56
Wollastonite 20 2177 20
50 2174 68
Table 4

The effect of mineral additives on the ultimate shear stress of concrete mixtures in Portland cement CEM | 42.5N and
sand with a grain size modulus FM 2.3

Type of mineral The content of mineral The density of the concrete Maximum shear stress. Pa
additives additives, % mix, kg/m?3 '
1 2 3 4
- - 2191 99
20 2174 78
Kaolin 30 2127 75
40 2086 74
50 2066 73
20 2133 94
. 30 2139 69
Metakaolin 0 2121 57
50 2101 64

As shown in Table 3,4 all the studied mineral additives reduce the limiting shear stress by 6.7—
49.3% to varying degrees compared with the additive-free composition. This reduction is caused by
an increase in the water demand of the modified formulations (Table 2) to achieve the required
mobility. As a result, the density of the mixture decreases, and its ability to spread increases. However,
the obtained data do not fully allow for assessing changes in the viscoplastic properties of fine-grained
concrete mixtures due to the limitations of this methodology (which considers only the boundary of
gravitational spreading). This approach does not account for the shear stress values of the system
while considering the viscosity of the mixture at different shear rates.
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Therefore, further studies on the shape stability of the mixture were conducted during layer-by-
layer extrusion, as the values of limiting shear stress and shear rate are closer to the actual conditions
in 3D printing technology.

At the next stage, the influence of the type and content of mineral additives (MD) on the shape
stability of the mixture was studied. The assessment was based on the maximum number of layers of
the concrete mixture printed without technological interruption under the following conditions:
Portland cement CEM | 42.5N; Sand with a grain size modulus FM 2.3 and FM 2.4; Mobility grade
Dc 3 (corresponding to a cone immersion depth of 8.9 cm). The research results are shown in Figures
1-6.

During the 3D printing process, it was observed that fine-grained concrete mixes with mineral
additives exhibited better formability during layer-by-layer extrusion compared to both: the base
unmodified composition; compositions containing plasticizing additives. This improvement was
reflected in the uniformity of the extruded mixture and a reduced number of defects during molding.

As seen in Figures 1-6, the introduction of the studied mineral additives significantly affects
the shape stability of the fine-grained concrete mixture. Despite the decrease in the maximum shear
stress at the boundary of gravitational spreading, the maximum number of printed layers without
technological interruption increases.

O L N Wb Ul OO N 0O
w
w
w

-1 - 20% 30% 40% 50% - 20% 30% 40% 50%

Diatomite content Microsilicon content

=@ Number of printed layers, pcs Number of printed layers, pcs
Figure 1 — The effect of the diatomite content on the
shape stability of a fine-grained concrete mixture
based on cement CEM | 42.5N and sand with FM 2.4

Figure 2 — The effect of the silica content on the shape
stability of a fine-grained concrete mixture based on
cement CEM | 42.5N and sand with FM 2.4

9 8 9

8 7 8

7 6 7 6 6

6 5 6 5 5 5
5 5

4 4

3 3

2 2

1 1

0 0

20% 30% 40% 50% - 20% 30% 40% 50%

s The content of biosilicon m \\/ollastonite content

=@=—Number of printed layers, pcs

Figure 3 — The effect of the biosilicon content on the
shape stability of a fine-grained concrete mixture
based on Portland cement CEM | 42.5N and sand
with FM 2.4

Number of printed layers, pcs

Figure 4— The effect of the wollastonite content on
the shape stability of a fine-grained concrete
mixture based on cement CEM | 42.5N and sand
with FM 2.4
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Figure 5 — Effect of kaolin content on the shape Figure 6 — The effect of the metacaolin content on
stability of fine-grained concrete mix on Portland the shape stability of a fine-grained concrete mixture
cement CEM | 42.5N and sands with FM 2.3 based on cement CEM 1 42.5N and sand with FM 2.3

b A0y T

B -

Figure 7 — Photofixation of the fracture pra:ess (Idss of shape stability with displacement of the printed layers) of a
sample printed on a 3D printer

Finally, the studied mineral additives led to an increase in water absorption (except for the
following cases): Microsilicon; Biosilicon (at 10% by weight of Portland cement); Metakaolin (at
30-40% by weight of Portland cement). For all other additives, water absorption increased by 6.0—
96.4% compared with the control composition.

4. RESULTS AND DISCUSSION

The most notable improvement in shape stability—by 40% and 60% (i.e., 2 and 3 additional
layers)—was observed for mixtures containing: 20% biosilicon: 10-20% diatomite. For all studied
mineral additives, the highest number of printed layers without interruption was observed at an
optimal additive content of 10-20%. This phenomenon is attributed to the interparticle forces within
the mixture. With the introduction of mineral additives (particle sizes 0.5-3 um) at 10-20% by weight
of Portland cement, the dominance of flocculation and colloidal interactions increases. This leads to:
greater cohesion of the mixture; Better formability; Higher shape stability.

However, when the mineral additive content exceeds 20%, the water demand increases due to
the high specific surface area of the solid particles required to maintain the given mobility. This results
in: decreased mixture density (Table 3,4); increased thickness of the solvate shell of colloidal
particles; reduced flocculation (i.e., less attraction between positively and negatively charged
particles, forming fewer floccules); increased free water in the system. Consequently, the excessive
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increase in sliding between solid particles due to repulsive forces reduces the dimensional stability of
the mixture.

It is important to note that failure in freshly formed samples with mineral additives was
characterized by incomplete overturning—similar to compositions containing plasticizing additives.
Upon reaching a critical force, loss of mold stability was observed, leading to displacement of printed
layers (Figure 7).

When determining the shape stability of the mixture, the maximum number of printed layers
was compared to the total height of these layers without technological interruption. It was found that
different total heights could correspond to the same number of printed layers (Figures 1-6). Therefore,
this phenomenon should be considered when assessing the shape stability of a concrete mix.

5 CONCLUSIONS

The conducted studies have shown that the examined mineral additives generally have a
positive effect on the formability of the extruded mixture. They improve cohesion and uniformity
while reducing the occurrence of tears and other defects during 3D printing. Special attention should
be paid to the ability of mineral additives to enhance the shape stability of printed layers, which is
crucial for 3D printing technology. In this regard, the most effective types and contents of mineral
additives were determined not only from the standpoint of ensuring high physico-mechanical
properties of concrete but also in terms of enhancing the form stability of the mixture with a given
mobility, considering the technological parameters and features of the 3D printer. Among the studied
mineral additives, biosilicon and diatomite were found to be the most effective in improving the form
stability of the mixture. At the same time, any reduction in the physico-mechanical properties of fine-
grained concretes containing mineral additives in 3D-printed structures can be compensated by using
Portland cement and complex additive formulations.

The analysis of the influence patterns of the studied mineral additives on the properties of
cement dough and fine-grained concrete in additive manufacturing technology allowed us to
determine the following:

1. All studied mineral additives lead to an increase in the normal density of cement dough by
3.2-85.4% compared to the additive-free composition, with the largest increase observed for
diatomite. The setting time of cement dough containing mineral additives in amounts of 10—
40% by weight of Portland cement generally increases (by 6-67 minutes for the initial setting
and 71-79 minutes for the final setting).

2. Ensuring equal mobility (Dc 3) results in a reduction of the limiting shear stress by 6.7-49.3%
compared to the additive-free composition. However, within the 10-20% range of mineral
additive content, an increase in mixture cohesiveness, improved formability, and enhanced
shape stability (up to 82.3%) during 3D printing is observed. This is likely due to the
intensification of flocculation and the colloidal nature of interactions between solid particles
in the system.

3. Mixtures modified with biosilicon (20%) and diatomite (10-20%) are the most effective in
enhancing shape stability, achieving increases of 40% and 60%, respectively.

4. For further research, metakaolin, kaolin, and biosilicon will be studied at a concentration of
10% by weight of Portland cement.
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Abstract. The article considers the issues of ensuring the safety of operation of
engineering structures in seismically hazardous regions, using the example of the
transport interchange of Abay Avenue and Sain Street in Almaty, Republic of
Kazakhstan. Almaty is located in a zone of increased seismic activity, and a metro line
runs along Abay Avenue, which complicates the engineering and geological situation.
In such cases, the creation of an effective system for monitoring the condition of
structures is of particular importance. An integrated approach is proposed, including
an engineering and geological study of the rock massif, satellite GPS technologies, an
electronic tacheometer, laser scanning of the earth and an assessment of the accuracy
of geodetic measurements. A methodology for constructing a reference geodetic
network for monitoring bridges and buildings has been developed. The expediency of
using satellite positioning, tacheometry and scanning when monitoring deformations
and settlements of structures is substantiated. To install high-precision electronic and
laser devices for geomonitoring the earth's surface, the authors have developed a
permanent point that ensures speed and accuracy of centering, eliminating the use of
tripods. Based on the conducted research, the authors propose methods for determining
the settlements and displacements of structures. The results of the research were
implemented in the implementation of a scientific project, and also used in the
educational process. The practical value of the work lies in the possibility of using the
obtained results to improve the level of safety at similar facilities and reduce the risks
associated with natural and man-made factors.

Keywords: bridge, deformations, monitoring, geodetic reference networks,
satellite positioning, geodetic observations, technical condition assessment.
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Anparna. Makanadoa — ceucmukanvl — Kayinmi — eHipaepoe — UHICeHepiK
KYpblivlcmapobl naidalany Kayincizoicin kammamacwis emy macenenepi, Kazaxcman
Pecnybnuxacol, Anmamer Kanacvinoazoel Adati oanevinwl men Caur KOWECIHIY KOJIK
aupviebl MbICALIHOA KAPACMbIPLIIZAH. AMambsl Kanacvl CelcMukanvlk bencenoiniel
JHrco2apul auMakma opHaiackam, an Abati oaneviivinbly OolibiHOa Memponoaumen
Cbl3bl2bl Omedi, OY UHIHCEHePIIK-2e0N02USIbIK HcA20aUobl KublHOamaowvl. Mynoaii
AHCAROAUNAPOA KYPbLIbICMAPObIY HCAU-KYUIH OaKblIayObly mMuimMoi JHCyuecin Kypy
epexkuie mamnvizea ue. Tay dHCbIHbICMAPBIHBLIY MACCUBIH UHIHCEHEPIIK-2e0102UNbIK
sepmmey, cnymuuxmix GPS mexunonocusinapol, 31eKmpoHObl maxeomemp, icepoi
JIA3epiK CKaHepiey HeaHe 2e00e3UsLIblK oueynepoiy 0210i2iH 6aeanayobl KAmMmumaolH
KeueHOi macin YcviHuliovl. Konipnep men umapammapovl OaKuliay YuwiiH mipex
2€00€3UANbIK  Jicenini  Kypy — adicmemeci  dicacanovl.  Kypulivicmapowviy
Ooehopmayusnapvl  MeH IHCAYBIH-UWAWUBIHOAPLIH  OAKbLIAY Ke3IHOe CHYMHUKMIK
no3uyuUsIayovl, maxeomempusinol dwcone Crauepineyoi KOAOAHYOblH OpPbIHObLIbIZbL
Heciz0eneen. JKep bemin eeomonumopune Kezinoe Hco2apvl 0210iKmezi 31eKmpoHObL
JicoHe nazepiik Acnanmapovl opHamy YwiH aemopiap wmamuemepoi Koai0aHyobl
0010bIpMati, OPMAILIKMAHOBLIPYObIH AHCHLIOAMObLRbL MEH 02N10I2IH KAMMAMACHL3 emyee
MYMKIHOIK Oepemin mMYpakmvl NYHKmM 23ipiedi. 3epmmey Heci3iHOe asmopiap
KYPblIbIMOapObll WOSIHOLIEPT MEeHMewbiCyIapblH AHbIKMAY 20iCmepiH YCbIHAObL.
3epmmey Homudicenepi evibiMu AHCOOAHB OPLIHOAY Ke3iHOe eHei3iN0i, COHbLMEH Kamap
0Ky npoyecinoe KoN0auvliobl. Kymvicmely npakmuxanvlk KYHObLIbIRbL YKCAC
obvekminepoezi Kayincizoix —OeweeliiH apmmvlpy OJiCoHe MAaOUSU-MEXHO2EHOIK
Gaxmopnapmen baiinanvicmvl mayekenoepoi azaumy YuliH aiblHAH Hamudicenepoi
KOJLOGHY MYMKIHOI2I 606N maodwliaobl.

Tyilin ce3nep: kenip, OJegopmayusnap, MOHUMOPUHZ, 2€00e3ULIbIK MipeK
Jceninep, CNYmMHUKMIK — NO3UYUALAY, 2e00e3UsiblK  Oaxbliayiap, MmMexXHUKAIbIK
Jrcagoaliovl bazanay.
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AHHOTAUMA. B cmamve paccmompenvl 60onpocel obecneuenus: 6e30nacHoCmu
IKCHIYAMAYUU UHHCEHEPHBIX COOPYHCEHUL 8 CeLICMOONACHbIX PEe2UOHAX, HA npumepe
mpancnopmuou pazesasku npocnekma Abas u yruywvt Caumna 6 2opoode Aimamei,
Pecnyonuxka Kazaxcman. [opoo Aimamwvl pacnonodicen 6 30He HOBbLULEHHOU
celicMU4eckou aKmueHOCmu, a 6001b npocnekma Abas npoxooum JuUHUSA
MempOnOIUMEHA, YMO VCIOHCHAC UHHCEHEPHO-2e0N02UYeCKYI0 cumyayuio. B makux
cyuasx ocoboe snaueHue umeem co3oanue 3QHekmusHoll cucmemvl KOHMpPOJs 3d
cocmosiHuem coopyodicenuti. IIpeonodcen KOMNIAEKCHbIL NOO0X00, BKIOUAIOWUL
UHOICEHEPHO-2e0]102UYeCKoe U3YUeHUe MACCUBA 20pHbIX nopood, cnymHuukogvle GPS-
MEexXHON02UU, IJIeKMPOHHBIN maxeomemp, ld3epHoe CKAHUpOBaHue 3eMiu U OYEHKY
moyHocmu  2eodes3uyeckux usmepenui. Paspabomana memoouxa nocmpoenus
ONOPHOU  2eo0e3uteckoll cemu Ol HAONIOOEHUs 3 MOCMAMU U  30AHUSIMU.
ObocHosana yenecoobpasHocmov NPUMEHEHUsi CHYMHUKOB020 NO3UYUOHUPOBAHUS,
maxeomMempuu U CKAHUPOBAHUA NpU HAOJO0eHuu Oedopmayuii. U 0CAOKo8
coopyscenuu. J[1a YCMAHOBKU 6blCOKOMOYHbIX JJIeKMPOHHBIX U JIA3EPHbIX
npubopos npu - 2eOMOHUMOPUHeEe  3eMHOU  NOBEPXHOCMU,  ABMOPAMU,
paspaboman NOCMOSHHBIU NYHKM, NO380AAIOWULL obecneuumsb Oblcmpomy u
MOYHOCMb  YEHMPUPOBAHUS, UCKIIOYUE NpuMeHenus wmamueos. Ha ocHnoge
NPOBEOEHHO20 UCCNIe00B8AHUS ABMOPAMU NPEONaAcarOmcs Memoobl ONpeoeeHus
0Cao0oK u cmeweHutl coopyoiceHutl. Pezynbmamui uccredosanuu emedpenvl npu
8bLINOIHEHUU HAYYHO20 NPOEKmAd, a MAakKdice UCNONIb3068aAHbl 8 YYeOHOM npoyecce.
Ilpakmuueckas yeHHoCmMb pabomvl 3aKIIOYAEMCA 8 B0O3MONICHOCMU NPUMEHEHUs.
NOJIYYEeHHbIX pe3yIbmamosd OJis NOGbIULEHUs YPOBHS DE30NACHOCIU HA AHATOSUYHBIX
00bEeKMax U CHUINCEHUS. PUCKOB, CEA3AHHBIX C NPUPOOHO-MEXHOLEHHLIMU (haKmopamu.

KuroueBble cioBa: mocm, depopmayuu, MOHUMOPUH2, ONOPHBIE 2e00e3uUyecKue
cemu, CHYMHUKOBOE NO3UYUOHUPOBAHUe, 2eooe3udecKue HAON00eHUs, OyeHKd
MEeXHUYecKo20 COCMOSHUSL.
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1 INTRODUCTION

In recent years, many transport interchanges have been built in the city of Almaty, one of them
is the intersection of Abay Avenue and Saina Street.Almaty is located in specific engineering and
geological conditions and is in the zone of influence of the strongest earthquakes of the Northern Tien
Shan. In addition, from east to west along Abay Avenue, a subway is being built. The peculiarity of
the construction of the subway in the city of Almaty is that it has a number of complex geotechnical
factors, which are:

1. Seismic activity in the city is very high and reaches 9-10 points on the MSK-64 scale.

2. The relief is sloping, as it is located in the area of an intermountain depression.

3. The presence of tectonic faults.

4. The depths of station tunnels and transfer stations vary; there are shallow areas from 11 meters
and deep components of 60 meters.

Despite such difficult conditions, andintensive development of the city of Almaty,expressed in
changes in its layout, the emergence of new large engineering structures, such as transport interchanges
and long bridges within the city limits, the expansion of boundaries affects the size and load of
geological faults. In these conditions, the problem of forecasting the technical condition of buildings
under construction and in operation becomes acute. Its solution is provided by geodetic monitoring.
The object of the study is the transport interchange at the intersection of Abay Avenue and Saina Street
(Figure 1).

N
A
Na,

<
DS

] “’
Figure 1 — Transport interchange along Abay Avenue — Saina Street.

Geological structure.In geomorphological terms, the site under survey is located within the
foothill sloping plain extending north from the foothills of the Zailiyskiy Alatau. Alluvial-proluvial
Upper Quaternary deposits participate in the geological and lithological structure of the site. In
lithological terms, they are represented by pebble soils overlain by loess-like loams, rarely by sandy
loams. For detailing the geological and lithological section, 51 test boreholes, 10.0-18.0 m deep each,
were drilled on the site. A total of 806.0 running meters were drilled, including 49.0 m by test boreholes
(on bulk soils). Below, pebble soils with sand filler up to 20-30%, low-moisture, with inclusion of
boulders up to 25-30%, are exposed (in wells NN1; 4; 5; 7; 8; 11; 12 to a depth of 6.0-6.7 m pebble
soils with loamy filler). The exposed thickness of pebble soils is 4.9-14.2 m. (Nusipov E. et al., 2001),
(Medeu A. et al., 2018).

Engineering and seismic conditions of the construction site. The site of the transport interchange
is located in the zone of possible manifestation of the Almaty tectonic fault, which is confirmed by the
results of the archive materials of the Kazakh Geotechnical Research Institute (KazGII).
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On Figure 2 the map of earthquake epicenters for 2005-06.2020 and the tectonics of the Almaty
region in a 60x70 km contour on a topographic map are presented. In addition to the epicenters of
modern earthquakes, the map shows the epicenters of strong earthquakes from historical times with a
magnitude of 5.5 or more, as well as active faults (Nurpeisova M. et al., 2021).
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Tectonic faults in bedrock and overlain by loose sediments (dotted line): 1 — main faults; 2 — main faults; 3 —
secondary faults; Epicenters of earthquakes with magnitude Mpv: 4 — from 4 to 4.7; 5 — from 3 to 4, 6 — from 2 to 3,
7 —up to 2; 8 — Epicenters of strong earthquakes since historical times with magnitude 5.5 and more; 9 — Epicenters
of perceptible earthquakes after 2005 with records of strong movements, 10 — contour of Almaty city in 2015.

Figure 2 — Modern seismicity (2005-2020) and tectonics of the Almaty region in a 60x70 km contour on the relief map.

In accordance with this position, the goal was set, the idea was substantiated, and the research
objectives were formulated.

2 LITERATURE REVIEW

Ensuring the safety of engineering structures located in seismically active zones requires the use
of modern geomonitoring technologies capable of tracking spatial displacements and deformations of
structures with high accuracy. One of the most common methods is satellite positioning using GNSS
systems. (Zhang et al., 2023) discusses the possibilities of GNSS monitoring to control deformations
of structures, especially in a complex geodynamic environment. The authors emphasize the
effectiveness of RTK and static survey modes for measuring displacements within sub-centimeter
accuracy, which is especially important when monitoring objects in dense urban areas and increased
seismic activity (Wu et al., 2021). An integrated approach combining GNSS and traditional geodetic
methods is actively used in modern monitoring systems. Thus, (Fan et al., 2024) emphasize the need
to use total station observations in combination with leveling to obtain objective data on vertical and
horizontal displacements of structures. This is especially important when monitoring transport
infrastructure facilities, where there is a high probability of uneven precipitation and deformations.
The use of ground-based laser scanning (TLS) is of great importance in modern research, which makes
it possible to obtain detailed point clouds and detect deformations with millimeter accuracy. (Singh et
al., 2023) demonstrate the effectiveness of TLS in monitoring retaining walls and other engineering
structures, where geometric accuracy and 3D visualization are key to assessing technical condition.
Additional studies by Bertacchini and Castagnetti (2012) confirm the high informative value of TLS
for spatial analysis of deformation processes, especially during repeated observations of the dynamics
of displacement of structural elements. The integration of laser scanning with GPS measurements
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provides comprehensive data on the movement of structures. (Teng et al., 2024) describe a combined
approach in which TLS is complemented by DGPS, which makes it possible to link point clouds to a
single coordinate system and perform high-precision deformation analytics based on spatial and
temporal models. A separate area in geomonitoring is the application of satellite radar interferometry
(InSAR) methods. (Okiemute et al., 2018) studied precipitation in the urban area of Almaty using
SBAS-InSAR, identifying zones of deformation activity correlating with engineering and geological
conditions. Frontiers in Built Environment also demonstrates the high accuracy of the method for
tracking spatiotemporal changes in urbanized areas and in the analysis of anthropogenic factors.
Domestic research, in particular the work of Urazbaev et al. (2021), demonstrates the successful
implementation of geodetic methods for monitoring the technical condition of structures in
Kazakhstan. The authors focus on the creation of geodetic reference networks and the use of high-
precision electronic total stations and GNSS receivers for monitoring bridges, buildings and transport
interchanges in conditions of difficult soils and seismic mobility of the territory.

Thus, the analysis of existing sources confirms the relevance and scientific validity of an
integrated approach to geomonitoring, including satellite positioning, electronic total station, ground-
based laser scanning and the creation of stationary geodetic points. The combined use of these
technologies makes it possible not only to reliably assess current deformation processes, but also to
form an effective emergency prevention system for engineering structures in earthquake-prone regions.

3 MATERIALS AND METHODS

The study was conducted using the example of the transport interchange of Abai Avenue and
Sain Street in Almaty, located in a zone of increased seismic activity. Considering the difficult
engineering and geological situation caused by the presence of a metro line along the avenue, an
integrated approach was implemented, including several stages of geomonitoring using modern
geodetic technologies. At the first stage, engineering and geological surveys were carried out to assess
the structural and tectonic structure of the rock mass. The physico-mechanical properties of soils were
studied, groundwater levels were determined, and possible faults and areas of increased mobility were
recorded. The field survey data formed the basis for constructing a model of the engineering and
geological situation of the site under study. The next stage was the creation and consolidation of the
geodetic reference network. To improve the accuracy of observations, the authors have developed
stationary observation points that allow the installation of high-precision electronic and laser devices
without using tripods, which eliminates errors associated with centering errors. The coordinates of the
points were determined using satellite geodesy (GNSS) in static mode followed by post-processing of
the data. Geodetic monitoring was carried out using the following instrumental methods:

« Satellite positioning (GNSS): dual-frequency receivers were used in static and kinematic
imaging (RTK) mode, which ensured high accuracy in determining the spatial coordinates of control
points on observation objects.

* Electronic total station: used for detailed measurement of horizontal and vertical displacements
of structures. The measurements were carried out using fixed reflectors on the elements of the bridge
structure.

* Ground-based laser scanning (TLS): used to obtain three-dimensional information about the
shape and position of structures. Point clouds obtained in different periods were compared for
visualization and quantification of deformations (Batilovic et al., 2024).

* Accuracy assessment: at each stage, the metrological characteristics of the measurements were
evaluated, the standard deviations were calculated, and the consistency of the results between the
methods was monitored. Additionally, a methodology for calculating precipitation and displacement
based on the integration of GNSS, total station and TLS data has been developed (Soilan et al., 2019).
The development includes an algorithm for processing time series of measurements, a comparison of
geometric parameters of structures for different eras of observations, as well as recommendations on
the intervals of repeated measurements. The implementation of this geomonitoring system was
implemented as part of a scientific project and used in the educational process of training specialists
in the field of geodesy. The use of an integrated approach has allowed not only to improve the accuracy
and reliability of observations, but also to create the basis for regular technical monitoring of similar
facilities in earthquake-prone regions.
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4 RESULTS AND DISCUSSION

Construction of interchanges, bridges, as well as construction of any other structures, requires
the creation of a reference geodetic network. Using reference geodetic networks, the position of the
centers of bridge supports and other elements of the bridge is determined and fixed, a detailed
breakdown is made during the construction of supports and installation of span structures, and
observations of deformations of structures are carried out. The geodetic network during bridge
construction must be created in a single coordinate system and have increased accuracy in determining
the coordinates of points. Geodetic network points that ensure the construction of a given object as a
single structure must exist during the construction of the object. This requirement is not easy to fulfill,
since during construction, some of the geodetic network points are destroyed or violated.

For monitoring by the Department of Mine Surveying and Geodesy SatbayevUniversity drafted
a geodynamic testing area (GTA) project in 2020in the form of a GNSS network, where reference
points are located considering the configuration of the observed objects (Figure 3). An important
aspect in carrying out these works was the use of modern instruments and developed control tools for
monitoring.

The main elements of the proposed geodetic network are:

First order network - is designed in the form of reference points (OP) of permanently operating
geodetic base stations with reference to the State Geodetic Network (SGN) with a forced centering
device (OP 1, OP2, OP 3, OP 4). The height of the points is taken to be not less than 1.5 m, to avoid
obstacles to the passage of the radio signal.

The second-order network is designed in the form of points of the first-order satellite geodetic
network (SGN) on the body of the observed objects.
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Figure 3 — Layout of the support points of the transport interchange network.

Control points are laid along the street on the foundations of buildings and structures. Reflective
and seismological marks, monitoring prisms and sedimentary marks are fixed on the controlled objects,
along which further observations of deformations of buildings and structures are carried out, ensuring
the necessary accuracy in accordance with the requirements of SP RK 3.06.07-86 «Bridges and pipes».
Rules for surveys and tests and SP RK 1.03-26-2004 «Geodetic works in constructiony.

When monitoring the deformation of a transport interchange and high-rise buildings, a new
design of geodetic points of forced centering (GPCC) was proposed as permanent supports, which
meets the standards of regulatory literature (Patent No. 35798), (Patent No. 35898). GPCC is a
reinforced concrete pile, 12 meters long (Figure 4), installed in the selected location.

The stability control of the points can be easily performed by repeated measurements. The
accuracy of determining the relative position of the starting points is increased by using the trilateration
method.

When creating geodetic control points (GCPs), the following requirements must be met. The
pile height must be approximately 1.3 m higher than the planned vertical layout of the landscaping,
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with its installation in a vertical position using spacers and jack frames. A hole at least 3.2 m deep is
drilled around a pile with a diameter of 0.6 m to install the casing pipe. In order to ensure the stability
of the pile, the bottom of the hole must be tamped and filled with concrete approximately 50 mm
thick. After this, a casing pipe approximately 0.5 m in diameter and 3 m long is installed on the
concrete, so that the pile is in the center of this structure. To eliminate the influence of temperature
and rainfall, a layer of ash and slag waste is placed on top, followed by the construction of formwork
and a blind area. To ensure the installation of a geodetic device, a table measuring 0.2 x 0.2 m with a
set screw is mounted on top of the pile. In order to ensure visibility from all directions, on each
rectangular metal plates are installed on the side of the pile, to which reflective plates are glued
(Patent No. 35898).

device mounting plate with rigid
centering

plate for attaching the reflector

o — wall reference point

HA—-—-—~——~m 1300 e a

il

reinforced concrete blind area from the pile

seal

ash and slag waste

reflective

plate reinforced concrete bottom of the well

seal

reinforced concrete pile less than 10000 mm long

A

Figure 4 — Scheme of pile support point (a) and reflective observation marks (b).

The new device allows to increase the accuracy of centering, as well as the efficiency of
measurements in the absence of tripods at the points of standing and observation. To obtain precise
coordinates for the planned altitude justification of the network, it was decided to use GNSS equipment
and satellite measurements that performed in static mode; work in this mode implies a conditional
division into two stages, these are field work and office processing. The purpose of geodetic monitoring
of industrial site structures is to ensure the reliability, safety and functional suitability of the structures
in operation; analysis of the stress state, deformations and displacements of structures; observation of
general deformations and cracks in individual elements of the structures in operation by conducting
systematic observations and instrumental control.

When solving monitoring problems, all the most important engineering-geological and mining
factors, the type and characteristics of the protected structures, and the requirements imposed on them
were considered.

All work was carried out by the GPS system and for comparison of results the electronic
tachometer TCR1201 from Leica Geosystem and the digital high-precision level DNAO3 were used.
Andlaser scanner. The coordinates of the geodetic base are defined in the local system, and the altitude
coordinates are defined in the Baltic system.

The displacement of structures in the vertical plane (settlement) is determined by the geometric
leveling method using a DNA 03 digital laser level and a digital invar rod. The determination of the
roll of the bridge columns was carried out using coordinates using an electronic tacheometer. Based on
the obtained values and increments of the coordinates of points located in the same vertical plane, the
linear value of the roll was calculated using the formula:

L= X =X, P+l Y, P - (1)

where X1, X2, Y1, Y2 are the coordinates of the characteristic points of the structure in the lower
and upper sections, respectively.

The determination of the eccentricity of the coaxiality of the circular bridge support was carried
out from the points of the geodetic network, and the determination of the deflection of the bridge roof
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beams was carried out using a digital high-precision level and a digital invar rod. To solve this problem,
the rod was installed at the points of the beginning, middle and end of each beam span.
To determine the deflection, the magnitude of the deflection arrow f _ and relative deflection

f  calculated using the formulas:

22, —\Z,+Z
=t (Z, + 3); 2
2
f
f — a6c’ 3
omn L ()

Where Z,And Z,- elevation marks of the extreme points of the building structure in the

considered section of the straight line.
To determine the magnitude (Fig. 5) of the deflection f _ and relative deflection f_ calculated

using the formulas:

f
o = T (5)

Where Z,And Z,- elevation marks of the extreme points of the building structure in the

considered section of the straight line.
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Figure 5-Geometric diagram of the deflection of floor beams.

The results obtained from the assessment of the technical condition of the structures using the
above-described methodology were compared with the permissible values of SNiP - "Inspection and
assessment of the technical condition of buildings and structures" Astana, 2015. The permissible value
for the deflection of roof beams is 1/300 L, where L, m is the length of the beam. The permissible
value of deviation of the columns of the enrichment plant structure is 15 mm, if the height is up to 4
meters.

5 CONCLUSIONS

Based on the research conducted by the authors:

1. A methodology for creating a support network for monitoring the deformation of bridges has
been developed and geodetic monitoring of the transport interchange, as well as ground buildings, has
been carried out.

2. The necessity of using satellite geodesy, electronic total stations and laser scanning methods
for monitoring engineering structures is substantiated. For the installation of high-precision electronic
and laser devices during geomonitoring of the earth's surface, the authors have developed a permanent
forced centering point to ensure the speed and accuracy of centering, eliminating the use of tripods.

3. Methods for determining precipitation and displacement of structures are proposed. The
research results were implemented during the implementation of a scientific project, as well as used in
the educational process.

4. The novelty of the developed network and the design of the point are confirmed by the
Certificates of the Republic of Kazakhstan for the product of science. The results obtained can be used
to increase the level of industrial safety at other facilities and minimize the risks caused by the seismic
activity in the area.

5.The creation of a monitoring network for high-precision observations of the condition of
engineering structures using electronic and satellite GPS receivers has reduced the time spent on
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determining coordinates in terms of one point being taken by 10-15 times and increased the accuracy
of determining coordinates by at least 2 times.

Thus, the performed research has confirmed the effectiveness of an integrated approach to

geodetic monitoring of the technical condition of engineering structures. The developed methodology
can be recommended for use in similar engineering and geological conditions, and the results obtained
can be used both in scientific and design and production practice.

10.

11.

12.

13.

14.

15.
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Abstract. The growing demand for industrial and logistics infrastructure has
intensified the need for efficient and economically viable structural systems,
particularly in crane runway applications. Welded I-beams with corrugated webs have
emerged as a promising alternative to conventional flat-web designs, offering notable
advantages in terms of production efficiency, weight reduction, and structural
performance. This study investigates the technological strategies involved in
manufacturing such beams, with a focus on minimizing labor intensity and material
usage through process optimization. A comparative analysis is conducted between
beams with flat and corrugated webs, drawing upon experimental data and practical
observations from automated production lines. The research highlights the
implementation of rotary corrugation machines, automated welding stations, and
mechanized assembly platforms. A key innovation lies in eliminating transverse
stiffeners, made possible by the enhanced out-of-plane stability provided by the
corrugated profile. This not only reduces the number of fabrication steps but also
contributes to overall simplification of the production workflow. The findings indicate
that the use of corrugated webs results in a weight reduction of up to 6.9%, depending
on the design load, and a decrease in labor intensity by up to 40% when compared to
traditional flat-web I-beams. These improvements are achieved without compromising
structural integrity or regulatory compliance. In conclusion, the study demonstrates
that corrugated web beam technology is a viable solution for modern steel
construction. It enhances productivity, lowers manufacturing costs, and supports
broader adoption of efficient beam systems in industrial and civil engineering contexts.

Keywords: crane runway girders, corrugated web, welded I-beams, production
technology, metal structures, automated welding, labor cost reduction.
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APKAJIBIKTAPJIbIH EHBEK ’)KOHE MATEPUAJI IIbIF' bIHBIH
ABAUTYT' A BAT'BITTAJI'AH TEXHOJIOI'MAJIBIK TOCIJII
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Anparna. Huoycmpusanvlx dcone  JOSUCTUKANBIK — UHQDPAKYPLIIbIMEA 0e2eH
CYPaHbICMbIY — apmybl, acipece Kpaw JHcon0apvl  Jicyuenepinoe, muimoi  api
IKOHOMUKANBIK ~ MYPRbIOAH — He2i30elceH  Komep2iul  KOHCMPYKYUALApea  0e2eH
Kaosicemminikmi Kyweummi. [ogpnencen Kadbvipeacvl 6ap 0anexepieHeeH KOCMABpIvl
KpaHacmol apKaniblkmap 0aCMypii H#ca3vlk Kabvipeavl baikanapaa barama peminoe
Kapacmuipbliaobl HcoHe OHOIPICMIK MEXHONO02USHbL OHMAIAHObIPY, KYDbLILIMObIK
carmMakmsl — azaumy J#CoHe  Oepikmikmi —apmmelpy — MYPEbICblHAH  OipKamap
apmuikwslivikmapea ue. Ocvl 3epmmeyoe MYHOAU aApKAIblKMapovl O0aublHOAYed
apHanean MexHONO2UANBIK MACIIOep Kapacmulpblivii, eHOeK Wbl2bIHOApbl MeH
Mamepuanovlk mymuolHyObl azaumyea 0ablmmanzan yoepic muiMOilieiH apmmuolpy
arcondapel manodamaowl. Kazwix owcone cogpnencen Kabwvipeanapvl 6ap Kpawacmol
apKanbIKMapaa CcaniblCmulpmMaivl manoay HCypizinoi, o1 aemomammaHOblpbLIeAH
OHOIpICMIK Jicellinepoer alblHEaH IKCNePUMEHMMIK Oepekmep MeH OaKbliayiapead
Hezciz0eneen. 3epmmey OApbICbIHOA 20ghpieyee ApHANEaH POMAYUAILIK MAWUHALAPOb,
a8mMoMammanoObIPLLIAH — 0JHeKepiey JHCYUeNepin  JCoHe MEeXAHUKANAHObIPLLIZAH
JAHCUHAKMAY HCADOLIKMAPHIH KOLOAHYObIH MAHbL30bLIbIbL aman Kepceminedi. Hezizei
MEXHONLO2USLIbIK, APMBIKUUBLIbIK — 20(hpleH2eH KaOblPRAHbIH HCO2APbL OPHBIKMbLIbIZbL
apxacvlHoa KejloeHey KamauowulK djleMenmmepinen dac mapmy mymkinoiei. Byn
6HOIpicmiK npoyecmi e0ayip ceyindemin, MeXHOIOSUAIbIK ONepayusiiap CAaHbiH
KblcKapmyea blKnal emeoi. 3epmmey Homudicenepi KepcemkeHOell, 2ogpieHzen
Kabvlpeansl KOJNOAHY apKACbIHOA KPAHACMbL APKANbIKIMbIH CATIMARbL HCYKmeme mypine
Kapaii 6,9 %-ea Oeuin, an enybex wwieviHbl 40 %-ea Oeuin momenoetioi. bByn
ApPMLIKWBLILIKIMAD KYPHIILIM CEeHIMOINII MeH HOPMAmuemix maianmapovl cakmai
omulpuin  Jicyzece  acaovl. KopwvimulHObLiall Kele, 2o¢hprencen  Kabwvipeaiap
MEeXHONIO2UACLIH  KPAHACMbL  apKalblKkmapoa KOoNOaHy Kaszipei 3amanesl Oonam
KYPObLIbICLIHOA OHOIpIc muiMOiniein apmmulpyobly, WbIRbIHOAPObl MOMeHOem)OiH
JHCOHe OHepKICINMIK NeH a3amMammvlK UHHCeHepusioa KONOAaH) asCbIH KeHeumyoiy
MuUimoi #convl 6OIbLIN MAOBLIAOYL.

Tyiiin ce3nep: xpanacmwsl apkanvikmap, 2o@pieHeeH KaOvlpea, OHeKepleH2eH
KOCmaesp, oHOIpic MmexHoN02UACHl, MEMALl KOHCMPYKYUALAD, A8MOMAammaHObIpbLIeaAH
OaneKepiey, eHOeK UbIRbIHbIH MOMEHOem).
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VK 536.1

MPHTH 67.07.11
HAVYHAA CTATBA

TEXHOJIOT'MYECKHUHA MOJIXO0/ K CHUKEHUIO

TPYAO3ATPAT U MATEPUAJIOEMKOCTH ABYTABPOBbBIX
IHHOAKPAHOBBIX BAJIOK C TO®PUPOBAHHOU CTEHKOU

JI.A. Okanos'® | A A. Bpsinues'® C.E. Huer6aii?*® | M. B. Boskypr* @

"Mesxnynaponas o6pasosarensHas koprnoparus, 050028, Anmarsl, Kazaxcran
2Vuusepcurer Carnaena, 050013, Anmarsr, Kazaxcran
3Vuusepcuter umenu Jxenans baspa B Manuce, paiton IOnycempe, Typrus

Aunortauus. Pocm nompebHocmu 6 UHOYCMPUANLHOU U  JOSUCTUYECKOU
ungpacmpykmype ygenudui Cnpoc Ha 3¢ ekmugHole U IKOHOMUYECKU 0DOCHOBAHHbBIE
Hecyujue KOHCMpPYKYuu, 0CcoOO6eHHO 8 cucmemax Kpanogvlx koHcmpykyuu. Ceaphvle
08ymasposvie NOOKpaHosvie OAIKU ¢ 20QpUPOBAHHOU CMEHKOU CMAHOBAMCS
NepCcneKmusHol anbmepHamueol mpaouyuOHHbIM NOOKPAHOBLIM OANKAM C NIOCKOU
CMEHKOU, OeMOHCMPUPYs. NpeuMyujecmeda 6 mMexHOI02UYHOCIU NpoUu38o0cmad,
CHUDICEHUU MAcCCbl U NOBblULeHUU NpoYHocmu. B nacmoswem uccnedosanuu
PACCMampusalomcs mexHono2uyecKue nooxoovl K U320MOGNeHU0 Makux Oanox ¢
aKYeHmoM Ha CoKpawjexnue mpyoo3ampam U pacxood Mamepuanos 3a Cuém
onmumuzayuu npoyeccos. Ilposedén cpagnumenvuviii aHaiuz nNOOKPaAHO8bIX O6ANIO0K C
NJIOCKOU U 20(hpUPOBAHHOL CMEHKAMU HA OCHOB8E IKCNEePUMEHMATbHbIX OAHHbLX U
HAOMOO0EHULl €  A8MOMAMUZUPOBAHHBIX NPOU3BOOCEEHHbLIX JAuHull. B pabome
noouepKusaemcs 3HaueHue npUMeHeHUus pOmayuoHHbIX MAwuH 01 20ppuposanus,
aA8MoOMamu3upoBaHHoOU  C8apKU U  MexaHusupoeanHmou  coopxu. Kiouesoe
MexXHoN02UYeCcKoe NPeuMyuwecmeo 3axkiodaemcs 8 omkaze om nonepeunsvix pebep
oHcécmrocmu, 061a200apsi NOBLIUEHHOU YCIMOUYUBOCIIU 20PPUPOBAHHO20 NPODUIAL.
Omo  cywecmeenHo  coKkpawjaem — KOIUYeCmM80 — onepayuii U - ynpowaem
npou3eoocmeenHulll npoyecc. Pe3ynbmamul nokasvleéaiom, umo UCHONb30BAHUE
20Ghpuposannoll cmeHKu NO360JAem yMeHvluums maccy oarku oo 6,9 % (8
3A8UCUMOCIU OM PACYEMHOLL HA2PY3KU), a mpydoémrxocms — 0o 40 % no cpagrenuro
¢ MPAOUYUOHHBLIMU Oankamu. Omu npeumywecmsea oocmueaiomces o6e3 ywepoa 0ns
HAOEXNCHOCMU KOHCMPYKYUU U coomeemcmeusi Hopmamusam. Taxkum obdpazom,
npuMeHenue MexHONo2UU 20QPUPOBAHHBIX CMEHOK 6 NOOKPAHOBbIX OANKAX
npeocmasisiem coboul 3¢ghghexmusroe peuterue 0 COBPEMEHHOZO0 CIMPOUMeIbCmEd
MemanioOKOHCMPYKYUll, — nosviuiaioujee  npou3goOUmMenIbHOCmb,  CHUdcaoujee
sampamsl U pacuiupsoujee 803MONCHOCMU NPUMEHEHUS 8 NPOMBIULIEHHOU U
2PAANCOAHCKOU UHICEHEPUU.

KuroueBble ciioBa:. nooxkpanosvie 6anKu, 20@pupo8anHas CMeHKd, ceéapHbvie
08ymaspuvl,  MeXHONO2Us  NPOU3BOOCMEA,  Memajlludeckue  KOHCMPYKYUu,
ABMOMAMU3UPOBAHHAA CBAPKA, CHUJICEHUE MPYO03ampan.
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1 INTRODUCTION

The increasing demand for industrial and civil infrastructure has led to the growing importance
of optimizing structural components in steel-framed buildings. Among these, crane runway systems
play a critical role in the operation of overhead lifting equipment and must ensure high reliability
under variable and cyclic loads. A key factor influencing their performance is the stability of the beam
web, particularly in I-section crane runway beams. When subjected to elastic-plastic deformation and
potential overloads, the structural integrity of the web determines the overall energy absorption
capacity of the system. Therefore, the search for optimal cross-sectional configurations is a crucial
research direction in improving the resilience of steel frameworks.

Recent advances have shown that replacing traditional flat webs with corrugated ones can
significantly enhance the buckling resistance of the web, even when using thinner steel plates. This
structural improvement not only reduces the need for transverse stiffeners but also lowers material
consumption and simplifies the manufacturing process. Despite these advantages, normative
documents in Kazakhstan and abroad still lack clearly defined methods for the design and calculation
of crane runway I-beams with corrugated webs. This creates a gap between practical needs and
regulatory support, underlining the necessity of developing new approaches and adapted analytical
tools for structural engineers.

Modern structural solutions in the field of light metal structures (LMS) aim to achieve high
techno-economic performance by utilizing thin steel sheets and implementing mechanized or fully
automated production lines. The comprehensive use of efficient LMS, automated manufacturing,
large-block assembly, as well as high-strength steels and lightweight thermal insulation materials for
enclosing structures, enables a significant increase in the pace of building and structure construction.

One of the promising directions in the field of load-bearing metal structures is the application
of welded I-beams with thin corrugated webs. In Kazakhstan, construction systems such as "Alma-
Ata" and "BGS-Kazakhstan" have been developed and applied in practice, including in roof and floor
beams, as well as in columns of single-story and multi-story building frameworks. Based on extensive
research and design studies, a range of standard profiles and regulatory documents has been
developed to support the use of such systems, even in seismic zones. The importance of these
developments is evidenced by the inclusion of corrugated-web I-beams in the Eurocode adaptations
for Kazakhstan. Between 1981 and 2015, over 250 buildings were constructed using these beams,
designed by the "Institute Proektstalkonstruktsiya" (Almaty), with long-term operational success.

The purpose of this study is to conduct a comprehensive analysis of the performance of welded
I-section crane runway beams with corrugated webs under overhead crane loading, and to develop
engineering-based methods for calculating their behavior, including optimization of the corrugation
geometry (length, pitch, and depth).

2 LITERATURE REVIEW

A corrugated beam is a beam with flanges made of metal of various cross-sections and a
transversely corrugated (bent) web. The corrugated webs of beams can have triangular, sinusoidal,
trapezoidal, rectangular, and other profiles (Misiek, 2021). The flanges of such beams are made of
rolled steel, shaped profiles, electric-welded pipes, or reinforced concrete elements. Beams with
corrugated webs are widely used in many countries.

In recent years, crane runway girders have received increased attention due to the growing
construction of industrial buildings. Their reliability, strength, and efficiency contribute to improving
production and logistics processes, as well as ensuring safety when handling heavy loads. A crane
runway girder is a load-bearing structure that supports the loads from the wheels of an overhead crane
moving within a workshop. Additionally, as structural elements of the frame, crane girders help
decouple columns from the frame plane, transfer longitudinal forces from braking and wind loads to
vertical connections between columns, and mitigate the impact of seismic and other external factors,
thereby improving the coordinated performance of the entire structure.

Several design solutions for crane runway girders with corrugated webs have been proposed in
the literature (Wei, 2015). The effectiveness of corrugated webs in welded [-beams has been studied
from various perspectives, including load-bearing capacity, strength (Hlal, 2024), stability, and
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durability (Yuan, 2024). Methods for reinforcing crane girders(Sebastiao, 2023), stress-strain
behavior (SSB), and their response to various impacts have also been analyzed (Kettler, 2023). The
application of corrugated webs in box-section crane girders has been studied in (Wei, 2015).

In certain industrial building conditions, the use of crane runway girders with corrugated webs
becomes necessary, as these significantly influence their strength and stability. Steel savings of up to
20% can be achieved through the use of thinner web plates compared to flat web girders, eliminating
the need for stiffeners due to improved stability achieved by the corrugation folds, whose peaks
extend beyond the web plane. However, apart from studies by (Wei, 2015) and (Bryantsev &
Okanov, 2024), further research on girders with corrugated diaphragms and triangular web profiles
remains limited (Bradford, 2002).

This study focuses on the analysis of the strength characteristics and optimization of corrugated
web parameters in crane runway girders(Bryantsev, 2019), aiming to improve calculation
methodologies and expand their application in construction (Bryantsev, 2019).

3 MATERIALS AND METHODS

The manufacturing process of crane runway girders includes the stages of preparation,
assembly, and welding of structural elements. The technological operations differ depending on the
type of girder web: flat or corrugated.

3.1. Manufacturing of a girder with a flat web

At the initial stage, the girder body, which includes the web and two flanges, is assembled in
the fabrication area. After positioning the elements, they are fixed in place to prevent deformation.
The girder body is then transferred to the welding section, where the web is welded to the flanges.

After completing this operation, the semi-finished product is returned to the assembly area for
the installation of stiffeners, which are necessary to increase the load-bearing capacity of the structure.
The stiffeners are installed with precise adherence to design dimensions and geometry (Bryantsev,
2024). The girder is then sent back to the welding section for the final welding of the stiffeners. This
additional stage of assembly and welding increases the overall manufacturing time of the structure.

3.2. Manufacturing of a girder with a corrugated web

The manufacturing technology of a girder with a corrugated web has significant differences.
After fabricating the main body, which consists of the corrugated web and two flanges, welding is
performed as the first stage(Bryantsev, 2020).. Due to the structural advantages of the corrugated
web, which provides stability and rigidity without the need for stiffeners, additional assembly and
welding stages are not required. Once the end elements are welded, the structure is considered
complete.

Thus, the manufacturing process of a girder with a corrugated web is characterized by lower
labor intensity, resulting from the reduction of technological operations and fewer material transfers
between workstations. This ensures time and resource savings in production (Shuryn, 2020).

A flat steel sheet is fed between two toothed rollers that rotate toward each other (Figure 1). A
set of removable plates (teeth) of various sizes allows for adjusting the corrugation parameters. The
experimental version of this machine confirmed the correctness of the selected corrugation method.
When operated by a single worker, the machine was capable of corrugating sheets up to 1,600 mm in
width and 8.0 mm in thickness at a speed of 10 to 12 m/min, which is three to four times faster than
forming corrugations using press equipment (Ibrahim, 2006).

One of the advantages of this corrugation method is that the sheet maintains a constant cross-
section along its entire length, whereas press-based corrugation may lead to local thinning of the sheet
and significant changes in the steel's properties. Thanks to its compact dimensions, the machine was
easily integrated into the main production line for girder fabrication. Additionally, the flexible
technology developed on its basis fully addressed the issue of corrugated web production (Figure 2)
and allowed for an annual production capacity increase of welded I-beams under the "Alma-Ata"

103



QazBSQA Xatapusbicbl. Ne2 (96), 2025. KypbLibic

system from 10,000 to 12,000 tons, equivalent to the fabrication of 600,000 to 800,000 m? of roofing
and flooring elements (Kettler, 2021).

The Figure 1 illustrates the process of forming corrugations in a steel sheet using a rotary
machine. The steel sheet passes between two rotating rollers, which are equipped with removable
plates designed to shape the material into a corrugated profile. The upper and lower rollers rotate in
opposite directions, gradually bending the sheet as it moves through the machine. The spacing
between the rollers is adjustable, allowing for control over the depth and shape of the corrugations.
This method ensures uniform deformation of the sheet while maintaining a consistent cross-section
along its entire length, making it an efficient technique for manufacturing corrugated structural
elements (Kudryavtsev, 2021).

Figure 1 — Schematic diagram of steel sheet Figure 2 — Corrugated webs in the assembly shop.
corrugation on a rotary machine.

The comparative analysis of the manufacturing processes for flat-web and corrugated-web
crane runway beams reveals a clear advantage in favor of the latter. The use of corrugated webs
eliminates the need for transverse stiffeners, thereby reducing the number of fabrication steps and
significantly lowering labor intensity. The integration of rotary corrugation machines into production
lines further enhances efficiency by enabling faster, uniform, and more stable web formation without
compromising steel properties. This streamlined approach results in time and cost savings, increases
production capacity, and supports the widespread implementation of corrugated web technology in
the fabrication of high-performance steel beams.

4 RESULTS AND DISCUSSION

The evaluation of cost-effectiveness and manufacturing efficiency plays a crucial role in
assessing the practical advantages of using corrugated web I-beams in crane runway systems. To
quantify these benefits, a detailed comparison was conducted between beams with flat and corrugated
webs under various load conditions. The analysis includes structural weight distribution, material
utilization, and labor intensity across key production stages. Graphical data and tabular results were
used to illustrate the reductions in weight and complexity associated with the corrugated web
configuration. This section presents the findings of the comparative study, supported by numerical
and experimental observations, and highlights the economic and technological advantages that
support the broader adoption of corrugated web technology in beam fabrication.

4.1. On Cost-Effectiveness

The factory cost of the structure consists of the cost of raw materials and manufacturing
expenses. Calculation of the total weight of all crane runway girders for a 10-ton load
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Comparison of Component Weights for Flat and Corrugated Web Girders
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Figure 3 — Comparison of Component Weights for Flat and Corrugated Web Crane Girders (10t Load).

The Figure 3 illustrates the weight distribution of different components in crane runway girders
with flat and corrugated webs. The comparison highlights that the total weight of the girder with a
corrugated web is 4.9% lower than that of the girder with a flat web. This reduction is primarily
achieved by eliminating the need for stiffeners while maintaining structural integrity. The use of a

corrugated web allows for weight savings, leading to more efficient material utilization and reduced
production costs.

Comparison of Component Weights for Flat and Corrugated Web Girders (30t)

600 Flat Web
mmm Corrugated Web

500

IS
=}
o

w
(=)
o

Weight (kg)

200

B .
o . —
R% o
& &

D D )
oR + &
&

N
S
& N ‘Q\'o bQ\’O &
& &£ & &

Components of the Crane Girders (30t)

Figure 4 — Comparison of Component Weights for Flat and Corrugated Web Crane Girders (30t Load).

The Figure 4 compares the weight distribution of different components in crane runway girders
with flat and corrugated webs for a 30-ton load. The results show that the total weight of the girder
with a corrugated web is 6.5% lower than that of the flat web girder. This reduction is achieved by
eliminating stiffeners while maintaining structural stability, leading to improved material efficiency
and reduced manufacturing costs.

105



QazBSQA Xatapusbicbl. Ne2 (96), 2025. KypbLibic

Comparison of Component Weights for Flat and Corrugated Web Girders (50t)
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Figure 5 — Comparison of Component Weights for Flat and Corrugated Web Crane Girders (50t Load).

The Figure 5 compares the weight distribution of different components in 50-ton crane runway
girders with flat and corrugated webs. The results demonstrate that the total weight of the girder with
a corrugated web is 6.9% lower than that of the flat web girder. This weight reduction is primarily
achieved by eliminating stiffeners while maintaining the necessary structural integrity. The use of a
corrugated web improves material efficiency, reduces production costs, and simplifies the
manufacturing process.

4.2. Labor Intensity

Since 1989, second-generation rotary-type machines have been installed in the republic’s
manufacturing facilities, capable of corrugating sheets up to 1950 mm in width and 12.0 mm in
thickness at a processing speed of 8 to 10 m/min (Figure 6). The labor intensity of fabricating girders
with corrugated webs accounts for 83% of that required for manufacturing thin-walled girders without
stiffeners and 60% to 74% of that for thin-walled girders with stiffeners. This reduction in labor
intensity is attributed to:

e Standardization of corrugation parameters and flange cross-sections, optimizing the
manufacturing process;

e Minimization of the number of assembly components, reducing material handling and
assembly complexity;

e Extensive use of single-sided flange welds, which simplifies the welding process and
enhances efficiency;

¢ Elimination of transverse stiffeners, reducing the need for additional manufacturing steps;

e High productivity of advanced corrugation equipment, allowing for increased output with
reduced processing time;

e Implementation of automated assembly of welded I-sections on mechanized stands with
hydraulic fixation of section components (web and flanges), followed by integration into a unified
girder element (Figure 7). Alternatively, inventory stands at production facilities can be utilized,
depending on the production volume and the availability of specialized equipment;

e Mechanization and automation of the flange welding process, improving efficiency and
reducing manual labor.

The adoption of these technological advancements has resulted in a significant decrease in
production time and labor costs, enhancing the overall efficiency of manufacturing girders with
corrugated webs.
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Figure 6 — Rotary Machine for Continuous Corrugation of Steel Sheets.

The machine is designed for the continuous corrugation of steel sheets with a maximum width
of 1950 mm and a maximum thickness of 12.0 mm.

Figure 7 — Assembly of Welded [-Beams with Corrugated Webs in Mechanized Production Areas.

To address these challenges, relevant developments have been carried out to improve the
technological processes for manufacturing welded [-beams with corrugated webs. In particular, a
specialized device has been designed for the production of girders with corrugated webs, with a
projected capacity of up to 10,000 tons of metal structures per year. Given its compact dimensions,
this equipment can be integrated into one of the modular buildings of the "Alma-Ata" type, ensuring
efficient and scalable production.

Relevant efforts have also been undertaken to implement automated submerged arc welding
(SAW) for the flange joints of BGS beams, utilizing a serial welding machine with adjustable wire
feed speed, ADF-1202 (Figure 8).

Subsequently, similar work was carried out to automate the welding of flange plates in a carbon
dioxide environment and in a mixed gas environment with argon (Figure 9).

The welding quality in both methods complies with the requirements of regulatory documents.

Since the web thickness typically ranges from 3.0 mm to 5.0 mm, the flange welds are usually
performed from one side. However, when welding thicker webs, double-sided welding is applied,
with the beam positioned optimally for the welding process. The fillet weld sizes are either made
equal or welded with unequal fillets to meet the regulatory requirements for fillet dimensions
depending on the thickness of the welded components.

After attaching various fastening elements to the beam using semi-automatic or manual
welding, the structure undergoes anti-corrosion treatment in a specialized sandblasting chamber.
Subsequently, the metal structure is primed once and dried in a drying chamber. Figure 10 presents
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a welded I-beam of the "BGS-Kazakhstan" system, fully treated with anti-corrosion protection and
ready for delivery to the customer.

SR

Figure 10 — Positioning of a Welded I-Beam Profile with a Corgated Web on a Rotator for Welding Flange Joints with
Unequal Fillets.

The table 1 provides a comparative analysis of labor intensity for different beam types,
including corrugated web beams, beams without stiffeners, and beams with stiffeners. The data
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illustrate that beams with corrugated webs require the least labor effort across all manufacturing
stages, making them the most efficient option in terms of production complexity and cost.

Table 1
Labor Intensity of Structure Manufacturing
Beam with Corrugated Web Beam without Stiffeners Beam with Stiffeners
Operation Units of o Units of o Units of o
Measurement ’ Measurement ’ Measurement °
Preparation and 7,5 100 8,1 108 7,9 104
Transportation
Processing and
Component 6,2 100 6,8 110 8,5 137
Fabrication
Assembly 3,5 100 3,5 100 4.4 126
Welding 3,2 100 5,9 184 7,9 247
Finishing, Painting, 6,0 100 73 122 6,9 115
and Loading
Total 26,4 100 31,6 120 35,5 134

Among the key differences, welding stands out as the most labor-intensive stage, particularly
for beams with stiffeners, where additional reinforcement significantly increases workload.
Processing and fabrication also demand considerably more effort for beams with stiffeners due to the
complexity of additional structural elements. While preparation, transportation, and assembly efforts
remain relatively similar across all beam types, the finishing and painting process requires slightly
more effort for beams without stiffeners.

Overall, corrugated web beams demonstrate the lowest total labor intensity, reducing welding
and processing complexity. This suggests that using corrugated web beams can enhance
manufacturing efficiency by streamlining production while maintaining structural integrity.

5 CONCLUSIONS

Based on the conducted research, the following specific conclusions are drawn in accordance
with the stated objectives:

1. Corrugated web I-beams have demonstrated considerable potential for use in crane runway
systems, particularly those subjected to dynamic and cyclic loading. The triangular corrugation
profile enhances the out-of-plane stability of the web, thereby significantly increasing the beam’s
resistance to local and global buckling. This structural improvement makes it possible to eliminate
the need for transverse stiffeners, which are typically used in flat-web beams to prevent buckling. As
a result, the overall beam geometry becomes more efficient, lighter, and simpler to fabricate, without
compromising structural safety or service performance.

2. The comparative weight analysis of flat versus corrugated web beams under various crane
load scenarios (10t, 30t, 50t) showed a consistent and measurable reduction in the total weight of the
structure — ranging from 4.9% to 6.9%. This weight reduction is directly attributed to the elimination
of stiffeners and the optimized load distribution across the corrugated web. Lower beam weight
contributes not only to material savings but also to easier transportation, reduced installation efforts,
and potential savings in foundation costs due to lighter loads.

3. The production of beams with corrugated webs requires significantly less labor compared to
beams with flat webs and stiffeners. This is due to the reduction in the number of assembly
components, fewer welding seams, and minimal repositioning between technological stations. The
analysis revealed that labor intensity can be reduced by approximately 20%—40%, depending on the
specific design and beam configuration. This makes the use of corrugated webs a highly practical
solution in terms of production efficiency and industrial scalability.

4. The introduction of second-generation rotary corrugation machines and mechanized welding
stands into beam production lines has led to substantial improvements in output quality and
consistency. These systems allow for the continuous, high-speed formation of corrugations in steel
sheets while preserving uniform thickness and material properties. When combined with automated
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welding technologies, the result is a streamlined manufacturing process that reduces fabrication time,
minimizes human error, and enhances structural integrity.

5. The study strongly supports the application of triangular corrugation profiles with

standardized geometric parameters — specifically in terms of corrugation pitch, depth, and wall
thickness. Through numerical modeling and experimental validation, these parameters were found to
significantly influence the stiffness, load-bearing capacity, and deformation characteristics of the
beam. The research also highlights the importance of considering web eccentricity and localized
stress concentrations in design, recommending their inclusion in future engineering calculation
methodologies and national code provisions.
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EXPANDED CLAY LIGHTWEIGHT CONCRETE TO INCREASE
THE SEISMIC RESISTANCE OF BRICK BUILDINGS
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Abstract. Development lightweight concrete production is particular importance
for Kazakhstan and for its southern regions due to their high seismicity. In these
conditions, reducing weight individual structures, buildings and structures whole
through use lightweight expanded clay concrete can be considered one measures to
increase their seismic resistance. Lightweight concrete two-layer walls with 6-8 cm
thick layer structural concrete effective in seismic-resistant construction or in
presence subsidence soils. Results SEM were used in studies to determine
morphological structural features bulk studied bentonite clays. Important
characteristic clay raw materials fire and air shrinkage, which means decrease in
linear dimensions and volume clay sample during its drying. For studied clay, value
air linear shrinkage under slow natural drying conditions 10.8%, under harsh
artificial drying regime 7.8%. Fire shrinkage during firing samples T=950°C - 5.5%.
With introduction 0.5% tire production waste powder into mass, expanded clay with
bulk density less than 400 kg/m® can be obtained already temperature 1120°C.
Granules fired at 1160°C have bulk density 0.484 g/cm? - bulk density expanded clay
280 kg/m?® with closed porosity 77%. Presented results indicate that tire production
waste is best additive for production expanded clay from clays in lightweight concrete
technology in order to improve seismic resistance brick buildings. It was found that
addition tire production waste to clays serves good intensifier swelling. It was
confirmed that optimal additive tire production waste is 0.5-1% clay mass. Optimum
firing temperature for expanded clay was determined to be 1120°C+20°C.
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KIPTIIII FUMAPATTAPIBIH CEUCMUKAJBIK TO3IMILIITTH
APTTBIPY YHIIH KEPAM3UTTI ’KEHIJI BETOH

K. CeﬁiTKaCBIM¥ﬂbll © , J1.B. KyHaHﬁaeBa1 ® , B.E. Kakunoaep’* ®
K.O. Adexos! @ | I Typmym?® @

IM.Oye30B artsinarst OxrycTik Kasakcran yausepcureri, Ilsivkent, 160012, Kazakcran

2 Axasiemuk ©.Kyar6ekoB aThIHAAFBI XambIKTap AOCTHIFBI yHUBepcuTeTi, IlsiMkenT, 160011,
Kazakcran

3['asu yauBepcureTi, Ankapa, 06560, Typxus

Anparna. JKewin bemowu eomuoipicin Odameimyoviy Kazaxcmawn ywin, acipece,
CEUCMUKATILIK HCO2apbl OOYbIHA OAUIAHBICMbI OHbIH OHMYCMIK AUMAaKmapuvl yulin
manwvizvl epexute. Ocvl KHcag0aunapoa Heeyin Kepamzum OemonHovl KOJI0AHY apKblibl
JHceKenecen  KYpoliblMOapOblH, COHOQU-AK  JfCANNbl  UMapammap — MeH
KYPblIblCMapobly, — CAIMARbIH  A3atmyobl  01apobly — CEUCMUKALIK — MO3IMOLNIcIH
apmmulpy wapanapviiuly Oipi peminde Kapacmuipyea 0601a0vl. KypwiiviMobik
OemonHbly KanblHOblebl 0-8 cm Kabamwvl Oap diceHil OemoHOvl eKi Kabammol
Kadvlpeanap ceucMuKanivlk me3iMoOi KYpwliblcma HeMece o2y MmMONnbpaKkmapbl
bonean kezoe muimoi. 3epmmenemin OeHMOHUM CA30APbIHLIY Hezi3el 0OiciHIY
MOPEONO2UANBIK  KYDLLILIMOBIK epeKuleNikmepin aHblKkmay Yulin 3epmmeynepoe
cKauepreyuli 91eKmpoHObl MUKPOCKONMbLY Hamudicenepi natioanausinovl. Cazovl
WUKI3aMmMbly MAHbI30bl CUNAMMAMACHl OM NeH AYyaHulH we2yi 601bin mabwliaowl,
Oy OHbI Kenmipy Ke3iHOe ca3 Y2ICIHIH CbI3bIKMbIK OauemMoepi MeH KOJAeMIHiy
memenoeyin 0indipedi. 3epmmenemin caz yuin dasy madbugu Kenmipy sHcaz0aublHOA
ayamnviy cvl3blKmulK wecyiniy mani 10,8%, an kaman scacanovl Kenmipy pexrcuminoe -
7,8% wypaiiovl. Yneinepoi xyiidipy xeszinde 950°C memnepamypada epmmiy wezyi
5,5% kypatiovl. Maccaza wuna enoipiciniy Kanovik yumazoinviy 0,5% eneizeen kezoe
1120°C memnepamypada xenemoi muizvizovizor 400 xe/ms-men az xepamszum anyea
6onaovl. 1160°C kyiidipineen myiiipuwixmepoiy kenemoix mulevizovievt 0,484 a/cm®,
byn 77% ocabuix keyekminicimen wamamen 280 ke/M® kepamzummiy Kenemoik
MobI2bI30bIRLIHA ~ ColKeC  Keledl.  YCblHblI2an — Hamudicelep WUHA — OHOIPICIHIY
KanoblKkmapsl KIpniwi 2umapammapovly —CeluCMUKAIblK  MmesiMOiliein  apmmblpy
MaKcamviHOa JHceHii 6emoH MexHOI02UACLIHOA DeHMOHUM CA30APbIHAH Kepam3um
OHOIpY YWiIH eH Jicakcbl Kocna 0oavin madvliamulHblH Kepcemedi. benmonum
CazoapvlHa WuUHA OHOIPICIHIK KANObIKMAPbIH KOCY ICIHYOI JHCAKCbl KyuilelmemiHi
anvikmanovl. [lluna oHOIpiciHiy KaNObIKMAPLIHLIY OHMALIbLL KOCHACHl OAIUUbIK
maccacovinwviy 0,5-1% kypaimoeinvl pacmanovl. Kepamsum ywin oymailnel Kyuoipy
memnepamypacet 1120°C £ 20°C 60nvin anvigmanovi.

Tyitin ce3mep: OenmoHum cazoapvl, WUHA KATOLIKMAPLL, Kepam3um, ICiHy,
CeUCMUKATIBIK MO3IMOILNIK

* ABTOP-KOPPECIOHAEHT
buooa Kaxkunoaes, e-mail: specialist udn@list.ru

https://doi.org/10.51488/1680-080X/2025.2-11
Anpranel 17 vaypsiz 2025; Kaiira kapangst 20 mameip 2025; Kaosuinanasr 10 mayceim 2025

112


mailto:specialist_udn@list.ru
https://doi.org/10.51488/1680-080X/2025.2-11
https://orcid.org/0009-0002-1620-4975
https://orcid.org/0000-0002-7246-6251
https://orcid.org/0000-0002-1412-7796
https://orcid.org/0000-0001-6686-4926
https://orcid.org/0000-0002-8827-7041

QazBSQA Xaoapmbichl. Ne2 (96), 2025. KypbuLibic

VJIK 621.314
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HAVUYHAS CTATBSA

KEPAMBHTQBLIPI JIEFIfoI BETOH JJI51 HOBBIIIEHUW S
CEUCMOCTOHUKOCTHU KUPITUYHBIX 3IAHUH

K. CeﬁiTKaCBIM¥ﬂbll © , J1.B. KyHaHﬁaeBa1 ® , B.E. Kakunoaep’* ®
K.O. Adexos! @ I Typmym?® @

'[Oxmno0-Kaszaxcranckuii ynusepcurer umenn M.Ayasosa, IlIsivkent, 160012, Kasaxcran
>YHUBEpCUTET APYKOBI HAPOJOB UMeHH aKkagemuka A Kyar6exona, IlIsmvkent, 160011, Kazaxcran
SYausepcurer I'a3u, Ankapa, 06560, Typius

AnHoTanus. Pazsumue npouzsoocmea neckux OemoHo8 npuobopemaem 0cobdoe
sHauenue Ons Kaszaxcmana u, 6 wacmnocmu, 015 €20 10X#CHLIX PAUOHO8 8 C8A3U C
8bICOKOU UX CeUucCMU4YHOCmulo. B omux ycnosusx cHudicenue e6eca omoenvbHbix
KOHCMPYKYULl, a maxice 30aHUtl U COOPYHCEHULL 8 YeN0M 3d CUen NPUMEHEHUS] JIe2KUX
OemoHo8 U3 Kepam3uma Moxcem paccmMampusamvpcs KaKk 0OHA U3 Mep NOBbIUEHUS UX
celicmocmotikocmu. — Jleckobemonnvie  08yXClOUMHble  CMeEHbl  CO  CllOeM
KOHCMpPYKMUHo2o bemona moawunou 6-8 cm sppdpexmuenvt 6 ycrogusx
CelCMOCMOUKO20 CMPOUMENbCMead Ul NpU HAIUYUU NPOCAOOYHBIX 2PYHMOS. B
UCCcne008anusX ObLIU UCNONL308AHBL Pe3YIbMAaAmvl CKAHUPYIOULe20 IIeKMPOHHO20
MUKpockona OJisi onpeoenenus MOp@GonocuyecKux cmpyKmypHulX o0cobeHHocmel
OCHOBHOU MaAccyl uUcciedyemvlx OeHmMOHUmMoswvIX 2nuH. Baoicnoii xapakmepucmukoii
2NIUHUCMO20 Cblpbsl AGNAEMC O02He8as U 6030VWIHAS YCAOKY, YMO O03HaAydaem
YMeHblUleHUe TUHEUHbIX pa3zmMepos U obvbema 2IUHUCINO020 00pa3ya npu e2o CyuiKe.
Il uccnedyemoil enuHvl GeIUYUHA BO30VWHOU JUHEUHOU YCAOKU 8 YCA0BUSX
MeonenHou ecmecmeeHHoU cyuku cocmasisem 10,8%, a npu scecmrxom pedcume
uckyccmeennou cywku — 7,8%. Oenesas ycadka npu obxcuce 00pas3yos Ha
memnepamypy 950°C cocmaensem 5,5%. IIpu esedenuu 6 cocmas maccol 0,5%
NOpPOWKA OMX0008 WUHHO20 NPOU3BOOCMBA KepaM3Um C HACLINHOU NIOMHOCHbIO
menee 400 xe/m® moxcem 6vims nonyuen yoce npu memnepamype 1120°C. Ipanynor,
0000ICIICEHHbIe  NPU 1160°C,  umerom oovemuyro  maccy 0,484 2/em®,  umo
coomeemcmeyem HACLINHOLU Macce Kepamsumog okono 280 ke/m® ¢ 3axpubimoil
nopucmocmoto — 11%. [lpusedennvle pe3yromamol c8UOEMeENbCMEYIOM O MOM, YMO
OMX00bl UUHHO20 NPOU3BOOCMEA ABNAMCA Jyuulell 000a8Kol 0l NpouU3800Cmea
Kepam3uma u3 OeHmOHUMOBbIX 2IUH 6 MEXHONO02UU J1ecKUX OemoHO08 C Yebio
NOBbIUEHUS CellCMOCMOUKOCMU KUPNUYHLIX 30aHUll. Ycmanosneno, umo 000asKka
OMX0008 WUHHO20 HPOU3BOOCMBA 6 OEHMOHUMOBble 2IUHbL CIYHCAM XOPOULUM
unmencuguxamopom ecnyuuganus. Iloomeepceono, umo onmumanvuas 0obasxa
0mx0008 wiuHHo20 npouzeoocmea pasua 0,5-1% om maccer enunvl. Onpeodenena
onmumanvhas memnepamypa obxcuea kepamsuma 1120°C = 20°C.
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1 INTRODUCTION

Following effective seismic codes, common buildings are considered to be made of the same
material throughout the story distribution and based on an ideal rigid soil. However, in daily
construction practice, there are often cases of buildings formed by a bottom part constructed with
reinforced concrete (r/c) and a higher steel part, despite this construction type not being recognized
by code assumptions. In addition, soil deformability, commonly referred to as the Soil-Structure
Interaction (SSI), is widely found to affect the earthquake response of typical residence structures,
apart from special structures, though it is not included in the normative design procedure (Askouni,
2024). The normative common building seismic design mainly involves the same structural material
throughout the entire building, which rests on ideal rigid supporting soil, following the rules of (EN
1992-1-1; EN 1993-1-1; EN 1998-5). The described mixed-in-height structures can be seen in daily
construction cases related to projects based on renovating, redesigning, or updating the structural
function of buildings.

The current large-scale transition to industrial-innovative development of the construction
industry requires the use of lightweight concrete on porous aggregates with low thermal
conductivity, sufficient mechanical strength and low density. One of such aggregates, which can be
widely used in industry, are insulating expanded claystones based on local bentonite clays. The
forecast reserves of bentonite clays only in the Turkestan region are about 160 million tonnes, and
in Kazakhstan are more than 10 billion tonnes, in order to obtain from them heat-insulating
expanded clay are not yet fully assessed, although they are very interesting and their prospects are
obvious in the transition of the Republic of Kazakhstan to a ‘green’ economy to implement the
concept of its second direction - energy efficiency of housing and communal services. Prospects of
mass purposeful industrial use of bentonite clays for production of expanded clay in the technology
of lightweight concrete in order to increase the earthquake resistance of brick buildings are not yet
fully assessed, although they are very interesting and their prospects are obvious. The pace of
construction in Kazakhstan is increasing year by year, but new apartment buildings with load-
bearing brick walls have almost ceased to be commissioned. The main reasons for this are the high
estimated cost and duration of construction, so the strong, durable and environmentally friendly
brick houses have been replaced by quickly erected panel houses, as well as buildings with a
monolithic reinforced concrete frame, in which bricks or other wall materials are used only for the
construction of self-supporting walls and partitions. Most of the modern residential buildings with
load-bearing brick walls were built in the second half of the 20th century. Today, almost all of these
houses require major repairs and seismic testing. The development of lightweight concrete
production is of particular importance for Kazakhstan and, in particular, for its southern regions due
to their high seismicity. In these conditions the reduction of weight of separate constructions, and
also buildings and constructions as a whole at the expense of application of light concretes from
expanded clay can be considered as one of measures of increase of their seismic resistance.
Lightweight concrete two-layer walls with a layer of structural concrete 6-8 cm thick are effective
in conditions of earthquake-resistant construction or in the presence of subsidence soils
(Zhakipbayev et al., 2021).

Tire production for vehicles is increasing exponentially given the rapidly growing population
and transportation development. Substantial rubber waste is produced from waste tires past their
service time. Tire waste is nearly proportional to tire production given that the world’s yearly tire
production exceeded 2.9 billion tires in 2017. This massive amount of non-biodegradable waste
occupies a large area and causes environmental hazards. Burning or using tire as fuel may produce
toxic gases that are harmful for environment and may cause destructive pollution of natural air. Tire
rubber contains styrene, a strongly toxic component that is highly damaging to humans. Therefore,
dumping of waste tires may be very dangerous to human health. Recycling of waste in any way is
beneficial. In recent years, researchers have attempted to establish a proper guideline for recycling
tire waste in different ways. The global tire recycling market was valued at USD 0.95 billion in
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2016 and is expected to grow at a compound annual growth rate of 2.1% during the forecast period.
The same report revealed that North America accounts for approximately 31% of the revenue share
of the global tire recycling market. In response to the growing environmental concerns, waste tires
are now being recycled in a manner that not only benefits the environment but also contributes to
economic growth. The energy recovered from waste tires also contribute to the economy of
industries in developed countries. Around 6% to 8% of waste tires are being recycled as civil
engineering materials in the US and in EU countries, but only around 0.4% of waste tires are being
recycled in Australia. Concrete is the most used construction material in the world. Optimizing the
cost while maximizing the strength and durability of concrete along with improving the greenness
of concrete construction are current global challenges. This issue requires advanced materials that
can replace the traditional components of concrete. Given the good strength, ductility, and strain
control properties of tire waste, it may be utilized as a substitute for concrete components. Rubber
can be applied to concrete and mortar by replacing fine aggregates (FA) and coarse aggregates (CA)
or used as binder. The advantages of incorporating crumb rubber (CR) into any engineering
cementitious composite (ECC) include lowering the CO, emissions and increasing the greenness of
the environment. Accumulation of waste is subsequently increased to hazardous levels. Tire waste is
one of them that cause serious environmental issues because of the rapid rise in and numerous
variations of modern developments worldwide. Thus, recycling waste tire rubber in the form of
aggregates as supplementary construction material is advantageous. Inclusion of recycled rubber
aggregate (RA) lightens concrete, increases its fatigue life and toughness, advances its dynamic
properties, and improves its ductility. Concrete with recycled RA performs well in hot and cold
weather and achieved significant results under critical exposure and various loading conditions.
Though RuC possesses low mechanical strength in general, specific treatment and additives
inclusion can be a good solution to improve those properties reliably (Gerges et al., 2018; Siddika
et al., 2019).

2 LITERATURE REVIEW

Concrete structures are prone to earthquake due to mass of the structures. The primary use of
structural lightweight concrete (SLWC) is to reduce the dead load of a concrete structure, which
allows the structural designer to reduce the size of the structural members like beam, column, and
footings which results in reduction of earthquake forces on the structure. This paper attempts to
predict the seismic response of a six-storied reinforced concrete frame with the use of lightweight
concrete. A well-designed six-storey example is taken for study. The structure is modelled with
standard software, and analysis is carried out with normal weight and lightweight concrete. Bending
moments and shear forces are considered for both NWC and LWC, and it is observed that bending
moments and shear forces are reduced to 15 and 20 percent, respectively, in LWC. The density
difference observed was 28% lower when compared NWC to LWC. Assuming that the section and
reinforcements are not revised due to use of LWC, one can expect large margin over and above
MCE (maximum considered earthquake; IS 1893-2016), which is a desirable seismic resistance
feature in important structures (Vandanapu et al., 2018).

The use of masonry infilled frames is very common for most types of building, accordingly
state of the art of masonry infilled frame behaviour in general is known but there is still no
suggestion of regulations on how to model or use it properly in structural analysis. The use of neural
networks in the civil engineering field is already approved however the application of neural
networks for the prediction of infilled frame behaviour is rare. There are only a few studies that
have explored this topic. With a lack of available data from experiments of masonry infilled frames
and with the uncertainty of numerical modelling, this research area needs to be further investigated.
In order to connect most of the previously published data with new valuable conclusions, an
experimental database of masonry infilled frames was collected. It was limited to only one-storey,
one-bay infilled frames according to the availability and uniformity of the structural type (Cascardi
et al., 2017; Kalman Sipoé et al., 2019).
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The existing non-ductile RC structures built prior to the 1960s—1970s were mainly conceived
to carry only vertical loads. As a result, the columns of these structures demonstrate poor overall
hysteresis behavior during strong earthquakes, dominated by brittle shear or/and premature
excessive slipping of the inadequately lap-spliced reinforcement. The poor overall hysteresis
performance of existing RC structures built in the 1960s-1970s or earlier is invariably highlighted in
the aftermath of every moderate-to-strong seismic event worldwide. Meanwhile, the catastrophic
partial or/and general collapse of these structures, which form the majority of the building stoke in
most countries, is extremely common, with immense social and economic impact (Kalogeropoulos
et al., 2019; Kalogeropoulos et al., 2021).

Lightweight aggregate concrete is an innovative building material used to reduce the self-
weight of a high-rise building. Recently, the use of lightweight aggregate in construction is
increasing immensely due to its performance during an earthquake. Lightweight aggregate concrete
(LWAC) is a solution for the achievement of sustainability in the construction sector, which helps us
cut down the overall cost of a project in massive construction work (tall buildings and bridges).
Additionally, using various industrial by-products and waste instead of natural aggregate allows us
to reduce the negative impact on the environment. The development of lightweight aggregate
concrete with its relevance is still prominent. The performance of lightweight aggregate on various
properties of concrete is explored in this study. This study shows that the lightweight aggregate and
waste materials of less density can be used for structural applications with a strength equivalent to
that of normal weight concrete. The application and advantages of LWAC are also discussed in this
study. The paper’s overall finding reveals that LWAC can be used in sustainable construction
growth and reduce waste by using it as natural aggregate in concrete to maintain environmental
sustainability (De Risi et al., 2018; Agrawal et al., 2021; Bagnoli et al., 2021).

The current research presents a novel and sustainable load-bearing system utilizing cellular
lightweight concrete block masonry walls. These blocks, known for their eco-friendly properties
and increasing popularity in the construction industry, have been studied extensively for their
physical and mechanical characteristics. However, this study aims to expand upon previous research
by examining the seismic performance of these walls in a seismically active region, where cellular
lightweight concrete block usage is emerging. The study includes the construction and testing of
multiple masonry prisms, wallets, and full-scale walls using a quasi-static reverse cyclic loading
protocol. The behavior of the walls is analyzed and compared in terms of various parameters such
as force—deformation curve, energy dissipation, stiffness degradation, deformation ductility factor,
response modification factor, and seismic performance levels, as well as rocking, in-plane sliding,
and out-of-plane movement. The results indicate that the use of confining elements significantly
improves the lateral load capacity, elastic stiffness, and displacement ductility factor of the confined
masonry wall in comparison to an unreinforced masonry wall by 102%, 66.67%, and 5.3%,
respectively. Overall, the study concludes that the inclusion of confining elements enhances the
seismic performance of the confined masonry wall under lateral loading (Chourasia et al., 2020;
Zade et al., 2021; Khan et al., 2023).

3 MATERIALS AND METHODS

Expanded clay is an environmentally friendly heat-insulating material, which are light porous
materials of cellular structure in the form of ceramic granules obtained by firing bentonite clay,
capable of swelling when quickly heated to a temperature of 1050-1300°C for 25-45 minutes.

Firstly, the bentonite clays were selected and then ground in an ML-1r ball mill in an amount
of 10 kg with passing through a shaker with a sieve at the bottom of 1 mm, followed by drying in a
desiccator at 30°C.

Prepared in advance and weighed for further experiments, the studied clay together with
additives was mixed in an ALS-5 mixer in a dry state, gradually moistening with water until a
paste-like consistency was obtained. The mass moistened in this way was kept for 4 hours and then
mixed again. Pressed tablets were moulded from the prepared mass by packing method using a
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hydraulic press PGM-100MG4A, with subsequent drying of the already pressed tablets at a
temperature of 100-140°C.

An important characteristic of clay raw materials is fire and air shrinkage, which means the
reduction of linear dimensions and volume of the clay sample during its drying. For the studied
clay, the value of air linear shrinkage under conditions of slow natural drying is 10.8%, and under
severe artificial drying regime - 7.8%. Fire shrinkage when firing the samples at a temperature of
950°C is 5.5%.

The suitability of various clay rocks as raw materials for expanded clay production is
determined by their degree of swelling during firing and density of ¢ expanded clay.

Temperature and time regime of thermal preparation of expanded expanded clay in laboratory
conditions is presented in Table 1.

Table 1
Temperature and time regime of thermal preparation of expanded clay
Stages of synthesis T, °C Burning time, min
normal mode
Heating in a drying oven 130 5
Thermal preparation 300 2
Raising the temperature in the furnace 1080-1180 23
Tempering at burning temperature 1080-1180 7
1st cooling stage 900-950 0,5-1
2nd cooling stage 30 7

Thermal preparation of samples was carried out in a muffle furnace, where the samples were
heated for 2 minutes to 280-300°C. After thermal preparation, the samples were fired at 1080-
1180°C with a temperature rise rate of 10-15°C per minute.

The increase in the volume of raw materials during firing is estimated by the bloating
coefficient, which expresses the ratio of the volume of expanded clay to the volume of the initial
dry raw material.

According to the swelling coefficient, clay raw materials are divided into weakly swelling
(Csw < 2.5), medium swelling (Csw = 2.5-4.5), well swelling (Csw > 4.5).

4 RESULTS AND DISCUSSIONS

According to the data of electron microscopy and X-ray energy-dispersive microanalysis
(Figure 1), performed at the Department of Silicate and Nanomaterials Technology of the Institute
of Physics and High Technologies of the National Research Tomsk Polytechnic University on a
scanning electron microscope SEM JEOL JCM-6000 together with the Center for Physic-chemical
Research Methods "Laboratory of Electron Microscopy” of the Belarusian State Technological
University on a scanning electron microscope SEM JEOL JSM-5610LV at magnifications (x100-
x1000), we found that the morphological structural features of the bulk of the studied bentonite
clays are represented by microaggregates of a complex structure, consisting of sheet-like
associations, forming isometric and slightly elongated ultramicroaggregates, in which clay particles
contact each other with basal planes.

Bentonite clays, at swelling temperatures, consist of a crystalline phase, mainly consisting of
silica and alumina, the amount of which during the swelling process continuously decreases by 50-
70% at the beginning and 1-10% at the end; a liquid phase, consisting of fusible components
transferred to the melt and some silica and alumina, the amount of which reaches 90% and higher
by the end of the swelling process; and a gaseous phase, varying in composition and amount.
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Figure 1 —a) SEM (JCM-6000) and b) SEM (JSM-5610LV) photographic images of the structure and morphological
features of the studied fine colloidal dark green bentonite clays.

Differential thermal studies of bentonite clays of the Kyngrak-Keles deposit show (Figure 2)
that the thermogram has characteristic signs of changes in their properties, where two endoeffects
are observed. The first of them is recorded at a temperature of 100-180°C, which is accompanied by
a loss of mass and is associated with the release of free and adsorbed water. A small, weakly
expressed endothermic effect in the range of 200-900°C is associated with the removal of the main
part of chemically bound (constitutional) water of various minerals: montmorillonite, hydromicas,
hydrochlorite, kaolinite, micas, gypsum, which causes the absence of a clear endoeffect of their
decomposition. In the same temperature ranges, the dissociation of various carbonates with the
release of carbon dioxide mainly ends. In the range of 200-600°C, the volatile part of organic
impurities is released, and at 700°C and above, sulfur dioxide from gypsum and oxidation of
sulfides is released.
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Figure 2 — Thermogram bentonite clays.
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In this case, under the influence of reducing conditions, the reactions of interaction of
minerals both among themselves and with organic impurities are significantly accelerated, with the
release of a gaseous phase. Dehydration during firing is accompanied by a gradual destruction of
their crystal lattices - kaolinite at 400-650°C, montmorillonite and hydromica within 300-900°C,
and at 900-1050°C, complete destruction of the crystal lattices of clay minerals and their
amorphization with the release of residual constitutional water occurs, which increases their
reactivity and the formation of a colossal number of micropores, which, along with the pores
formed as a result of physical contact between the smallest elementary particles and their
complexes, determine the overall porosity of the material in the period preceding its swelling.

Oxidation-reduction processes within the range of 300-1050°C have a significant effect on
phase transformations. The presence of organic impurities, iron oxides and constitutional water in
the clay raw material creates favorable conditions for the development of reversible reactions with
alternate oxidation and reduction of iron oxides, oxidation of carbon and hydrogen and reduction of
their combustion products. At the same time, as the temperature increases, reduction reactions begin
to predominate, accompanied by the accumulation of iron oxide, which does not disappear until the
end of firing. The oxidation process of previously reduced iron begins only when the rate of water
vapor release from dehydrating minerals decreases so much that it ceases to interfere with the
diffusion of oxygen into the sample.

Research has shown that when firing expanded clay, all clay minerals and fluxes pass into the
melt, forming pore walls where at 950-1050°C a glass phase appears with the participation of
ferrous oxide and other fluxes and local areas of weakly porous mass. Within the range of 1050-
1200°C, the overwhelming majority of expanded clay raw materials soften due to the formation of
ever greater quantities of low-melting eutectics with the participation of fluxes, especially ferrous
oxide and alkalis, and the assimilation of other finely dispersed components by the melt, and the
mass passes into a pyroplastic state, characterized by a certain homogeneity of the melt and an
optimal viscosity for swelling.

During the heat treatment, vaporous and gaseous products are released from a homogeneous
mixture of minerals of the studied clays. When a homogeneous mixture of minerals of the studied
clays is heated, chemical interaction occurs in the contact areas between them while still in solid
phases, where, with an increase in temperature, as a result of further interaction of components, a
liquid phase appears due to the most easily fusible eutectics and compounds, the amount of which
continuously increases due to the appearance of new eutectics at higher temperatures and the
interaction of the already formed liquid phase with crystalline components. With the appearance of
a certain amount of liquid phase, as the temperature increases, the viscosity of the studied clay mass
begins to decrease and plastically deform.

As studies have shown, during the firing process, 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.

As a result of thermal treatment of clays at a rate changing during the firing of expanded clay
from 15-30 to 50-100 degrees/min, the reactions of decomposition, dissociation and interaction of
the components of the mass with the release of gas-vapor products are somewhat shifted to the
region of higher temperatures, providing resources of the gas-vapor phase for swelling of the
material, which occurs in the range of 1050-1200°C, to values characteristic of this clay raw
material.

120



QazBSQA Xaoapmbichl. Ne2 (96), 2025. KypbuLibic

As the material is heated to 900-1000°C, the total porosity with a changing nature of the pore
size distribution continuously increases, then drops sharply during sintering. At the same time, it is
important to note that the total porosity decreases mainly due to larger pores with an increasing
number of tiny ones. The swelling interval is reduced by CaO, and at high content it causes rapid
deformation and adhesion of the material, sharply reducing the viscosity of the liquid phase in a
short temperature range, which significantly complicates burning.

Based on a comprehensive study of bentonite clays from the Kyngrak-Keles deposit, we have
established that, based on their material (chemical and mineralogical) composition, bentonite clays
belong to the montmorillonite-hydromica low-dispersion group of clay materials with fine-
dispersed fractions of less than 10 pm.

Tire production waste is a powder produced during the mechanical processing of tyres. The
powder was sieved through a sieve with a mesh size of 2 mm.

The results of tests of expanded clays from masses with the addition of tire production
powder, shown in Table 2 and Figure 3, Figure 4, indicate a positive effect of this additive on the
bulking capacity of the clays under study.

When 0.5% of tire waste powder is added to the mass composition, expanded clay with a bulk
density of less than 400 kg/m3 can be obtained already at a temperature of 1120°C. Granules fired
at 1160°C have a bulk mass of 0.484 g/cm?®, which corresponds to the bulk mass of expanded clay
about 280 kg/m?® with a closed porosity of 77%.

Table 2
Physical and mechanical parameters of expanded clay on the basis of bentonite clay with the addition of tyre production
waste

Burning temperature, °C ci\é\ﬁiltl:lizgt Bulk mass, g/cm?®
0.5% of tyre production waste
1080 1,8 0,858
1100 2,2 0,736
1120 2,7 0,584
1140 3,1 0,517
1160 3,2 0,484
1% of tyre production waste
1080 2,3 0,699
1100 3,1 0,513
1120 3,3 0,483
1140 4,2 0,391
1160 4,7 0,353
1180 4,2 0,398
3% of tyre production waste
1080 2,5 0,626
1100 2,6 0,605
1120 3,5 0,450
1140 3,6 0,430
1160 3,8 0,409
1180 3,6 0,436
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Figure 3 — Change in the swelling coefficient of the obtained expanded clay based on bentonite clays with the addition
of tire production waste depending on the burning temperature.

From the mass with the addition of 1% of tire production waste powder, expanded clay can be
obtained at a burning temperature of 1100°C and higher. Closed porosity reaches more than 80%.
The bulk mass of granules fired at 1160°C = 0.350 g/cm?, which corresponds to the bulk mass of
expanded clay - 280 kg/m?®.

From the mass with the addition of 3% powder from tire production waste, expanded clay can
be obtained at a burning temperature of 1080°C. The bulk mass of granules fired at 1080°C = 0.605
g/cm?, which corresponds to the bulk mass of expanded clay - 400 kg/m?.
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Figure 4 — Change in the bulk mass of the obtained expanded clay based on bentonite clays with the addition of tire
production waste depending on the burning temperature.

122



QazBSQA Xaoapmbichl. Ne2 (96), 2025. KypbuLibic
5 CONCLUSIONS

1. It was established that for the studied clay the value of air linear shrinkage under
conditions of slow natural drying is 10.8%, and under a strict artificial drying regime — 7.8%.

2. Fire shrinkage during firing of samples at a temperature of 950°C is 5.5%.

3. It has been established that the addition of tire production waste to bentonite clays serves
as a good swelling intensifier.

4. It has been confirmed that the optimal addition of tire production waste is 0.5-1% of the
clay mass.

5. The optimum firing temperature for expanded clay was determined to be 1120°C + 20°C.

6. 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 the melt of other finely
dispersed components, 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.

The presented results indicate that tire production waste is the best additive for the production
of expanded clay from bentonite clays in lightweight concrete technology to improve the seismic
resistance of brick buildings.
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Abstract. In the context of intensified housing construction and the transition to a
"green" economy in the Republic of Kazakhstan, the demand for energy-efficient and
environmentally friendly building materials is increasing. Against the backdrop of a
shortage of high-quality clay raw materials, the use of ash and slag waste (ASW) from
thermal power plants in the production of construction ceramics is becoming especially
relevant. Chemical and phase analysis of ash and slag from Pavlodar TPP-3 and
natural clay from the Paviodar deposit has been made in the study. X-ray fluorescence
analysis (XRF) and X-ray diffraction (XRD) methods have been applied using Bruker
equipment. The data obtained have been interpreted according to current international
standards. Ash and slag materials contain up to 61.19% SiO: and 18.61% Al:Os, as
well as significant amounts of fluxing oxides (CaO, MgO, K:0), which help reduce
sintering temperature. The clay is characterized by high Al:Os and Fe:0s content,
which makes it suitable for the production of red-fired ceramic products. X-ray
fluorescence analysis confirmed the presence of such phases as quartz, mullite, and
anorthite in the ash and slag, and kaolinite, illite, and feldspars in the clay. An
integrated approach to combining ash and slag with clay allows to optimize the
ceramic mass formulation, improving its plasticity and strength. The use of ash and
slag waste in construction ceramics ensures technological efficiency and solves
environmental problems by reducing industrial waste volumes, expanding the raw
material base, increasing production profitability, and supporting sustainable
development.
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Anpatna. Typ2uin  yil  KYpolIblCbIHbIY — KAPKLIHOBLIbIRbL ~ HCIHE — «HCACDHLILY
9KOHOMUKa2a kouty scazoauivinoa Kazaxcman Pecnyoaukacvinoa dHepeusniblk muimoi
JHCOHE DKONOSUSANILIK MA3a KYPblIblC MAMepUanoapblHa KaxicemminiK apmuln Keneoi.
Konouyusnvix caz wuxizamelr manuibl 6012aHObBIKMAH, KYPbLIbIC KEPAMUKACHIH
eHOIpyOe vy dnekmp opmanviebinvly (AKI0) kyn-gooxc kanovikmapwin (KKK)
naoanawy epexute e3ekmi 6ovin omip. 3epmmey oapwvicvinoa Ilasnooap K30-3 kyn
Kootcoapwl men Ilagnooap keH OpHbIHbIY MAOURU CA3LIHA XUMUSLIbIK HCIHE (Pazanbik
manoay  ocypeizindi. Bruker ocabovizbin  Kondama  omulpvin,  peHmMeeHOIK
¢ayopocyenmmi manoay (PDT) owcone pemmeendix ougppaxyus (PH) adicmepi
Konoauwlnovl. Tanoay oepexmepi KONOAHbICMARLL XAILIKAPAILIK CMAHOAPMMAapaa
catikec mycinoipinoi. Kyn koo kypameinoa 61,19% oeuin SiO: scone 18,61% Al>03,
COHOAQU-aK KYUOIpy MeMnepamypacviibly mMeMeHOeyine blKnal ememin @aroc
oxcuomepiniy (CaO, MgO, K>0) aiimapavikmaii monwepi oap. Caz Al>O3 scone Fer03
KYDAMBIHbIY — JCOAPBLIAYbIMEH — CUNAmMmanaovl, OY1 OHbIH  Kbl3bll  HCAHEbIUL
Kepamuxkaivly OyubiMoapobl OHOIpyee HCAPAMOBLIbIZbIH — KAMMAMACLI3 — emeoi.
Peumeenoix ¢hnyopocyenmmi manoay Kyn KOJNCLIHOAZbI K8APY, MYJIIUM JHCIHE
anopmum, caz0agvl KAOAUHUM, WIIUM, Oald WNAMmapsl CUsKmol Gazanapoviy
bonyein  pacmaovl. Kyn Koocoapwt men cazovbl  Oipikmipyoiy KeuwteHOi macini
KepamMuKaivlk —MACCAHbIY — peyenmypdacvlH — OHMAWIAHObIPYed, —UKeMOLlIK — neH
bepikmikmi  orcakcapmyza.  Kypwoiivic  kepamukacvinoa ~ KKK-vin  Konoawy
MEXHONOUANLIK MUIMOINIIKMI KAMMAMACHI3 emin KaHa Koumatl, COHbLMEeH Kamap
MexHO2eHOIK Kai0blKmapobly KOJeMIiH a3aimsin, WuKizam 6a3acvli Keyelmy, eHOipic
MadbICMBLIBIRBIH  APMMBIPY HCIHE MYPAKMbl 0aAMY MYACHIPLIMOAMACHIH  KO10Al
OMbIPLIN, IKOA02USIBIK MiHOemmepOi weuleoi.

Tyiiin ce3nep: Kyn-Kooic, KYpolivbic Kepamuxacel, hazanvlk KYpam, aiioMUuHuLl
cunukammapbl, Qaoc Kocnanapwl, bICMulKKA MO3iMOINIK
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HAVYHAA CTATBA

HCCIEJOBAHUE COCTABA 30/I0IIVIAKOBBIX OTXO10B
oI AJisA IPUMEHEHUA B CTPOUTEJIBHOU KEPAMUKE

A.X. Taxuposa*® | A M. Paxumos!' @ , I. M. Paxumona! @ , JK.B. Paxumosa! @

B.B. Japuuxun?® | A.K. Angynraposa’®

"HAO «KaparanauHckuii TexHuueckuii ynusepcuter uMeHn AGbiikaca Carunosa»,100027,

Kaparanna, Kazaxcran
*MexnyHapoaHas obpaszoBatesibHas Kopropanus, Anmarsl, 050028, Kazaxcran

SHoBocubupcKuii TocynapcTBeHHbIN TeXHuueckuii yausepcutet, HoBocubupck, 630073,

Poccniickas @enepanus

AHHOTAUMA. B ycrnogusx unmeHcuurayuu HCUlUWfHoO2o CMpoUmenrbcmed u
nepexooa K «3€neHouly dKkonomuxke 6 Pecnybnuke Kazaxcman e6o3pacmaem
nompeoHOCb 8 IHEP20IPPEKMUBHBIX U IKONOSUUHBIX CIIPOUMETIbHBIX MAMEPUATAX.
Ha ¢one dedpuyuma KoHOUYUOHHO2O 2NUHUCMO20 CbIPLSA 0COOVIO AKMYATbHOCHb
npuobpemaem  UCNONBL30BAHUE  30J0UWAAKOBLIX  omxo0oe (3LIO) TOI] s
npouzeoocmee CmpoumenbHoU Kepamuku. B uccieooeanuu npogeden Xumudeckui u
Gaszoswiii  ananuz 3onownaxos Ilasnooapckou TOI[-3 u  npupooHnoti 2auHb
Ilasnooapckozo MeCmopOANCOCHUSL. Ipumenenwvi Memoovl
penmeeno@ayopocyenmuozo ananuza (P@A) u penmeenosckoti ougppaxyuu (PI) c
ucnonvzosanuem obopyoosanus Bruker. [lanuvie ananuzoe unmepnpemuposamvi 6
coomeemcmeuu ¢ OeucCmeyroWUMU MeHCOYHAPOOHbIMU CMaHOapmamu. 3010WnaKu
cooepacam 00 61,19 % SiO>u 18,61 % AlO3, a makawce 3HavumenvHvle KOIULECMBA
Garocyrowux  oxkcuoose  (CaO, MgO, K>0O), cnocobcmsyrouux CHUNCEHUIO
memnepamypol chekanus. I 1una xapaxmepusyemcsi nOSbIUEHHbIM COO0epHCaHUeM
ALO3 u Fex03, umo obecneuusaem ee npuecoOHOCmMb Ol NPOU3BOOCEA
Kpachodcayumuxcsa Kepamuieckux usoenuti. Penmeenognyopocyenmuulil ananu3s
noomeepoun Haiuyue maxkux ¢has, KaxK Keapy, MyJLium u aHopmum 6 30j1oullake, u
KaonuHum, uiium, nofesvie wnamol 6 2nuHe. Komniekcuviti nooxoo K couemaHuro
30/I0ULIAK08 U 2NIUHbL NO380JsAem ONMUMUSUPOBAMb peyenmypy Kepamudeckoll
MAcCol, YIYYWUMb NIACMUYHOCb U NPOYHOCMb. [Ipumenenue 3010uL1aKOBbIX
0mMX0008 8 CMPOUMENbHOU Kepamuke obecneuusaem He moabKo MeXHOI02UYECKYHO
aghhexmuenocms, HO U peulaem IKOJIOSUYECKUE 3A0aUU, CHUNCAS 0OBeMbl
MEXHO2eHHbIX OMX0008, PACUIUPSS Cbipbedylo 6a3y, Nogvlulas peHmaderbHOCHb
npou3800cmea U NOOOEPAHCUBAL KOHYENYUIO YCIMOUUUBO2O PA3GUMUSL.

KuaroueBsble cnoBa:. 3onownaxu, cmpoumenvHas kepamuka, (hasosvlili cocmas,
anoMocunukamsl, gurocyrouue 0006a8KU, MepmoCcmouKoCcmo.
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1 INTRODUCTION

In the context of active housing and infrastructure construction in the Republic of Kazakhstan,
there is a steady growth in demand for ceramic building products. Such products are in demand due
to their high strength, durability, thermal resistance, and compliance with modern energy efficiency
requirements.

The development of building ceramics in the Republic of Kazakhstan holds one of the key
positions in the state policy in the field of industrial and housing development. This direction is
reflected, in particular, in the national project «Strong Region — Driver of Country’s Development»
for 2021-2025, the main goal of which is to improve the quality and affordability of housing.

Additionally, within the framework of implementing the Concept for the transition to a «Green»
economy, emphasis has been placed on expanding the use of environmentally friendly and energy-
efficient materials, including ceramic products. The regulatory framework also supports these goals:
current building codes and technical regulations contain requirements aimed at ensuring the quality,
safety, and environmental sustainability of construction products on the domestic market.

Despite the presence of significant reserves of natural clays, certain regions of Kazakhstan are
experiencing a shortage of high-quality clay raw materials, which affects the sustainability and
volume of ceramic product manufacturing. According to the Ministry of Industry and Construction
of the Republic of Kazakhstan, in 2021, domestic enterprises provided only 44% of the internal
demand for ceramic bricks, highlighting the need to seek alternative raw material solutions.

One of the potential solutions may be the use of ash and slag waste (ASW) from thermal power
plants (TPPs), which allows for the simultaneous resolution of resource conservation and
environmental safety issues. According to statistics, approximately 1.9 million tons of ash and slag
are processed annually in Kazakhstan, accounting for less than 8% of the total amount generated. The
Committee for Environmental Regulation and Control of the Ministry of Ecology and Natural
Resources of the Republic of Kazakhstan estimates that over 17 million tons of ash are sent to ash
dumps each year. Projections indicate that without large-scale utilization, the total volume of
accumulated ash and slag could reach 1 billion tons by 2030.

Against this backdrop, the scientific and practical importance of developing technologies for
processing ash and slag as a component of forming masses for construction ceramics is increasing.
Among the fundamental works dedicated to this area, it is worth noting the monograph by S. Zh.
Saibulatov, S. T. Suleimenov, and A. V. Ralko titled «Ash-Ceramic Wall Materials» (Saibulatov
et.al., 1982), which provides a detailed examination of the mechanisms of mineral formation, phase
transformations, and strength characteristics of products based on ash and clay.

2 LITERATURE REVIEW

A number of works by Russian and Kazakh researchers confirm the applicability of ash and
slag waste (ASW) as a plasticizing and fluxing additive that improves the technological properties of
ceramic masses (Nemushchenko et.al., 2024; Malchik et. al., 2016; Vatin et.al., 2016).

Using the example of ash and slag from the Tolyiatti Thermal Power Plant, their ability to
correct the plasticity and thermal resistance of ceramic mixtures was established (Safronov et.al.,
2021). Other studies (Abdrakhimov, 2019; Gostev & Karagulov, 2020; Abdullaeva & Takibaeva.,
2024; Aleksandrova & Korchevenkov, 2017) demonstrated the possibility of producing solid M150
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bricks with the addition of up to 25% ASW, as well as a reduction in energy costs for drying and
firing processes.

Industrial examples have also been implemented in Kazakhstan: at Pavlodar brick factory No.
3, the addition of 12-15% ash and slag from TPP-1 helped eliminate shrinkage and cracking of the
clay mass, increase strength, and improve the geometry of products (Lazareva & Kulikova, 2016).
Ash and slag from the Ekibastuz GRES-1, containing up to 25.7% AlO3 and SiO; were successfully
used, demonstrating strength up to 17 MPa when fired at 1000-1050° C (Akhmedyanov et.al., 2015).

In addition, the formulations developed in the Pavlodar region with the participation of ASW
confirm the industrial applicability of this approach (Aryngazin et.al., 2022; Shaimerdenov &
Shukurov, 2024; Vyshar et.al., 2023; Aldungarova et.al., 2021).

Additional research once again confirms the expediency of using ash and slag waste from
thermal power plants in the production of ceramics. A comprehensive assessment of the ASW
composition revealed the presence of reactive aluminosilicate microspheres, which improved water
retention capacity and enhanced the physical-mechanical properties of mineral-based materials
(Kosivtsov et al., 2021). A modern approach to incorporating ash and slag waste into ceramic
technology was demonstrated in a study focusing on three-component mixtures composed of
aluminosilicate loams, ASW from thermal power plants, and fluxing additives such as cullet and silica
gel. These additives enhanced mineral formation during firing, reduced the required heat treatment
temperature, and increasing mechanical strength compared to binary compositions (loam + ASW)
(Gur'eva & Doroshin, 2024).

3 MATERIALS AND METHODS

X-ray fluorescence (XRF) analysis was conducted using a Bruker spectrometer S2 Puma, and
identification and quantification of crystalline phases using X-ray diffraction (XRD) on a Bruker
diffractometer D6 PHASER. Both instruments are calibrated according to the manufacturer’s
standards and certified references, ensuring metrological traceability and high data reproducibility.

In the case of XRF, the pressed tablet or fused bead method was used, depending on the nature
of the sample. For finely dispersed samples, pressing with an inert binder under a pressure of 20 t/cm?
was applied (ASTM C114-23, ASTM E1621-13). Calibration was performed using CRM/ERM
standards with expected concentration ranges. Spectrum recording was performed at 50 kV — 50 mA
(Rh tube), collimator — 0.5 mm; calculation — by fundamental regression with peak overlap correction
and verification using internal control samples (RSD < 2 %)).

Samples for XRD were ground to < 63 pm in a planetary mill, ensuring random packing. Bragg-
Brentano geometry was used with Cu Ko tube (A =1.5406 A), 40 kV — 40 Ma, slit — 0.6 mm, graphite
monochromator. Scanning parameters: 5° —70° 26, step 0.02, 1 s/step. Qualitative phase analysis was
carried out according to the ICDD database PDF 4+ (2025).

Quality control included repeated measurements every 10 samples, laboratory blanks, and daily
adjustments. This allowed keeping RSD below 0.5% for major elements (XRF) and < 1 % for peak
intensities (XRD).

Figure 1 shows the ash and slag waste used at the Pavlodar TPP-3 and clay from the Pavlodar
deposit.
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Figure 1 — The studied ash and slag waste and clay [author’s material].

4 RESULTS AND DISCUSSION

This study aims to assess the suitability of ash and slag waste from the Pavlodar region thermal
power plant for the production of building ceramics. The efficiency of ash and slag use is determined
by their compliance with the physical and chemical requirements for clay raw materials: dispersion,
phase composition, oxide, and impurity content.

Ash and slag from thermal power plants are a finely dispersed gray material consisting of
microspheres and angular particles. According to the data of the reclamation project for the ash dump
of thermal power plant 2, up to 88% of the particles are 0.25-0.01 mm in size, which provides
favourable conditions for the formation of a dense ceramic structure.

The composition of Ekibastuz ash and slag is represented by aluminosilicates, including
mullite, quartz, hematite, and magnetite. Chemically, the oxides SiO2, Al.Os, Fe.Os, CaO, MgO, and
TiO: predominate.

The established characteristics confirm the potential applicability of ash and slag from TPP-3
as a functional component in the composition of clay raw materials for building ceramics.

X-ray fluorescence (XRF) analysis allowed determining the mass fraction of the main oxides
in the studied samples: ash and slag from Pavlodar TPP-3 (Sample 1) and natural clay from the
Pavlodar deposit (Sample 2).

Ash and slag are dominated by SiO2 (61.19%) and ALOs (18.61%), which determines their
aluminosilicate nature. A significant content of Fe2Os (14.49%), as well as fluxing oxides K-O, CaO,
MgO, in total exceeds 10%, which makes it an effective component for lowering the sintering
temperature.

The clay is characterized by a higher content of Al-Os (28.39%) and Fe:Os (26.88%), with a
comparatively moderate proportion of SiO2 (51.08%), which contributes to its tendency for intense
coloration and the formation of a dense ceramic body at firing temperatures of 1100-1200 °C. The
comparative oxide composition of ash and clay is presented in Table 1.

Table 1
Comparative oxide composition of the studied samples [author’s material]
Name of the raw Oxide composition, mass %
material SiOz A1203 F6203 CaO MgO Na20 TiOz Kzo SO3
component
Clay 51.08 28.39 14.32 2.9 0.9 0.02 1.32 0.48 0.19

131



QazBSQA Xatapusbicbl. Ne2 (96), 2025. KypbLibic
ASW of TPP-3 61.19 18.61 7.64 3.86 3.46 0.09 0.95 3.36 0.4

The chemical characteristics of the ash-slag waste allow it to be considered both as a fluxing
and structural additive. The high content of fluxing components (K20, CaO, MgO) ensures a
reduction in the initial sintering temperature, while Al-Os and SiO: provide structural stability under
thermal exposure. The presence of Fe2Os contributes to the formation of an intense coloration.

The clay belongs to high-alumina, red-firing masses. The high concentration of Al.Os ensures
thermal resistance and shape stability during firing. The increased Fe2Os content determines the
characteristic dark-red coloration of the products. The combined data indicate the feasibility of
blending ash-slag waste with clay to optimize the recipe of the ceramic mass.

X-ray phase analysis, performed in the 20 range from 5° to 70°, made it possible to determine
the mineral composition of the studied samples — ash and slag as shown in Figure 2 and clay as shown
in Figure 3.

COMMANDER Sample ID (Coupled TwoTheta/Theta)

5,000~

4,000+

2,000

Counts

2Theta (Coupled TwoTheta/Theta) WL=1.54060

Figure 2 — Diffractogram of ash and slag from TPP-3 in Pavlodar region [author’s material].

The ash-slag sample is characterized by an intense peak around 26.6° 20, which corresponds to
the main reflection of quartz (SiO2). Additionally, reflections corresponding to mullite (AlsSi2O13)
and anorthite (CaAl.Si-Os) were identified. The presence of a broad background in the range of 15—
35° indicates the existence of an amorphous glassy phase. Secondary peaks may be associated with
hematite (Fe20s) and rutile (TiO2), which supports the chemical analysis data regarding Fe and Ti
content.

The clay sample contains phase components typical of clay raw materials: kaolinite (peaks at
~12.3°, ~24.9°, ~38.5°), illite/muscovite (peaks at ~8—10°, ~17-20° ~26°), as well as feldspars
(orthoclase, microcline, albite) in the 28-31° 26 range. The presence of hematite is confirmed by
peaks in the 33-35° and ~54° ranges. An intense quartz peak (~26.6°) also dominates, indicating a
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significant content. The amorphous component, expressed by a broad background, is characteristic
of fine-grained phases and poorly ordered silicates.

COMMANDER Sample ID (Coupled TwoTheta/Theta)

4,000

° T T T T T T T
10 20 30 40 50 €0 T0 80
2Theta (Coupled TwoTheta/Theta) WL=1.54060
Figure 3 — Diffractogram of clay from the Pavlodar deposit
5 CONCLUSIONS

Based on the research results, the following conclusions can be drawn:

1. The chemical and phase analyses have confirmed that ASW from thermal power plants can
be effectively used as a functional additive to clay raw materials for the production of building
ceramics.

2. The presence of fluxing oxides (K2O, CaO, MgO) and amorphous glassy phases in the ASW
facilitates low-temperature sintering, while aluminosilicates (SiO2, A,O3) provide structural integrity
and thermal resistance of the ceramic body.

3. The studied ash and slag from the Pavlodar TPP-3 are compatible with the high-alumina red-
firing clays from the Pavlodar deposit, supporting the formation of dense, thermally stable ceramic
materials.

4. The use of ASW in ceramic formulations reduces energy consumption during firing and
contributes to cost saving in ceramic production.

5. Incorporating ASW into building ceramics promotes environmental sustainability by
reducing the volume of industrial waste and mitigating its environmental impact, while
simultaneously expanding the raw material base.

Further research should be aimed at optimizing the composition of ceramic products by

selecting an effective ratios of ash and slag waste.
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Abstract. The purpose of this study is to experimentally substantiate the effect of
the concrete mixing methods on the physical and mechanical properties of expanded
clay concrete used in modular construction. In the framework of research two
technological approaches of mixing are compared.: traditional (according to GOST)
and alternative method of "suspension concrete". The study was conducted on identical
compositions of lightweight concrete with expanded clay aggregates with fractions of
0-10 mm at a constant dosage of cement, sand, water and chemical admixtures. Control
samples were produced for each mixing method and compressive strength tests were
conducted at the ages of 1, 3, 7 and 28 days to determine the average density of the
samples. The results show that changing the order of introducing the components has
a significant impact on material structure formation. The use of the suspension mixing
method, in which a cement-water suspension is formed before the introduction of
aggregates, provides an increase in the strength of expanded clay concrete by up to
19% on day 28 compared to traditional technology. In addition, there was an
improvement in the uniformity and surface quality of samples. At the same time,
workability and the density of the concrete mixture remained at the same level.
Therefore, suspension mixing can be considered an effective way to strengthen the
structure of expanded clay without changing its composition, which is particularly
important in industrial production of precast products. The obtained data are of
practical significance and can be used to improve production technologies for
lightweight concrete with enhanced performance properties.
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Anparna. byn zepmmeyoiy maxcamol mooynwdik Kypuinvicma Konoanviiamolt
Kenelmineen caszobl OeMOHHbIH (QUIUKA-MEXAHUKATILIK CUNAMMAMANAPbIHA OemoH
KOCNACLIH apanacmulpy 20iCiHIH 2CepiH IKCnepuUMeHmmik Hezizoey 00.1bln maowiiaobi.
3epmmey ascvlHOa apanacmulpyovly €Ki MexHONO02USANbIK MACIIIH  CATbICMbIPY
arcypeizindi: dacmypai (I'OCT 6botivinwa) scane banama "cycnenzusnviy bemon "20ici.
3epmmey yemenm, Kym, cy HcaHe XUMUALBLIK KOCRANapObly mypakmsl 0ozaceinoa 0-10
MM (ppakyusnblK Keneumineen cazobl azpezamvl Oap dHceHin OemoHHblH Oipoell
Kypamoapvinoa cypeizindi. Apanacmuipyoviy ap 20ici ywin Oakwiiay yieinrepi
arcacanovl xcame 1, 3, 7 grcone 28 maynik scacbinoa Kbicy bepikmici CblHan0bl, COHbLMEH
Kamap yreinepoiy opmawia mulabl30blebl  AHbIKMAnovl. Homuowcenep bemon
KOCNACLIHbIY —~ KOMNOHEHMMepPIiH — eHei3y  mapmibOiHiy — e32epyi  mamepuanobiy
KYDOUILIMbIH — KAILINMACMbIPYEA  Amapivikmail  acep  ememiHOiciH  Kepcemmi.
Cycnensusinbl — apanacmoelpy 20iCiH  KONOAHy, OHOA YEMEHM-CYy CYCHEeH3UACHl
acpecammap  eHeizinceHee  OeliH  Kalblnmacaovl, OICMYpPIi  MEXHOA0SUAMEH
canvlcmvlpeanoa Kenelmineen cazobl OemoHuwly bepikmiciniy 28 maynixke 19% - 2a
Oetiin ocyin xammamacviz emmi. ConviMen Kamap, yaciniepoiy Oipmekminici meH
beminiy canacvl dcakcapovl. bemown Kocnacvinvly ocymvic Kabinemminiei meH
Mmoulebl30bi2bl Oipoeli Oeneetioe Kanovl. OcvLiauiuia, CYCNeH3UsHbl apaniacmulpyobl
KOMNO3UYUsHbl 632epmnecmen Keyeumineen cazobl OemoH KYpPulIblMblH Kyuietimyoin
muimoi a0ici peminde Kapacmuipyea 601aovl, 0yn acipece Kypama oOytivimoapoviy
OHEePKACINMIK OHOIPICI Ha20albiHOA MAKbI30bl. ANblHeaH MaiMemmep KOa0aHOAbl
MoHee ue JCoHe OHIMOLNI2 JHco2apbl JiceHil Oemon dcacay MmexHONOUSLIAPbIH
JHceminodipy yuliH natioaiansbliybl MYMKIH.
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AHHOTaI U, Lenvio Hacmosue2o uccne0o8ansl A6AEMCSL
9KChepuMeHmanibHoe 000CHO8AHUE BIUAHUSL CHOCODA nepemeuusanus. O6emoHHOU
cMecu  Ha o QQu3UKO-MexaHudeckue — XapaxkmepucmuKku — Kepamsumoodemoua,
NPUMEHAEMO20 8 MOOYIbHOM cmpoumenvcmee. B pamkax uccnedoeanus 8binoiHeHo
cpasHenue 08yX MEXHOI02UYEeCKUX N0OX0008 K NepeMeutusanuio: mpaouyuoHHO20
(no I'OCT) u anemepuamugHo2o memooa «CyCneH3UuoHHo20 bemonay. Hcciedosanue
NnpPOBOOUNIOCL HA OOUHAKOBLIX COCMABAX J1e2Ko20 OemoHa ¢ Kepam3umosvim
sanonnumenem paxyuu 0—10 mMm npu nOCmMosHHOU 003UPOBKe yeMeHmd, neckd,
600bl U XUMUYECKUX 000a80K. [nsa Kajxiooeo cnocoba nepemewusanus OvlLiu
U320mo8enbl KOHMpPOAbHble 00paA3ybl U NPOBEOeHbl UCNbIMAHUSL NPOYHOCU HA
corcamue 6 eospacme 1, 3, 7 u 28 cymok, a maxaice onpeoenena cpeoHsisi Ni1OMHOCHb
obpasyos. IlonyuenHnvle pe3ynbmamol NOKA3ALU, YMO UBMEHEHUe NOPAOKA 88e0eHUs
KOMNOHEHMO8 OemOHHOU CcMecu OKasvbleaem CYujeCmeeHHoe 6GlusHue Ha
Gopmuposanue cmpykmyper mamepuana. llpumenenue memooa CYCHeH3UOHHO20
nepemeuusans, npu KOMoOpOM UYEMEeHMHO-800HAs CYCHeH3us opmupyemcs 00
8600a 3anonHumeret, obecneyuso npupocm npoyHocmu Kepamzumobemouna oo 19%
Ha 28 cymKku no cpasmeHuro ¢ mpaouyuoHHou mexuonocuei. Kpome moeo, 0vin10
ommeueHo yayuyuienue OOHOPOOHOCMU U KA4ecmed MNOBEPXHOCMU 00OpA3YO8.
Yooboyknaovieaemocms u niomHocmes OEmMoHHOU cCMeCU Npu dMOM OCMABAIUCL HA
oounaxogom ypoeue. Takum 006pa3oM, CYCNeH3UOHHOEe NepeMeuuUsanue Moxtcem
paccmampusamsbcsi KAk 3@gexmusHvlll cnocod unmeHcugukayuu cmpyKmypol
Kepam3umobemona 6e3 usMeHeHuUs: cCoCmasd, 4mo 0COOEHHO aKmyalbHO 8 YCI08USX
NPOMBIULTIEHHO20 Npou3eo0cmea cOopHuix usdenui. llomyuenuvie OanHvle umerom
NPUKIAOHoe 3HAueHue u Mo2ym Oblmb UCHONbL308AHbL O]l COBEPUIEHCTNBOBAHUS
MEexXHONL02Ull U320MOBIEeHUsL 1e2KUX OeMOHO08 C NOBbIUEHHbIMU IKCHIIYAMAYUOHHBLMU
XapaxkmepucmuxKamu.

KuroueBble cinoBa: xepamsumobemon, neekuti bemon, cnocod nepemeuueanus,
CYCNEH3UOHHbIL OemoH, NpPOYHOCMb HA  cocamue, NIOMHOCMb, MOOVIbHOE
CmMpouUmenbLCmao.
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1 INTRODUCTION

Modern construction is moving towards industrialized and modular production methods, which
requires the use of lightweight, durable, and technologically advanced concrete mixtures that ensure
structural reliability and sustainability. Expanded clay concrete, a type of lightweight concrete made
with porous aggregate, has become increasingly popular due to its low density, satisfactory strength,
and enhanced thermal and acoustic insulation properties.

One of the most promising areas for the use of this material is in modular construction. Here,
reducing the dead weight of the structures directly affects their transportability, assembly, and load
on the foundation.

However, one of the main challenges limiting the widespread adoption of expanded clay
concrete is its heterogeneous structure and reduced strength. This is particularly true in the contact
zones between the expanded clay grains and the cement matrix. This is because of the high porosity
of the clay aggregate and the weak adhesion at the interface.

In the context of implementing the Sustainable Development Goals (SDG 9 - Industrialization,
SDG 11 - Sustainable Cities, and SDG 12 - Responsible Consumption and Production), it is an urgent
task to optimize not only the composition but also the technical parameters of concrete mixture
preparation. One of the most effective ways to conserve resources and enhance performance is to
enhance mixing techniques. In this study, the "suspension concrete" method is explored, in which a
cement-water paste is formed prior to the addition of aggregates. This approach is believed to
contribute to a more homogeneous distribution of the binding agent, reduce delamination, improve
uniformity, and increase strength due to enhanced coating of clay granules.

The current study aims to optimize the composition of expanded clay concrete for use in
modular structures, considering the requirements for strength, manufacturing processability, and
sustainability. Additionally, it aims to assess the impact of suspension mixing techniques on the
physical, mechanical, and structural properties of the material.

2 LITERATURE REVIEW

Expanded clay concrete is a lightweight concrete based on a porous aggregate (expanded clay
gravel or sand). It is widely used in construction due to its combination of sufficient strength and
reduced density. This reduces the mass of structures and improves their thermal protection properties
(Rashad 2018; Zega and Di Maio, 2011). However, the porosity of the lightweight aggregate and
the structural features of expanded clay concrete can lead to the fact that the strength characteristics
of such concrete are lower than those of heavy concrete of the same cement concentration
(Litsomboon et al., 2008). An important task is to increase the strength and uniformity of expanded
clay concrete without significantly increasing its density. It is known that technological factors in the
preparation of a concrete mixture — in particular, the mode and sequence of mixing of the components
— can significantly affect the formation of the structure of cement stone and the contact zone with the
aggregate, and therefore the strength and durability of concrete (Ozolins et al., 2021; Amran et al.,
2015).

Currently, expanded clay concrete is actively used in industrial housing construction, including
the production of volumetric modular blocks for residential and commercial buildings. In particular,
expanded clay concrete is used at the ModeX Astana enterprise as the main structural material in the
manufacture of factory-ready modules (Teshev et al., 2024). This approach allows not only to reduce
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construction time, but also to ensure high energy efficiency and durability with minimal weight of
elements.

Numerous studies indicate that the properties of expanded clay concrete depend not only on the
composition, but also on the technological parameters of preparation. The standard technology for
the preparation of concrete mixtures, regulated by regulatory documents (for example, GOST 27006-
2019 and GOST 7473-2010), usually involves the sequential introduction of components: first dry
aggregates, then cement, then water with additives, with intermediate mixing. The mixing technology
of the components has a significant impact on the properties of expanded clay concrete, especially
when using lightweight aggregates such as LECA. The high porosity of expanded clay requires
precise selection of the mixing mode and the order of the components to ensure the uniformity of the
mixture and the strength of the material. Scientists (Li et al., 2017) proposed a method for designing
the LWASCC composition that takes into account the thickness of the cement shell around the grains
and the packing density. They emphasized that uniform distribution of the solution is possible only
with strict control of the water-cement ratio and the mixing stage. Mccnenoarenu (Kaffetzakis &
Papanicolaou, 2016) pointed out the need to pre-create a cement paste before adding aggregates to
increase the stability of the composition and prevent delamination. Their colleagues take a similar
position (Vakhshouri & Nejadi, 2016), focusing on step-by-step and "soft" mixing. Researchers
(Bogas & Gomes, 2013) associate the nature of the fracture and the strength properties of light
concrete with the quality of the contact zone between expanded clay and cement stone, which directly
depends on the mixing technology. In their works (Issa & AI-ASADI, 2022), they also note that the
saturation of the aggregate and the order of component insertion significantly affect the mechanical
properties of LECA concrete. Scientists (Dabbaghi et al.. 2022) have confirmed that pre-dispersion
of cement in water makes it possible to increase the strength, uniformity and fire resistance of
concrete. The study (Uysal et al., 2024) showed that the effectiveness of using expanded clay directly
depends on the mixing sequence and the quality of coating the grains with cement paste..

One of the promising methods is the so-called "suspension concrete", in the preparation of
which a cement-water suspension (cement "paste" with chemical admixtures) is first created, and only
then aggregates are injected. It is assumed that this mixing method can provide a more uniform
coating of expanded clay grains with cement mortar and filling of pores, which should have a
beneficial effect on the structure of concrete (Demissew, 2022; Xu & Garrecht, 2024). Studies
(Ahmad & Chen, 2019), as well as (Ahmad et al., 2019) show that lightweight concretes based on
expanded clay aggregate are characterized by a sensitive contact zone structure, especially with a
high water-cement ratio. To increase uniformity and strength, such formulations require optimization
of cooking technology. In particular, researchers (Bogas et al., 2012) indicated that the preliminary
formation of the cement suspension before the injection of aggregates contributes to the uniform
distribution of the binder and reduces the effect of water extraction with a porous aggregate. In their
work (Kroviakov et al., 2019) note that the mixing sequence has a significant impact on the formation
of quality criteria for expanded clay concrete, including strength, uniformity and resistance to
segregation.

In this article, the effect of two different mixing methods, traditional (according to GOST), is
experimentally investigated and suspension — for the strength and density characteristics of expanded
clay concrete. The aim of the study is to determine how a change in the sequence of component
introduction and mixing mode affects the density of the mixture, workability, strength gain dynamics
and the quality of the structure of lightweight concrete on expanded clay aggregate with fraction 0-
10 mm.

141



QazBSQA Xatapusbicbl. Ne2 (96), 2025. KypbLibic
3 MATERIALS AND METHODS

The tests were carried out on an expanded clay concrete mixture with the same composition
prepared in two different ways: according to the traditional method (GOST 27006-2019) and using
the "suspended concrete" method. The cement used was Portland cement CEM I - 42.5 H produced
by Central Asian Cement JSC (Kazakhstan), conforming with GOST 31108-2020 "Cements. General
Technical Conditions". Construction sand used as a fine aggregate, with a grain modulus of M\=3.2,
and bulk density of 1637 kg/m? (from the village of Kyzyljar, Akmolinsk region). The granulometric
composition of the sand confirmed to GOST 8735 - 88 "Sand for Construction Works. Test Methods"
as shown in Table 1.

Table 1
Granulometric composition of sand (author's materials).
No The size of the sieve cell, mm Full residual, %
1 2.5 25.1
2 1.25 43.1
3 0.63 72.9
4 0.315 88.9
5 0.16 98.7
6 <0.16 100

Expanded clay gravel with a particle size of 0-10 mm was used as a lightweight porous
aggregate (Figure 1), provided by Stroitel LLP in Taldykorgan. The bulk density of the material is
585 kg/m?, which corresponds to GOST 9757-90 and GOST 9786-86 standards.

Figure 1 — Expanded clay fractions of 0-10 mm (author's materials).

The chemical admixture MC PowerFlow 7951H, produced by MC-Bauchemie in Germany,
was used to improve the workability and manufacturability of the concrete mixture. This admixture
corresponds with the European standard EN 934-2 and the ISO 14001:2016 standard for
environmental management systems. The dosage of the admixture was 1% of the weight of cement,
which is approximately 4.6 kilograms per cubic meter of concrete.

Drinking water was used to mixing the concrete, and it meets the requirements of the ST RK
1015-2000 standard for "Water. Gravimetric method for determining sulfate content in natural
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wastewater", as well as the GOST 23732-2011 standard for "Water for concrete and mortar. Technical
specifications."
The compositions of the concrete mixtures are presented in Table 2. The first mixing, with

composition No. 1, was prepared according to the traditional method in accordance with GOST
27006-2019. First, dry aggregates (sand and expanded clay), measured in advance, were loaded into
a mixer and mixed for 30 seconds. Then, cement was added, and the dry mixture was mixed again
(for 30-60 seconds). After that, a measured amount of water was added, pre-mixed with a liquid
admixture. The mixture was stirred until it became smooth (for another 1-2 minutes).

The second mixing, with composition No. 2, was prepared using the "suspended concrete"
method. All the calculated water, along with the chemical admixture dissolved in it, was poured into
the mixer first. Cement was then added immediately, while stirring, to create a homogeneous cement-
water mixture within 1 minute. Sand and expanded clay, pre-weighed, were then added to the cement
paste, and the mixture was further mixed for another 1-2 minutes to achieve the desired consistency.
In both cases, the total mixing time was three minutes.

Table 2
Compositions of concrete mixtures (author's materials).
No of Cement, kg Coarse sand, kg Expanded clay fractions PCE, kg Water, kg
specimen 0-10mm, kg
1 0.460 1.030 0.351 0.046 0.220
2 0.460 1.030 0.351 0.046 0.220

The readiness of the concrete mixture was assessed based on its workability and density. We
used the slump test method to check the workability of the mixture according to GOST 10181-2014.
The density of the freshly mixed concrete was measured by filling a known volume measuring cone
and weighing it, also according to GOST. Control samples were taken from each batch ofthe prepared
mixture for strength testing. Metal cube molds with a size of 100x100%100 cm were used, and a total
of eight samples were prepared for each composition. Two samples were tested at each age: 1, 3, 7,
and 28 days after mixing. After casting, all samples were subjected to the same holding regimen:
initially, they were treated with heat and moisture in a chamber according to the plant's technological
process.

Compressive strength was determined in accordance with GOST 10180-2012 using a hydraulic
press and by breaking cubes with flat faces. The quality and uniformity of the concrete were
controlled in accordance with GOST 18105-2018, and the classification of the concrete by density
and strength was assessed in accordance with the requirements of GOST 25820-2014 for lightweight
concretes.

4 RESULTS AND DISCUSSION

The workability of the concrete mixture for both compositions was between 25 and 27
centimeters, which indicates that the mixtures have equally high workability and are close to self-
flowing, confirming the technological compatibility of the method with current production lines.

As shown in Figure 2, the density of the concrete mixtures did not differ significantly, with
values of 1831 kg/m® and 1835 kg/m’, respectively. Additionally, the density of the concrete has
significantly improved with the new mixing method, with the average density of suspended concrete
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samples being 10 - 30 kg/m® higher than that of concrete produced according to GOST standards. For
example, after 28 days, the density of specimens from composition No. 2 was 1753 kg/m?, while that
of composition No. 1 was 1723 kg/m’. An increase in the density indicates a more compact structure
and lower overall porosity in the material produced using the suspension mixing technique.

1820

1800

Density, kg/m?
gy
D
o

1740
1720 - -
— According to GOST Suspension concrete
1700
0 5 10 15 20 25 30

Age of concrete, day
Figure 2 — Dependence of density on age of concrete (author's materials).

The comparative dynamics of strength gain for the two compositions are shown in Figure 3.
On the first day, the difference between the two was minimal, with the strength of concrete made
using the traditional method being 20.1 MPa and that of the suspension-based concrete being 19.45
MPa. However, by the third day, the strength of the suspension concrete began to steadily outpace the
traditional concrete, reaching 22.2 MPa by the seventh day. By day 28, this difference had
significantly increased, with the suspension concrete showing a strength of 27.8 MPa compared to
the 23.3 MPa of the control sample, an increase of almost 19%.
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Figure 3 — Dependence of compressive strength on the age of concrete (author's materials).
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The maximum effect was seen on day 28, where the strength of suspension concrete reached
29.2 MPa, compared to 24.5 MPa for the control mixture. This represents an increase in strength of
19% compared to the traditional method, indicating an increase in concrete grade and more efficient
use of cement in the same composition.

In addition to the quantitative indicators of strength and density, a difference in the quality of
the hardened concrete structure was recorded. A visual inspection of the samples revealed that the
surface of the expanded clay concrete produced by the suspension method was smoother and more
uniform, with fewer shell-like structures and surface pores. Conversely, samples made using the
standard technique exhibited larger pores (shell-like features) on the concrete surfaces, likely
associated with air pockets around expanded clay particles and a less consistent cement film. Figure
4 illustrates a comparison between the surfaces of samples produced by the two different methods.

As can be seen in Figure 4 b, the suspension concrete sample has a denser and smoother surface.
The pores on this sample are much smaller and less numerous than on a concrete sample prepared
using the traditional method (on the left). This indicates a better filling of the mold and distribution
of the mortar in the suspension concrete, which correlates with its increased average density and
strength.

a) b)
Figure 4 — Comparison of the surface of expanded clay concrete samples: (a) specimen No. 1, mixing according
to GOST; (b) specimen No. 2, suspension mixing (author's materials).

The results suggest that the mixing order of the ingredients has a significant impact on the
structure and properties of expanded clay concrete. Using the "suspension concrete" method of
mixing ensures more efficient usage of cement and enhanced adhesion of the cement paste to the
porous aggregate.

It should be noted that the increased strength is achieved without changing the composition of
the concrete mixture, that is, by optimizing the mixing process and not increasing the cement content
or adding expensive additives. This difference is most noticeable after a longer period of hardening,
ranging from 7 to 28 days, which suggests an improvement in the structure of the cement matrix and
the contact area with expanded clay using suspension technology.

The practical conclusion from this study is that, when producing expanded clay concrete or
other lightweight concrete, it is important to pay attention not only to selecting the optimal
composition but also to improving mixing technology. The suspended mixing method has proven to
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be an effective way to increase the strength and quality of lightweight concrete without adding
additional material costs. This improvement in surface density (fewer voids) is important for
manufacturing architectural and decorative elements, such as wall panels, which require high
standards of appearance and uniformity.

5 CONCLUSIONS

It has been experimentally proven that changing the order of mixing the components of concrete
significantly affects the properties of expanded clay concrete.

1. The suspension mixing method provides higher compressive strength at all stages of
hardening compared to the traditional method. On the 28th day, the strength gain was up to 19%.

2. The density of the concrete mixture and finished samples was comparable in both methods,
but with the suspension method a more homogeneous structure and stable characteristics were
observed.

3. Visual and technological indicators, such as workability and surface quality, demonstrate the
advantage of the suspension method.

4. In terms of sustainable development, using the "suspension concrete" method can reduce
cement consumption, waste, and increase durability, while also allowing for the use of local raw
materials.
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DEVELOPMENT OF A MATHEMATICAL MODEL OF HEAT
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Abstract. A mathematical model of heat transfer in an innovative external building
enclosure, comprising both ventilated and non-ventilated air layers, has been developed
in this study. The structural complexity of the considered system necessitates the
simultaneous consideration of all three modes of heat transfer: thermal conductivity
(conductive transfer), convection, and thermal radiation. The model incorporates
boundary conditions on both the interior and exterior surfaces of the enclosure, allowing
for the influence of climatic factors and building operation conditions to be taken into
account. For the conductive heat transfer, the thermal characteristics of the enclosure
layers are assigned based on the physical and mechanical properties of the construction
materials. For the layer consisting of a fully enclosed air gap, the model uses the
equivalent thermal conductivity value that accounts for heat transfer in a stationary gas
medium. In the case of the ventilated air layer, the energy equation is applied to describe
the heat exchange processes involving moving air, including the interaction between the
airflow and bounding surfaces. As a result, a mathematical model in the form of a system
of heat transfer equations adapted to the multilayer structure of the enclosure has been
constructed, accompanied by the appropriate boundary conditions. This enables accurate
simulation of temperature fields and heat flows depending on the parameters of the
construction and the external environment. The developed model can be used in
engineering calculations for design tasks, thermal optimization, energy audits, and
evaluation of the efficiency of various enclosure systems. Furthermore, the model can be
integrated into building information modeling (BIM) software and used in energy
efficiency certification systems. The presented results contribute to improving approaches
to analyzing the thermal behavior of building structures and to the development of
sustainable construction principles.

Keywords: mathematical model, heat transfer, multilayer enclosure, air layer,
boundary conditions.
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MATEMATHUKAJBIK MOJIEJIH )KACAY
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3Xanbikapanslk 6iniM 6epy koprnopanuscel (KasbCKA), Anmmarsl, 050043, Kasakcran

Amnparna. byn oicymvicma 6ip meseinde dscendeminemin JHcaHe dHceldemiimetimin aya
Kabammapul 6ap colpmKbl UHHOBAYUAILIK KOPULAY KOHCMPYKYUACLIHOARbL HCHLTY AIMACYObIH
Mamemamuranvlk mooeni a3ipienoi. Kapacmuipbiivln omulpean JHCyueHiy KOHCMPYKMuemix
Kypoeniniei Jcolly aimMacyobly Yul MeXaHusmi — JHCbLIYOMKI32iumiK —(KOHOYKmuemi
macvimanoay), KOHGEKYUsl HCaHe CIVIENIK JHCbLLY armMacyovl — Oip yakeimma eckepyoi manan
emedi. Mooenvoe Kopuiay KOHCMPYKYUACIHBIH IWKI HCIHEe CbLpMKbL bemmepinoe UeKapaiblk,
wapmmap Oepineen, OY1 KIUMammoelk Gakmopiap MeH UMapammoly NAUOAIAHY
AHCAROAUNAPBIHBIY ~— 2CepiH  ecenke — anyea  MYMKIHOIK — Oepedi.  Konoykmuemi
JHCHLIYOMKIZTWMIKMI  cunammay Kesinoe Kopuiay KabammapvlHbly JHCbLIYMEXHUKATbIK
CUNAMmMamanapvl Kypoliblc MAamepuaioapbiibly —QU3UKA-MEXAHUKANbIK Kdcuemmepine
catikec Kabwlioanaowl. Tonvlk dicabvlk aya KabamvlHaH MYpamvin Kabam yuiH Mooenboe
KO32AIMAUMbIH ~ 2d3  OpMACbLIHOA&bL  JiCblly — Oepyoi  eckepemin — 9KEUBATEHMMI
JHCHLIYOMKIZTUMIK MIHI KOTOAHBLIAOL. ANl dicendeminemin aya Kabamol Yuin HCoLIy aIMACy
npoyecmepin, OHuIH WiHOe aya ablHbl MeH WeKapanvlk bemmepoily apacvlHoazbl 63apa
apexemmecyOdi cunammay YwiH SHepeus menoeyi Koaoawwliaovl. Homuoicecinoe
KONKabammul KOpulay KYpblIblMbIHA OeliMOeneen Hane CIUKec WeKapanvlk wapmmapmen
MONBIKMBIPLIIZAH — JHCBLLY — MACLIMANOAY — MEHOeVIEepiHiy — JHCUbIHMbIebl  MypiHoei
MAmemMamuKaIvlK Mooenb a3ipneHdi. byn memnepamypanvlk opicmep MeH HCbliy a2blHOAPbIH
KOHCMpPYKYUsi napamempiepi MeH CblpmKbl Opma Hca20allapblHa  Oauiaubicmsl 027
Mooenvoeyee MYMKIHOIK Oepedi. Jlativinoanzan Mmooenb HoOanay, HCblIymMexHUKAIblK
OHMAUNAHOBIPY, dHEPSUSL AYOUMI JiCIHe IJPMYPIL KOpuLay weimoepiniy muimoiniein bazaray
ecenmepinoe UHdCeHepliK ecenmeyiepoe Kon0auwvliyvl Mymkin. Convimen xamap, mMooenvoi
eumapammapowvl aknapammsix mooenvoey (BIM) bazoapnamanvix xewenoepine Oipikmipyee
JiCaHe IHepeusl YHeMOLLIK cepmugbukammay sxcyienepinoe Konoamyea 601aovl. ¥CblHblI2aH
Homuoicenep KYpoliblC KOHCMPYKYUAIAPLIHBIY HCOLIYIIK MIHE3-KYIAKbIH Manoay maciloepi
arcemindipyee Hcone OpHLIKMbL KYPbLIbIC KASUOAMMAPbIH OAMbINY2d bIKNAJL emeoi.

Tyilin ce3aep: mamemamukaivik MoOenb, HCbLIy Oepy, Kon Kabammsl Kopuiay, aya
Kabamol, wapmmuolk Hca20aiap.
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AHHOTaNUsl. B pabome pazpabomana mamemamuyeckas MoOelb Mmenionepeoayu
HAPYIHCHO20 UHHOBAYUOHHO20 O2PANCOEHUS, COOepHCaye20 OOHOBPEMEHHO GEHMUIUPYEMYIO U
He8eHMUIUPYeMYI0 6030VuiHble NpociouKy. Koncmpykmusenas cioxcnocms paccmampueaemou
cucmemul obycnasiusaem HeoOX00UMOCMb 0OHOBPEMEHHO20 YUEMA 6cex MpEX MexaHUu3Mo8
mennonepeoayu: MmMenionpo8oOHOCMU  (KOHOYKMUBHOU menjionepeoayl), KOH8eKyuu u
ayuucmozo mennoobmena. B pazpabomannoii mooenu 3a0anvl 2paHuyHvle YCI08Usl KAK HA
GHYymMpeHHel, MaK U HA HAPYHCHOU HNOBEPXHOCMU 02padxicoaloujeti KOHCMPYKYUU, 4mo
NO360JI51em Y4Umvléamsy GIUAHUE KIUMAMUYECKUX PAKMOPOS U YCI08ULl IKCRIYAMAYUU 30AHUSL.
Ilpu onucanuu KOHOYKMUBHOU menionepeoayu menjiomexHuyeckue XapaKmepucmuku cloég
02padiCOeHUsi NPUHUMAIOMCS 8 COOMBEMCMBUU C  (PUIUKO-MEXAHUUECKUMU C8OUCMEAMU
CMpoumenvHulx Mamepuanos. [na cios, npeocmasiaoue2o coooll NOIHOCMbIO 3AMKHYMYIO
B030YUWIHYIO  NPOCIOUKY, UCNONb3VEMC BEIUYUHA IKEUBAIEHMHOU MenI0NnpO8OOHOCU,
VUUmuvlearowds menionepeoayy 6 HenoOBUNCHOU 2a30601l cpede. B cmyuae eenmunupyemou
NPOCIOUKU 68 MOOeNU UCNONb3YEeMCs YPAGHEHUe IHePeUll, NO360AIoujee ONUCaAms NpoYeccyl
MenioooOMeHa ¢ yyacmuem OBUNCYWe20Cs B030VXd, BKIIUAS B3AUMOOCUCBUEe MEHCOY
NOMOKOM U 2paHUYaAWUMU No8epxXHocmAMU. B pesynemame nocmpoena mamemamudeckas
MoO0enb 8 6ude Habopa YpasHeHull MmenionepeHocd, A0anmupo8aHHbIX K MHO2OCIOUHOU
CMpYKmMype 02paxcoeHusi U CONPOBOHCOAeMbIX COOMBEMCMEYIOUWUMU SPAHUYHBIMU VCIIOBUAMU.
DOmo obecneuusaem 603MONCHOCIL MOUYHO20 MOOEIUPOBAHUS MEMNEePaAmypPHbIX Holell U
MeNnnoBblX NOMOKO8 8 3ABUCUMOCU OM NAPAMEMpPO8 KOHCMPYKYUU U 6HeuwHell cpeobl.
Paspabomannas mooenvb mooicem dblmb UCNONB308AHA NPU UHHCEHEPHBIX PACYEMAX 8 3a0a4ax
NPOEKMUpPOsanus,  MenjiomexHu4eckol  OnmuMu3ayu,  dHepeoayouma U  OYeHKU
appekmusHocmu  paziuunbix ocpaxcoarowux pewenuti. Takdce 603MONCHA UHMeZpayUs
MoOenu 8 NPoCPaMMHbBLE KOMNJLEKCHL OISl UHGOPMAYUOHHO20 Modenuposanus 30anuti (BIM) u
nocneoyioujee  nNpuMeHenue 8  CUCHeMAx — cepmugpurkayuu - dHepeodphhexmusHocmu.
Ilpedcmasnennvle pe3ynomamsl CnocoOCMEYIOM COBEPUIEHCMBOBAHUIO NOOX0008 K AHANU3Y
Menio8o2co N0GedeHUs: CIMpOUMeIbHbIX KOHCIMPYKYULL U PA36Umuio NPUHYUNO8 YCMouyu02o
cmpoumenscmaa.

KioueBble ciaoBa: mamemamuyeckas Mooelb, Menionepeoaid, MHO2OCLOUHOe
oepasicoenue, 6030VUIHAS NPOCTIOUKA, SPAHUYHbBLE YCTOBUSL.
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1 INTRODUCTION

The development of new energy-efficient multilayer building envelope structures is currently
among the most prominent trends at the international level.

To address this issue, the scientific and engineering community is investigating various
innovative structural solutions in the field of external enclosures. The relevance of this direction is
driven by heat losses through building envelopes, where thermal energy consumption can reach up to
40%, simultaneously causing both economic and environmental concerns.

Given that building envelopes play a key role in establishing indoor climatic parameters, it is
feasible to utilize an adaptive structural system, in which a two-channel air layer is proposed as an
innovative solution. This configuration has a positive impact on thermal energy savings during both
the winter and summer seasons. However, due to the technical complexity and the payback of
economic investments — where cost increases reach nearly 50% — the practical implementation of
such systems at the national level in the Republic of Kazakhstan presents certain challenges.

The use of double-skin glass fagades equipped with integrated movable shading devices
significantly enhances the energy performance of buildings, particularly in comparison to opaque
walls. As an adaptive solution for moisture removal in multilayer external enclosures, the
incorporation of ventilated air channels into the envelope structure is feasible, providing high thermal
insulation properties for the panels and resulting in substantial energy savings.

Given the above circumstances, the development of new energy-efficient structures is currently
being pursued actively, employing various research methods ranging from experimental studies to
finite element modeling using modern software platforms.

Accordingly, the objective of this study is to develop a mathematical model of heat transfer
through a new energy-efficient multilayer building envelope with air layers, which will subsequently
enable the application of the developed model in theoretical calculations and engineering analysis.

2 LITERATURE REVIEW

The studies by Xian et al. (2025) and Manzueta et al. (2024) demonstrate that external
building envelope structures account for a significant share of heat loss in buildings, highlighting the
need for new technological solutions.

In the research conducted by Astorqui & Porras-Amores (2017), as well as Dimoudi et al.
(2004), fagade systems with double air chambers are examined, where the movement of air masses is
controlled.

The positive effect of a ventilated air layer in combination with dynamic insulation layers is
also noted by Pasquay (2004), with evidence demonstrating reduced cooling costs for buildings
during warm seasons.

An analysis of the efficiency of double-glazed glass fagades with integrated movable shading
elements is presented in the studies by Baldinelli (2009) and Bessoudo et al. (2010). Such solutions
are capable of enhancing the energy performance of buildings throughout their entire service life.

The studies by Nizovtsev et al. (2020) and Gagliano & Aneli (2020) emphasize the importance
of ventilated channels in multilayer panels, which not only effectively remove moisture but also
maintain stable thermal insulation characteristics under conditions of high humidity.

Mathematical modeling of heat transfer through multilayer structures with air gaps is examined
in the work of Zhangabay et al. (2023), where the efficiency of heat-reflecting screens was analyzed
using the ANSYS software package.

3 MATERIALS AND METHODS

In this study, a model of an energy-efficient external wall structure featuring both ventilated
and non-ventilated air layers has been developed. Traditional calculation methods for determining
heat transfer, as presented in the regulatory document (SP RK 2.04-107-2022), are found to be
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inapplicable due to the presence of an additional enclosed air layer, which serves as a novel structural
solution (SP RK 2.04-107-2022, 2022). Consequently, there is a need for the initial development of
a mathematical model of such a structure for further research.

To achieve this goal, the geometric and thermal characteristics of the studied structure are
presented in Figure 1 and Table 1. Boundary conditions related to indoor microclimate parameters
and external climatic influences may subsequently be adopted in accordance with relevant standards
(SP RK 2.04-01-2017, 2017; GOST 30494-2011, 2011).

Figure 1 — Multilayer structure of the external building envelope

Table 1
Thermal characteristics of the layers of the multilayer external building envelope structure (SP RK
2.04-107-2022, 2022).

Layer Description Density, Thermal Vapor
number kg/m? conductivity permeability,
coefficient, mg/(m-h-Pa)
W/(m-°C)
1 |Cement-sand plaster 1800 0,76 0,09
2 |Masonry of ceramic bricks 1400 0,58 0,14
3 |Extruded polystyrene foam or basalt wool 25 0,03-0,035 0,005
insulation with a density of not less than
110 kg/m?
4  |Enclosed air cavity — — —
5  |Ventilated air cavity — — —
6 |Porcelain stoneware 2800 3,49 0,008
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4 RESULTS AND DISCUSSION

When constructing the mathematical model of heat transfer through the considered multilayer
building envelope structure, the layers are described as homogeneous isotropic media with an
equivalent thermal conductivity. This conductivity accounts for conductive, convective, and radiative
components of heat transfer through the respective layer of the envelope structure. Such an approach
allows the heat transfer problem to be considered in a one-dimensional steady-state formulation.

Let the spatial x-axis be directed from the interior toward the exterior, with the origin placed at
the inner surface of the building envelope. Then, introducing the notation &; for the thickness of the i-
th layer of the envelope structure, the following expressions can be written:

x0=0, xk=zk:6i,xn=zn:8i, (1)
i=1 i=1

For each layer, except for the ventilated air cavity, the one-dimensional linear steady-state heat
conduction equation can be written.
o
kka—zzo, X1 < X< Xy, k:].,...n, (2)
X
At the interface between layers, due to the ideal thermal contact, the conditions describing the
continuity of temperature and heat flux are satisfied:

T 0=Tlo o k=1..n-1, 3)
xkﬁ =}\'k+1g ] k=1,...n_1. (4)
ox x=x, -0 OX X=X, +0

Convective heat exchange between the building envelope and the surrounding air environment
is described by the following boundary conditions:

on the inner surface of the building envelope

166_1 Y = O('int(T|X:0 _Tint)’ (5)

on the outer surface of the building envelope

7\’”2_1 - = Olgy (T|X:Xn —Tex ) (6)

To simplify subsequent expressions, the following notations are introduced:

To = T(0) — temperature at the inner surface of the building envelope;

Tk = T(xi) — temperature at the interface between layers numbered x; and xy+1;

T, = T(x,) — temperature at the outer surface of the building envelope.

The thermal conductivity coefficients for the layers without air cavities are assigned based on
the initial data provided in Table 1.

For a layer consisting entirely of a closed air cavity, the equivalent thermal conductivity value
must be used in equations (2) in place of A«. Let us denote this as A, zi.

Since the equivalent thermal conductivity implies a homogeneous isotropic medium, the heat
flux density in the x-direction can be written as:

:_Kaakg
)
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Due to the one-dimensional nature of the problem and the absence of internal heat sources, the
partial derivative of temperature with respect to the spatial coordinate in expression (7) can be
accurately represented as a finite difference, which allows expression (7) to be rewritten in the
following form:

Tk _Tk—l Tk 1 _Tk

S Y 'S G WS 8
q 9.8.k 8k 2.8.k Sk ( )

On the other hand, when considering the air cavity, the heat flux can be represented as the sum
of two components — conductive-convective and radiative:

q= qx + qa. )

According to Lykov (1978) and Kutateladze (1990), in vertical air cavities between flat
surfaces, conductive-convective heat transfer under natural convection conditions can be adequately
described by mathematical models for stationary layers, using the concept of an effective thermal
conductivity coefficient Ax, which is defined as follows:

A =As at Ra <104,
e = %:0,062-Ra3 at 10% <Ra < 10%, (10)
A = A:0,22-Ra'* at 107 <Ra<10',

S°BAT
gopAT Pr
A%
The values of As, v and Pr expression (10) are taken at the averaged temperature and pressure

within the air cavity.
Thus

where Ra =

oT
= S
0 =—h—

(11)

The radiative component of the heat flux density, according to a number of studies, can be
determined from the corresponding expression (Zhangabay et al., 2023a; Zhangabay et al., 2023b;
Zhangabay et al., 2024).

gn = €60(Ti1* — TH), (12)

Substituting (8), (11), and (12) into (9) and using the same finite difference representation of
the temperature partial derivative for (13) as in (8), we obtain:

T ,-T T ,-T
7\’3.13.k k_18 . =7\‘K L : +800(Tk4—1 _Tk4)9 (13)
k k
from which we obtain
1o =1, + Bi20alTs T (14)

To formulate the mathematical model of heat exchange in the ventilated air cavity, the energy
equation is used, which in the general multidimensional unsteady case can be written as:

cpz—:=xAT+qv, (15)

In the ventilated air cavity, a clearly defined upward airflow is formed, with the absence of local
vortices. Given the negligible viscous effects in the boundary layers near the walls enclosing the
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cavity, the air velocity can be assumed to be uniform across the cross-section of the cavity. Moreover,
since the air temperature changes insignificantly along the flow direction within the cavity, the
compressibility of air can be neglected in the energy equation, and its density can be considered
constant.

Therefore, given that the air mass flow rate is constant, the air velocity can be assumed to be
constant at every point within the ventilated cavity. In this case, by expressing the total time derivative
in equation (15) through partial time derivatives, the one-dimensional steady-state form of the
equation can be written as:

c vg—xﬂJrq
o T e T

(16)

The volumetric density of internal heat sources is defined based on the heat balance of the fluxes
passing through the walls enclosing the cavity: the amount of heat entering an elementary volume of
air in the cavity is equal to the difference between the amount of heat received from the indoor side
and the amount of heat transferred through the outer cladding to the surrounding environment:

SQV = SQint — 8Qext, (17)

For an elementary volume of size dkx0Lx0z (where Ok is the thickness of the cavity, and 6L and
0z are the dimensions of the elementary volume in the horizontal and vertical directions, respectively),
equation (17) can be written as:

qv-SSL7 = o L 82 (Tit — T(2)) — o SL-52 (T(2) — T, (18)

From relation (18), we obtain the expression for the specific volumetric density of internal heat
sources.

A, =%(TH +T, -2T(2)), (19)

k

Since in the considered mathematical model the air velocity in the ventilated air cavity remains
constant with height, and the temperature of the cavity’s bounding walls is assumed to be constant, it
follows from (18) that the air in the cavity heats up uniformly at every point. Consequently, the
temperature distribution 7(z) is a linear function of the vertical coordinate. Therefore, the second
derivative of air temperature with respect to the vertical coordinate is equal to zero, and equation (16),
taking into account (19), can be rewritten as:

dT «
cpV— =—2(T, T —-2T(z 20
P dz 8k(kl+ k ()): (20)

The initial condition for equation (20) is defined based on the fact that at the lowest point of the
air cavity, air inflow occurs, and its temperature is equal to the ambient air temperature:

7(0) = Texs, (21)

The value of the heat transfer coefficient a, can be obtained from well-known empirical
correlations for a flat channel (Lykov, 1978; Kutateladze, 1990; Isachenko, Osipova, and
Sukomel, 1975):

Nu = Nu(Re, Pr), (22)

where Nu = ol/(dk-A).
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The solution of the ordinary differential equation (20) with the initial condition (21) has the

following form:
T.,+T 20 T, +T
T(2) =T, — " —*|-exp| ——z [+ LK. 23
(){m 5 }xp[ SkchJ 5 (23)

The average air temperature in the ventilated cavity can be determined as the mean integral
value over the height:

T, — Tk+1 +Tk

1" 1 ex 2 20
T =_JT(z)dz=— 1-——£4 §,cpv-exp| - —= : 24)
HY H 20, d,CpV

The air temperature at the outlet of the ventilated cavity is obtained from expression (23) at

z=H:
Tout — |:Te><t _ Tk+l +Tk } . eXp _ 20(’11 H + Tk+1 +Tk , (25)
2 8,Cpv 2

The air velocity in the ventilated cavity can be determined based on the balance between the
total pressure losses in the ventilated air cavity and the driving pressure (natural draught), which is
caused by Archimedean forces arising due to the difference in air density within the ventilated cavity
and at its outlet:

Ap° = pe, (26)

Neglecting the pressure losses at the inlet and outlet, equation (26) for a flat vertical slot channel
can be rewritten as:

E(H/28K)pnv*/2 = (pext — pout)gH, (27)

The air density at a given temperature in equation (27) can be obtained from the Clapeyron-
Mendeleev equation:

pi = pil(RTY), (28)

In  which the thermodynamic pressure p; can be taken as 1 atm.
The heat flux balance within the cavity is described by the law of conservation of energy: the amount
of heat entering the ventilated air cavity from the interior side Qi is equal to the sum of the heat
carried away by the ventilation air Qou, the heat transferred by convection from the air cavity to the
outer cladding Qext,, and the heat transferred by radiation from the inner wall of the cavity to the outer
wall Oy :

Qint = Qout + Qext + Qn- (29)

For a unit length oL of the building envelope in the horizontal direction, these quantities can be
expressed as:
Oint = on(Th1 — Tr)-H-8L; Qext = 0 T — Tk)-H-0L; (30)
Qout = v p-8k-8L-C-(Tout — Text); On = &-60-(Ti1* — Ti*)-H-6L.

Substituting (30) into (29), we obtain:
an(Tk—] - TH)'H = an(Tr[ - Tk)'H +v p'8k'C'(T0ut - Text) + 8‘60‘(Tk—14 - Tk4)'H. (31)
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Thus, the mathematical model of the heat transfer phenomenon through the building envelope
is described by the following set of equations:

1. For all layers except the ventilated air cavity, the heat flux is determined by equation (8). In

this case, the thermal conductivity coefficient in equation (8) is either the corresponding
thermophysical property of the material (for a solid layer) or the equivalent thermal conductivity
coefficient calculated using formula (14).

2. Equations (24), (25), (27), (28), and (31) for the ventilated air cavity.

3. Boundary conditions (5), (6).

This mathematical model allows determining the temperature distribution 7% at the interfaces
between layers, the air temperature within the ventilated cavity Ty, the outlet air temperature Tou, and
the air velocity in the ventilated cavity v. The temperature within each layer is found through linear
approximation based on the temperatures 7.

5 CONCLUSIONS

1. A mathematical model of heat transfer in an innovative external envelope structure featuring
both ventilated and non-ventilated air layers has been developed.

2. The proposed model, due to its structural characteristics, takes into account all three modes
of heat transfer: conductive, convective, and radiative.

3. Boundary conditions were defined for both the interior and exterior surfaces of the building
envelope.

4. In modeling conductive heat transfer, the thermal properties were assigned according to the
characteristics of the construction materials. For the layer consisting entirely of a closed air gap, the
model utilizes an equivalent thermal conductivity value, while for the ventilated component of the
envelope, the heat exchange model employs the energy equation.

5. As a result, a set of equations was developed that incorporates the boundary conditions,
enabling accurate description of the external envelope structure and allowing the model to be applied
in future calculation methodologies.
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Abstract. This article presents a multifactor assessment of the technical condition of
the Tasotkel Dam, located in the seismically active zone of southern Kazakhstan. With the
increasing frequency and intensity of earthquakes in the region - including the March 28,
2025, earthquake near the village of Merke in the Zhambyl region - there is a growing need
for a systematic approach to evaluating the seismic safety of hydraulic structures. The
investigation employed a range of modern techniques, including visual inspection,
instrumental monitoring, geodetic surveying, non-destructive testing of concrete
structures, as well as laboratory and in-situ analysis of the physical and mechanical
properties of the dam body and its foundation soils. The assessment revealed localized
defects in the facing, signs of erosion, reduced piezometric levels compared to design
values, and high filtration activity of the foundation. Geodetic data confirmed the absence
of critical deformations but identified areas of potential instability. Based on the collected
engineering data, a numerical model of the dam was developed using the Plaxis 2D
software package. Slope stability calculations were performed for two key cross-sections
(PK 5+00 and PK 12+00) under seismic loading scenarios corresponding to intensities of
7 and 8 on the MSK-64 scale. As a result, safety factors, potential failure surfaces, filtration
flow directions, and pore pressure distributions were identified. The study revealed the
necessity for reconstruction and seismic strengthening of certain dam sections. The
findings underscore the importance of implementing a multifactor approach as a reliable
diagnostic tool in conditions of elevated seismic risk.

Keywords: hydraulic structures, seismic stability, dam, multifactor assessment,
numerical modeling.
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Anpatna. byn maxana Kazaxcmannvly oWmycmicinOoe OpPHANACKAH CElUCMUKANbIK
Kayinmi aumaxmazel Tacomken ¢y mopadwiiblly MEeXHUKANbIK HCALOAUBIHA KONDAKMOPIbL
3epmmey oicypeizyee apHanzan. Aumaxma ocep  CLIKiHICmepiHiy  oicuiniei  MeH
KAPKbIHOBLILIZIHbIY apmyblHa, COHblY [winde 2025 oucvinevt 28 Haypwvizoa Kambwin
00abicblHOasbl MepKi ayvliblHa JHCakKblH dcepoe O0N2aH Jicep CLIKIHICIHe OalllaHbICmbl,
2UOPOMEXHUKANBIK KYPLLILIMOAPOLIY CEUCMUKANbIK MYPAKMbLIbIEbIH 0a2aniay2a sHcyueni
Macindiy Kaxcemminiei apmoin omueip. 3epmmey 0APbICHIHOA 3AMAHAYU d0ICMED KeueHT
KOJLOQHBLIObL, KO30€H WOy, dAcCnanmelk Oakwliay, 2eo0e3usiiblK onueyiep, OemoH
KYPOLILIMOAPbIH  OY30alimblH  CbIHAY, COHOAU-AK CV MOpadbiibly OOUbIHOASLL MeH
Hezi3iH0e2i monbipaKkmapovly Qu3UKa-MexaHuKaivlK, Kacuemmepine 3epmxandaivli HcoHe
oana xca20auvlHoagvl manoay. 3epmmey Hamudicenepi OouvlHuwia Oemki Kabammoly
Jrcepeinikmi - akaynapul, 3posusi Oencinepi, HoOANLIK MIHOEPMEH CATbLICMbIPEAHOA
Nbe30MEempUsIbIK ~ OeHeelllepoiy MOMeHOeYl JHCoHe IPeemacmslly HCOapbl CY32LliK
bencendiniei anvikmanovl. I eode3usnvlk depekmep aumapaviKmail 0eghopmayusniapovly
JHCOK eKeHiH pacmaovl, Oipax aneyemmi OpPHBIKCHI30bIK —aumakmapsl OenciieHoi.
Unorcenepnix oepexmep necizinoe Plaxis 2D 6agoapramanviy keuieHinOe cy mopaoviibiy
canovik mooeni acacanovl. Ecenmeynep neeizei exi xumaoa (IIK 5+00 scone IIK 12+00) 7
Jtcane 8 6aNNObIK CeUCMUKANBIK acep cyenaputiiepi yuin scypeizindi (MSK-64 wxanacol
oouvinwa). Homuowcecinoe mypakmoinvlx Kodp@uyuenmmepi, bIKMUMAL ONBIPBLILY
bemmepi, cy3einiKk ablHOapObly 0OaAblMbl MeH KblCbIM MAapanybl aHbIKManovl. byn
3epmmey ¢y mopabwinbly KellOip yuackenepin Kauma Kypy H#aHe ceticCMUKAnblK Hbleatimy
Kascemminiein xepcemmi. XKoz2apvl ceucMukanvlx KAyinminik i#cag2oauvlHoa CceHimoi
OUACHOCMUKANBLIK  20iC peminde KOengakxmopavl macindi eHei3yoiy MAaHbl30blIblebl
0a/1e710eHO1.
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AnHoramusi.  Cmamvsi  nocesiwena  MHO20()AKMOPHOMY — 0DCIe008AHUIO
mexnHuuecko2o cocmosnus Tacomkenbckoli NIOMUHbBL, PACNONONCEHHOU 8 CEeUCMUYECKU
axmugHotl 30He 102a Kasaxcmana. B ycnosusx ysenuuenus yacmomol U UHMEHCUBHOCU
3emiempsaceHull 8 pecuore, exkuodasn zemaiempscerue 28 mapma 2025 eooa eonuzu cena
Mepke Kambviickoti oonacmu, eo3pacmaem NompedOHOCMb 8 CUCMEMHOM N00X00e K
oyeHKe CeticCMOCMOUKOCIMU 2UOPOMexXHuyueckux coopyxceruti. Obciredosanue blNOIHEHO ¢
npuMeHeHueM — KOMNJIEKCA  COBPEMEHHbIX — Memo0o8.  GU3VAIbHO20 — OCMOmpA,
UHCIMPYMEHMANbHO20 — KOHMPOJIA,  2e00e3UdecKux  HaoOmoO0eHull, Hepaspyuaoue2o
KOHMPONs 6eMOHHbIX KOHCMPYKYUL, a makdice 1adopamopHo20 U HAMypPHO2SO AHANU3A
QuU3UKO-MeXaHUYecKUx CcOUCmE 2cpyHmoe mena HNIOmuHbl U eé ocHoganus. Ilo
pe3yibmamam 00c1e008anusi YCMaHOB8IeHbl TOKAIbHble 0eheKmbl 0ONUYOBKU, NPUSHAKU
9pO3UlU, CHUICEHUE NbE3OMEempPUYECKUX YPOGHell N0 CPABHEHUI0 C NPOEeKMHbIMU
SHAYEHUAMU U BbICOKAS (DUIBMPAYUOHHAS AKMUBHOCMb OCHO8aHus. I eode3uueckue
OaHHble NOOMBEPOUNU OMCYMCIMBUE KPUMULECKUX 0ehopmMayuil, 0OHAKO 3AUKCUPOBAHbL
30HbL NOMeHYUanbHoU Hecmabunbnocmu. Ha ocnoge nonyuennvix uHicenepHuiX OaHHbIX
Ovlia nocmpoena mMooenb NIOMUHbL 8 Npocpammuom Komniexce Plaxis 2D, 6 pamxax
KOMOpPOU Npo6edeHbl YUCTeHHble pacyémul YCMOUUUBOCMU HU308020 OMKOCA HA O8YX
kouesvix nonepeunuxax (IIK 5+00 u IIK 12+00). Mooenuposarue 6blnoaneHo 0is
PasIuUdHbIX cyeHapues ceticmuyeckou Haepysku (7 u 8 b6annoé no wkare MSK-64). B
pe3yiomame  onpeoeieHvl  Kodphuyuenmvl  YCMOUUUBOCMY,  NOMEHYUATbHbIE
NOBEPXHOCMU 0OpYUIeHUs], HANPAGLeHUsl UIbMPAYUOHHBIX NOMOKO8 U pacnpedeieHue
Qurvmpayuonnozo oasnenus. Ilposedénnoe ucciedoganue 6viA6UNLO0 HEOOXOOUMOCHb
peanuzayuu Meponpusmutl N0 peKOHCMPYKYUU U CeUCMOYCUNLEHUIO OMOETbHbIX Y4ACMKO8
NJIOMUHDL.

KiawueBble  cioBa:  cudpomexuuyeckue — COOPYICEHUs,  CelCMUYecKas
YCMOUYUBOCMb, NIOMUHA, MHO2O(aKmMopHoe 00C1ed08aHue, YUCTIEHHOE MOOeTUPOSaHuUe.
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1 INTRODUCTION

Dams are among the most critical and complex hydraulic structures built across rivers to create
reservoirs that serve essential functions such as flow regulation, flood control, water supply for
domestic and industrial needs, irrigation of agricultural lands, and hydroelectric power generation.
The safety and reliability of dams depend directly on their resistance to external loads, including
hydrostatic pressure, wind forces, and seismic activity-especially in regions with high seismic risk.

In recent years, the frequency and intensity of earthquakes have increased globally, including
in Kazakhstan. A particularly alarming event occurred on March 28, 2025, when an earthquake struck
near the village of Merke in the Zhambyl Region, near the Tasotkel Reservoir. This incident has
underscored the urgent need to reassess seismic safety strategies and initiate comprehensive
investigations of hydraulic structures located in seismically active zones.

The analysis of the technical inspection report on the Tasotkel Reservoir revealed serious
deficiencies in the existing practice of inspecting hydraulic structures in Kazakhstan. Many
inspections are carried out superficially and formally, without the use of modern methods,
computational models, or scientifically grounded approaches. This has raised valid concerns within
the scientific community and highlights the need to revise the current regulatory framework and
technical guidelines governing the assessment and maintenance of dams and reservoirs. The
development of new methodological standards that ensure comprehensive and reliable evaluations is
now more crucial than ever.

Against this backdrop, multifactor assessments gain particular importance. These assessments
consider the full spectrum of influencing parameters: engineering-geological conditions, current
technical state, deformation dynamics, filtration and sedimentation levels, as well as the seismic
vulnerability of structures. Unlike one-time visual inspections, a multifactor approach involves the
application of geophysical techniques, instrumented monitoring, engineering modeling, and digital
technologies, allowing for a comprehensive and objective evaluation of a structure’s condition.

Commissioned in 1974, the Tasotkel Reservoir is a strategically significant facility in the water
management system of southern Kazakhstan. It provides irrigation for more than 35,000 hectares of
agricultural land in the Shu and Moiynkum districts, supplies water to the Tasotkel Hydropower Plant
and maintains ecological flow in the downstream section of the Shu River. The reliable operation of
the dam is directly linked to regional food security, sustainable development of the agro-industrial
sector, and overall social stability.

Figure 1 shows a satellite image fragment depicting the Tasotkel Reservoir area, including its
boundaries, adjacent irrigation zones, and key hydraulic structures. The image was obtained using
remote sensing technologies and provides a clear visualization of the reservoir’s scale, hydrographic
position, and spatial relationships with the surrounding infrastructure.

The region’s harsh continental and arid climate, complex hydrogeology, and increasing seismic
activity necessitate a reassessment of existing engineering solutions. According to the General
Seismic Zoning Map (GSZ—475) and the national construction standard SP RK 2.03-30-2017%*, the
seismic hazard level at the site has been revised from 6 to 7-8 on the MSK scale, with a calculated
horizontal ground acceleration of ag = 0.279¢g for soil conditions classified as Type II. Combined with
the age of the structure and identified defects-such as the undermining of facing slabs on the upstream
slope due to wind-driven waves in April 2023-this situation necessitates reconstruction and seismic
strengthening measures.
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Thus, conducting a scientifically grounded, multifactor comprehensive assessment of the
Tasotkel Dam is not merely a technical necessity but a matter of national security, sustainable
agricultural production, and disaster prevention. The findings of this study will provide the foundation
for updating Kazakhstan’s normative and technical documents and for developing new standards for
the diagnosis and evaluation of hydraulic structures under increasing seismic threats.

Figure 2 presents a 3D situational plan of the Tasotkel Reservoir, illustrating its spatial position
within the river valley, the shoreline configuration, the location of main hydraulic structures,
irrigation canals, and infrastructure elements. The model provides a visual representation of the
terrain and allows for the assessment of the engineering and geographical features of the study area.

phrtiey

Figure 1 — Satellite image of the Tasotkel ReserV01r (https //earth google com/)
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Figure 2 — Situational Plan of the Tasotkel Reservoir
2 LITERATURE REVIEW

The issue of ensuring the reliability of hydraulic structures, especially under seismic conditions,
has been addressed in several recent studies. The rapid advancement of digital technologies has
significantly improved the accuracy of diagnostics and the ability to predict dam behavior under
dynamic loads.

For instance, Antonovskaya et al. (2015); Antonovskaya et al. (2019) emphasizes the
importance of visual inspection using unmanned aerial vehicles (UAVs), computer vision systems,
and artificial intelligence to assess the technical condition of dams. These technologies enable the
early detection of hidden defects, cracks, and signs of deformation.

Bathymetric surveys are also becoming an essential element of dam assessments. Simao Séco
e Pinto (2015) evaluated sedimentation rates and accumulation patterns at the Obruk Dam in Turkey,
allowing them to identify high-risk zones of siltation with precision.

Bonazzi et al. (2025); Gupta (2018) investigated the behavior of coarse-grained materials
under seismic loading and developed a numerical method for analyzing residual deformations in
rockfill dams-an approach that is critical for predicting long-term structural stability.

Historical events have demonstrated the high vulnerability of hydraulic structures to seismic
impacts. Earthquakes in Bhuj (India, 2001), Sichuan (China, 2008), Iwate—Miyagi (Japan, 2008), and
the devastating 2011 tsunami that damaged coastal embankments at the Fukushima Nuclear Power
Plant illustrate the consequences of insufficient structural diagnostics.

Particular attention must be paid to the series of destructive earthquakes between 2023 and 2025
in Turkey, China, Peru, and Chile, which revealed serious structural damage to dams and reservoirs,
including cracks in dam bodies, displacement of slabs, crest loss, and the emergence of groundwater.
These incidents highlight the pressing need for international collaboration in the field of dam
diagnostics, monitoring, and seismic strengthening.
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Hinks (2023); Yiadom et al. (2009) proposed an innovative method of seismic isolation for
earth dams using recycled steel-cord tires filled with a rubber-bitumen mix ("gumbrin"), which
significantly reduces seismic wave amplitudes.

Green et al. (2023) and Latrubesse et al. (2020) applied non-destructive testing and
engineering geophysics methods to assess the condition of earth dams at the Shapsug Reservoir. Their
findings helped identify zones of potential filtration and led to the development of foundation
reinforcement recommendations.

Adamo (2020) presented long-term observation data from the Akdarya Reservoir in
Uzbekistan, combining leveling surveys and mathematical modeling. This allowed for a substantiated
analysis of structural stability and the calculation of required reconstruction volumes.

A broad range of works by authors such as Xiang et al. (2022); Gorai et al. (2021);
Suwatthikul et al. (2021); Xiang et al. (2023) and Moldamuratov et al. (2021) are dedicated to the
topics of dam reconstruction, seismic resistance, and structural adaptation to evolving environmental
conditions.

Using dipole electrical sounding, Jakiyayev et al. (2023) identified a reduction in apparent
resistivity in the reservoir bed area of the Chirkey Dam, attributed to water saturation processes. These
findings have substantial implications for evaluating the filtration status of dam foundations.

Thus, the accumulated scientific and practical experience clearly indicates the need for regular,
multifactor, and comprehensive assessments of hydraulic structures, considering the combined impact
of natural and anthropogenic processes-particularly in seismically active regions.

3 MATERIALS AND METHODS

As part of the multifactor assessment of the Tasotkel Dam, modern methods were applied to
evaluate the technical condition of the hydraulic structure. These included visual inspection,
instrumental measurements, geodetic monitoring, non-destructive testing, as well as the analysis of
the physical and mechanical properties of soils and the condition of reinforced concrete structures.

Visual inspection was carried out along the entire length of the dam crest (1,200 meters) to
identify surface defects, breaches in structural integrity, and signs of deformation processes. Particular
attention was given to the following elements:

- condition of the facing slabs on the upstream slope;

- presence of cracks, delamination, and settlements along the crest of the dam,;

- integrity and functionality of the reinforced concrete parapet and warning barriers;

- signs of erosion and soil washout near the spillway and drainage components.

During the inspection, two local sections of damaged facing were identified, accompanied by
soil washout to a depth of up to 40 cm due to wind wave action. Surface displacement of the turf layer
was also observed on the downstream slope.

Instrumental measurements included:

- monitoring of piezometric levels in 13 observation wells (PK 5+5.0; PK 9+10; PK 13+00);

- determination of the position of the phreatic surface (depression curve) at various reservoir
water levels;

- control of filtration water levels using drainage wells;

- temperature monitoring of concrete structures.

The results indicated that the actual piezometric levels at PK 5+5.0 and PK 9+10 were 5.0 to
7.2 meters below the design levels, indicating a high drainage capacity of the foundation soils.

Geodetic monitoring was conducted to assess potential vertical and horizontal displacements
of'the dam body. High-precision total stations and leveling instruments were used (measurement error
not exceeding +1.5 mm per 1 km of double-run leveling). The following activities were carried out:

- leveling of 12 benchmarks along the dam crest;
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- repeated measurements of control points on the slopes;

- comparison of current coordinates with archival data from the period 2010-2023.

Non-destructive testing methods were used to evaluate the condition of concrete and reinforced
concrete structures, including:

- Ultrasonic testing: measurement of longitudinal wave velocity in the concrete of the parapet
and inlet section of the outlet works. Average velocity was 3600—4000 m/s, corresponding to concrete
of at least grade B15.

- Schmidt hammer testing: rebound values ranged from 25 to 32 units, confirming the required
concrete strength.

- Visual-instrumental defectoscopy: used to detect cracks, voids, and delamination in the
protective concrete layer.

Assessment of the soil condition in the dam body and its foundation was based on engineering
and geological investigations supplemented by targeted in-situ testing. The following parameters
were evaluated:

- internal friction angle: from 24° to 36°;

- cohesion: from 0.01 to 0.4 kg/cm?;

- dry unit weight: 1.51-1.66 g/cm?;

- natural moisture content: over 20%;

- porosity coefficient: 0.699;

- permeability coefficient for loose detrital foundation soils: 35 m/day.

Figure 3 presents fragments documented during the visual and instrumental inspection of the
Tasotkel Dam. The images illustrate characteristic defects in the facing slabs, areas of soil washout,
and structural elements affected by surface erosion and filtration processes. This visual data confirms
the necessity of implementing reconstruction measures and reinforcing specific sections of the dam.

Figure 3 — Inspection Fragmens
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The physical and mechanical properties of the foundation and dam body soils used in the
engineering calculations for strength and filtration stability are presented in Table 1. These parameters
were obtained based on data from engineering and geological surveys, laboratory tests, and field
observations, and represent the average values for the main engineering-geological elements of the
soil profile.

Table 1
Physical and Mechanical Properties of Soils

Sandy—gravel
soil of the Gravel
base

Unit of Soils of the | Priming prism

Name Designation measurement | dam body (gravel soil)

The weight of the
soil of natural Yan g/cm? 2,03 1.91 1,91 2.3
moisture

The weight of the
soil saturated Y

" g/cm? 2,06 2.0 2,00 2,5
with water

The modulus of
deformation of
the soil of natural
humidity
Modulus of
deformation of

soil saturated
with water

E kN/cm? 39000 40000 40000 -

E kN/cm? 20000 30000 30000 40000

Filtration

coefficient Ky m/day 0,41 32 35 75

The Poisson's

. v - 0,35 0,27 0,27 0,27
ratio

Soil adhesion of

. c kPa 31 1 - -
natural moisture

Adhesion of soil
saturated with Cc kPa 24 - 2 1
water

The angle of

internal friction
of the soil of ¢
natural humidity

The angle of
internal friction
of the soil 1) ° 18 - 33 40
saturated with
water

During the inspection of the Tasotkel Dam, measurements were taken of the water level in the
reservoir and the position of the phreatic (depression) curve of the filtration flow.

The measurements were conducted along three cross-sections - at PK 5+5.0, PK 9+10, and PK
13400 - when the reservoir water level was recorded at 514.85 m (with the normal pool level, NPL,
being 519.0 m). The results indicated a significantly low piezometric level, ranging from 5.0 to 7.2
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meters below the design values. Only in the downstream toe did the actual position of the depression
curve correspond closely to or match the design curve.

A detailed analysis showed the following: at PK 5+5.0, within the berm zone, the piezometric
level did not exceed 497.49 m, compared to the design value of 505.80 m; at PK 9+10, the level
remained below 498.8 m.

These findings indicate a high drainage capacity of foundation soils relative to the design
assumptions. At the observed locations, the actual phreatic surface lies significantly lower than the
projected line - by 3.1 to 7.2 meters.

Figure 4 shows the actual position of the phreatic surface at a reservoir level of 514.65 m, the
expected profile at NPL 519.0 m, and the maximum allowable position of the depression curve.

Cross-Section at PK 5+50 (along the dam)

Cross-Section at PK 9+10 (along the dam)

., s
o] 524 S206
.

Cross-Section at PK 13+00 (along the dam)

e, resseer
e T

Figure 4 - Position of the Phreatic Surface

4 RESULTS AND DISCUSSION

As part of the engineering assessment, the overall and seismic stability of the downstream slope
of the Tasotkel Dam was evaluated for two representative cross-sections - PK 5+00 and PK 12+00.
The analysis was carried out using the specialized software Plaxis 2D, a finite element method-based
program designed for geotechnical engineering applications, including deformation analysis, slope
stability assessment, and groundwater flow modeling.

The modeling process accounted for the stratification of foundation soils, material properties,
saturation conditions, and seismic loading. The physical and mechanical properties of soils used in
the calculations were based on field and laboratory data obtained from engineering-geological
investigations. Real-time measurements of the phreatic surface (depression curve), recorded during
the site inspection, were also incorporated.
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Figure 5 shows the calculation model for cross-section PK 5+00, including the slope geometry,
water levels, outlines of reconstructed sections, the phreatic line at the upstream water level of 519.0
m, and the potential failure surface under seismic loading with an intensity of 8 on the MSK scale.

Figure 6 presents the corresponding model for cross-section PK 12+00, used for evaluating
slope stability following the implementation of reinforcement and reconstruction measures. In both
cases, seismic conditions were considered in accordance with SP RK 2.03-30-2017* for soil type II,
with a design peak ground acceleration of ag = 0.279g.

The calculated safety factor (Fs) was determined for both static and seismic loading conditions.
The results demonstrated that:

- Under static conditions, the safety factor exceeded 1.5, meeting regulatory requirements;

- Under seismic conditions with an intensity of 8, the safety factor ranged between 1.1 and 1.2,
which is within acceptable limits and confirms the adequacy of the proposed stabilization measures.

These numerical modeling results validate the effectiveness of the design solutions for
stabilizing the downstream slope and support the implementation of these technical measures as part
of the comprehensive rehabilitation of the dam.

Calculation Model - PK 5+00. Load Case - 2.
Seismic Intensity — 8 points. Safety Factor (k) = 1.035
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Figure 5 - Calculation Model at Cross-Section PK 5+00

Calculation Model — PK 12+00. Load Case — 2.
Seismic Intensity — 8 points. Safety Factor (k) = 1.028
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Figure 6 - Calculation Model at Cross-Section PK 12+00

The Figures 7-18 present the results of numerical modeling performed using the Plaxis 2D
software for cross-sections PK 5+00 and PK 12+00, considering seismic loads with intensities of 7

and 8 on the MSK-64 scale.
The models include:
- the geometric configuration of the slopes after reconstruction;
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- current data on the position of the phreatic surface at the upstream water level o 519.0 m;

- calculated potential slip (failure) surfaces of the downstream slope;

- values of the safety factor (Fs) under static and seismic loading conditions;

- directions and magnitudes of filtration flow within the dam body.

The simulation results illustrate the slope behavior under different seismic scenarios, including
displacements, stress distribution, and critical zones of potential instability. Filtration flows within
the dam body and foundation are visualized using a vector field, which allows for the identification
of'areas with concentrated seepage pressure and the assessment of groundwater movement directions.

Figure 7 presents the calculation schemes for the cross-section at PK 5+00, developed using
the Plaxis 2D software under two seismic scenarios. In Load Case 1, with a seismic intensity of 7
points on the MSK-64 scale, the calculated safety factor was k=1.227, indicating a stable slope. In
Load Case 2, under 8-point seismic loading, the safety factor decreased to k=1.035, approaching the
limit of stability and indicating the need for seismic reinforcement of the downstream slope.

Figure 8 illustrates the phreatic surface position at an upstream water level of 519 m. The
configuration of the seepage line allows for the assessment of hydrogeological behavior and the
effectiveness of the drainage system under operational conditions.

Figures 9, 10, and 11 show three critical load cases representing the potential failure surfaces
of the downstream slope under increasing seismic intensity. Figure 9 depicts the most probable slip
surface formed under moderate saturation and dynamic loading conditions. Figure 10 highlights
stress redistribution within the dam body and potential deformation development in weakened zones.
Figure 11 models a worst-case scenario involving full saturation, maximum seepage, and peak
seismic intensity. In all three cases, the safety factors approach minimally acceptable values, requiring
further analysis and design measures.

Figure 12 visualizes the seepage flow field within the dam body at PK 5+00. Flow vectors
illustrate the direction and magnitude of water movement, allowing the identification of zones with
concentrated seepage pressure and potential internal erosion.

Figure 13 presents the calculation schemes for the cross-section at PK 12+00. In Load Case 1
(7-point seismic intensity), the safety factor was k=1.209. Under Load Case 2 (8-point seismic
intensity), the safety factor decreased to k=1.028, again indicating the need for slope stabilization
under seismic action.

Figure 14 displays the phreatic surface for PK 12+00 at an upstream water level of 519 m. The
results highlight specific features of the seepage regime and help evaluate the performance of
drainage elements in this section. Figures 15, 16, and 17 illustrate additional special seismic load
cases at PK 12+00. Each model varies the saturation and seismic intensity parameters to simulate
structural behavior under critical combinations of loads. The results identify areas of potential local
instability, providing a foundation for future strengthening measures.

Figure 18 presents the distribution of seepage flows within the dam body at PK 12+00. The
vector field helps identify zones of increased water inflow and material migration, which can impact
on the structural integrity and long-term reliability of the dam.
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b — PK 5+00, Load Case 2, Seismic Intensity — 8 points, Safety Factor (k) =1.035
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Figure 8 — Phreatic Surface at the Upstream Water Level of 519 m
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Figure 13 — Calculation Schemes:
a — PK 12+00, Load Case 1, Seismic Intensity — 7 points, Safety Factor (k) = 1.209;
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Figure 15 — Special Case 1: Potential Failure Surface of the Downstream Slope and Safety Factor
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Figure 18 — Water Flow within the Dam Body at PK 12+00

The presented calculation results represent the initial iteration of numerical modeling. At this
stage, preliminary data from engineering and geological investigations and field inspection
parameters were used.

Further modeling and analysis will be refined and expanded based on the results of laboratory
experimental studies, including tests for strength, permeability, and the deformation characteristics of
soils and concrete. This will enhance the accuracy of computational models, enable calibration of
input parameters, and provide a more reliable assessment of dam stability under various operational
and seismic conditions.

The data obtained in subsequent stages will also serve as a basis for developing
recommendations for seismic strengthening, monitoring, and planning of reconstruction measures.
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5 CONCLUSIONS

1. A comprehensive multifactor assessment of the Tasotkel Dam, located in a seismically active
zone of southern Kazakhstan, was conducted using modern methods for evaluating the technical
condition of hydraulic structures. The assessment included visual inspection, instrumental and
geodetic measurements, non-destructive testing, analysis of the physical and mechanical properties
of soils, and inspection of reinforced concrete structures.

2. The inspection results revealed several defects and deviations from the design parameters,
including localized damage to the upstream slope facing, signs of erosion, turf layer displacement,
and discrepancies in the phreatic surface levels. Piezometric measurements confirmed the high
drainage capacity of the foundation soils but also indicated the need for detailed monitoring of
filtration processes.

3. Geodetic and instrumental observations did not identify critical deformations, though the
analysis of archival data from 2010 to 2023 showed accumulated changes that require engineering
intervention. The mechanical properties of soils mostly met regulatory standards, but certain zones
with reduced strength were identified and required reinforcement.

4. Numerical modeling performed using the Plaxis 2D software allowed for an evaluation of
slope stability under both static and seismic loading conditions (intensity of 7 and 8 on the MSK-64
scale). The calculations demonstrate satisfactory stability of the slopes after the proposed
reconstruction measures. Visualization of filtration flows and potential failure surfaces identified
critical zones and informed recommendations for their strengthening.

5. The study emphasizes the need to revise existing regulatory documents and standards
governing the inspection of hydraulic structures. The analysis of previously conducted inspections
revealed that they were largely superficial and fragmented, failing to meet modern safety and seismic
resilience requirements.

6. The presented results represent an initial modeling iteration. Further laboratory testing is
planned to refine input parameters and calibrate the models. This will improve the reliability of
predictive assessments and support the development of reconstruction and seismic strengthening
measures, as well as long-term monitoring programs.

7. The findings of this study confirm the importance of adopting a multifactorial approach to
the diagnostics of hydraulic structures in seismically active regions. The methodology developed here
can serve as a foundation for updating engineering safety guidelines and advancing national standards
in the field of hydraulic infrastructure assessment.
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POROUS SiO2-SiC BASED CERAMICS WITH LOW
THERMAL CONDUCTIVITY

S. Kultayeva*@

International Educational Corporation, 050043, Almaty, Kazakhstan

Abstract. Porous SiO>—SiC-based ceramics were developed to achieve superior
thermal insulation and mechanical performance for high-temperature applications
such as thermal protection and energy conversion systems. In this study, nano-sized
SiO2, nano-sized SiC, and carbon black powders were used to fabricate porous SiO>—
SiC ceramics by sintering in air at 700-1000 °C. The effects of nano-SiC content (0—
35 wt%) and sintering temperature on porosity, thermal conductivity, and
compressive strength were systematically investigated. Increasing the nano-SiC
content and sintering temperature led to enhanced partial densification of the struts
due to silica bonding, resulting in decreased porosity from 77.1% to 69.5%. The
lowest thermal conductivity of 0.043 W/m-K was achieved for samples containing 10
wt% nano-SiC sintered at 700 °C, attributed to the high interfacial thermal resistance
at Si0>—SiC interfaces. The compressive strength of porous SiO»-SiC based ceramics
increased by 5.4 — 6.9 times with an increase in sintering temperature and the nano-
SiC content from 0 to 35 wt% and remained significantly higher than that of
previously reported porous SiC ceramics. The improved thermal insulation and
mechanical strength were attributed to strong silica promoted interparticle bonding
and the formation of SiO> core/SiC shell structures. These findings demonstrate that
the newly developed porous SiO>—SiC ceramics possess a promising combination of
low thermal conductivity and high strength for advanced high-temperature
applications.

Keywords: porous ceramic, SiO2-SiC, porosity, thermal conductivity,
compressive strength.
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90X 666.3-16
FTAMP 67.09.05
FbIJIbIMN MAKAJTA

TOMEH KbLJ1Y OTKI3I'TIITII'T BAP SiO2-SiC HEI'IBIHAEI']
KEYEKTI KEPAMHUKA

.M. Ky1raeBa™ ®

XampIkapanblk 0iriM 6epi kopnoparnuscel, 050043, Anvater, Kazakcran

Angatma.  Keyexkti  Si0.-SiC  Heri3iHzeri  Kepamukaizap  JKOFapbl
TEMIIEpaTypaibl KOJJAaHOAIapaa, MBICANBI, JKBUTYJBIK KOPFAHBIC JKOHE JHEPTHUs
TYPACHIIPY IKYHENEepiHAEC JKOFAphl IKBUIYy OKIIAyJlay JKOHE MEXaHUKaJBIK
KacHeTTepre KOJ KETKi3y YIIiH jkacauael. byn 3eprreyne ayama 700-1000 °C
Temmneparypaga Kyuuaipy apkpuibl keyekTi SiO>—SiC kepaMuKachlH aily YIIiH
HaHoemmeM Il Si02, HaHoemmeMal SiC koHe KeMIPTEK Kapa YHTAFbl aiAaaaHblLI/IbL.
Hano-SiC wmemmepinin (0-35 wmacc.%) xoHe Kyiaipy TemrepaTypachblHbIH
KEYEKTUTIKKE, JXKBUTYOTKI3TIITIKKE >KOHE KbICY OEpIKTIriHEe ocepi Kyhemni Typie
seprrenal. Hano-SiC  Memmiepin koHe KyHAIpy TeMIepaTypacklH apTThIpy
KpeMHe3eM OalJIaHBICHIHBIH OCEpPIHEH KAaHKAHBIH JKApThUIAi  THIFBI3ATYBIH
KYIIEHTIN, KeyeKTUTIKTIH 77.1%-m1an 69.5%-Fa neiiin ToMenneyine okenai. EH ToMen
#puTyeTKI3rimTiK 0.043 B1/M'K Moni 10 macc.% nano-SiC 0ap xone 700 °C-ta
KYHIIpUIreH yiari ymrH a"slKramabl, 0yn SiO.—SiC uHTepdeiicTepiHaeri xKoraphbl
meKapanblK KbpUTy Keaepricimen Ttycinaipiial. Keyekri SiO:—SiC  Herizinzeri
KepaMHKaIap/IbIH KbICY OCpPIKTIri KYHAipy Temmneparypacskl MeH HaHO-SiC mMesmepin
0-nen 35 macc.% neiiin aprTeipranaa 5.4-6.9 ecere ecTi koHe OypbIH xa0apiiaHFaH
keyekTi SiC kepamuKaaapblHa KaparaHa aJeKaiia >korapbl 0017161, JKakcapTbuiran
KBUTy OKIIayJay »JKOHE MEXaHUKAIBIK OCpIKTIK KPEeMHE3eMHIH OeJmeKkTep
apachIHAarbl KYmTi OainanbichiH koHE Si0: ©3ek/SiC KaObIK KYPBUIBIMIAPbIHBIH
TY3U1yiH KamTamachi3 eTTi. byt HoTwkenep sxaHaaan a3ipiaeHren keyekTi SiO>—SiC
KepaMUKaJIapbIHBIH TOMEH KbUTYOTKI3TIIITIK MEH dKOFaphl OEPIKTIK KOMOMHAIMSCHIH
WEJIeHII, KOFaphl TeMIepaTypalibl 3aMaHayH KoJiqaHOanap yIIiH YJIKEH dJieyeTKe he
€KCHIH KepceTe/Il.

Tyiiin ce3mep: keyekTi kepamuka, SiO>—SiC, KeyeKTLTIK, *KBUTYOTKI3TIITIK,
KbICY OEpIKTIri.
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V]IK 666.3-16
MPHTH 67.09.05
HAVYHAS CTATHS

MOPUCTAS KEPAMUKA HA OCHOBE SiO>-SiC C HU3KOM
TEIIJIOHPOBOJHOCTBIO

II.M. KyiaraeBa* ®

MexnyHapoanas oopazoBatenbHas kopnopanus, 050043 Anmatsl, Kazakctan

AnHotauus. [Topucteie kepamuku Ha ocHOBe S102—SiC Obln pazpaboTaHsbl 11
JOCTHKEHUS TIPEBOCXOAHBIX TETUIOW30JISIIIMOHHBIX M MEXaHWYECKUX CBOWCTB TPHU
BBICOKOTEMITEPATYPHBIX MPUMEHEHHSIX, TAaKHX KaK CHUCTEMBI TEIUIOBOM 3alllUTHI U
npeoOpa3oBaHusl dHEpPruu. B JaHHOM HCCleOBaHUM JUIsl U3TOTOBJIEHUS MOPUCTHIX
kepamuk Si0>—SiC ucnosp3oBanuck HaHopazMepHble nopomku SiO2, SiC u caxw,
KOTOpbIE CHEKalINCh Ha Bo3ayxe npu Ttemmeparype 700-1000 °C. BuwusiHue
conepkanus HaHO-SIC (0-35 mac. %) u TemmepaTypbl CHEKaHUS HA MOPHCTOCTb,
TEIUIONPOBOAHOCTh W MPOYHOCTh TNMPHU CXKATUU OBLIO U3YyYEHO CHUCTEMATHYECKU.
[ToBeimienne conepkanust HaHO-SIC W TeMmmepaTypbl CIEKaHUS —YCHIJIWBAIIO
YacTUYHOE YIJIOTHEHHE KapKaca 3a CYET CBSI3bIBaHHSI KPEMHE3EMOM, YTO MTPUBOIUIIO
K yMeHblIeHuto nopuctoctu ¢ 77,1 % nmo 69,5 %. HanmeHnbiias TerionpoBoIHOCTb
0,043 Br/m K Gblma gocturayra s oopasios, coaepxkammx 10 mac. % naHo-SiC,
cnedéHHpix mpu 700 °C, 9TO OOBIACHSIETCS BBICOKOH MeEX(pa3HONW TEII0BOM
conpoTuBigseMocThio Ha rpaHunax SiO—SiC. IIpoyHOCTh mpH CKATHH MOPUCTHIX
kepamuk Ha ocHoBe SiO>—SiC yBenumumBanack B 5,4—6,9 pa3a ¢ MOBBIILIEHUEM
TEMIEpaTyphl criekanus u coaepxkanust HaHo-SiC ot 0 go 35 mac. % u ocraBanach
3HAYUTENBHO BBINIE, Ye€M Y paHee COOOMEHHBIX MOPHUCThIX Kepamuk SiC.
VYiydineHHbIe TEMJIOU30JSAIMOHHBIE W MEXaHUYECKHUE CBOICTBA OOBSICHSIOTCS
MPOYHBIM MEXKYAaCTHUHBIM CBSI3bIBAHHUEM, OOYCIOBJICHHBIM KpPEMHE3eMOM, U
¢dbopmupoBanuem  crpykryp THma  SiO2-aapo/SiC-o0osouka.  IlomydyeHHbie
pe3ynbTaThl MOKa3bIBAIOT, YTO HOBbIE Mopucthie kepamuku Si0.—SiC oOmamaior
MEePCIEKTUBHBIM COYETaHUEM HU3KOU TETIONPOBOJHOCTHU U BHICOKOM MPOYHOCTH ISt
MepeI0OBbIX BEICOKOTEMIIEPATYyPHBIX IPUMEHEHUI.

KaloueBble cjoBa: mopucras  kepamuka, SiO»—SiC, MOOpPHUCTOCTH,
TEIUIONPOBOJHOCTh, IPOYHOCTH MPHU CIKATUH.
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HccnenoBanue MpoBOAMIIOCH B paMKax TpaHTOBOro (uHaHcupoBaHus Komutera Hayku
MuHucTepcTBa HayKu U Bbiciero oopazoanus Pecnyonuku Kazaxcran UPH AP19174518.

KOH®JIMKT UHTEPECOB

ABTOpH 3asBJIAIOT, YTO KOH(l)J'II/IKTa HHTEPECOB HET.
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1 INTRODUCTION

Advanced materials used in thermal protection systems, energy conversion systems, and
high-temperature industrial installations must have properties such as extremely low thermal
conductivity and structural stability at high temperatures. In thermal protection systems (e.g., in
aviation, spacecraft, furnaces, and turbines), the primary role of the material is to suppress heat
transfer from the high-temperature environment (flame, plasma, or hot gases) to the protected
structures or equipment. The use of a material with high thermal conductivity in thermal
protection systems is unacceptable, as heat can easily pass through it, which may lead to
overheating of the internal parts of the structure and, consequently, to its failure. Minimizing heat
losses is critical in energy conversion systems (such as gas turbines and thermoelectric
generators). Materials with intrinsically low thermal conductivity maintain a stable thermal
gradient (temperature difference), thereby enabling more efficient energy conversion. In high-
temperature industrial facilities, heating conditions are often non-uniform. Materials with low
thermal conductivity help localize heat within the desired zone, mitigating thermal stress and
reducing the risk of structural failure. In aerospace applications, even a temperature rise of several
hundred degrees can have catastrophic consequences. Therefore, materials must not only
withstand extreme temperatures but also provide effective thermal insulation for internal
components.

Porous SiC-SiO2 ceramics possess unique properties such as chemical stability, excellent
oxidation resistance, and mechanical integrity (Sheng et al., 2019; Chen & Miyamoto, 2014)
[25,31]. Owing to their properties porous SiC-SiO- ceramics used for various applications such
as catalyst supports (She et al.,2003; Chun & Kim, 2005) [28,27], membranes (Sheng et al.,
2019) [25], hot-gas filters (Dey et al., 2011) [26], electromagnetic radiation absorbers (Yuan,
Cheng and Zhang, 2016) [29], and microwave absorbers (Yuan et al., 2016) [30]. The
incorporation of SiC into SiO; or SiO; into SiC creates more interfaces between the two phases,
resulting in enhanced phonon scattering. Thus, porous SiO.-SiC based ceramics have high
potential for thermal insulation applications.

2 LITERATURE REVIEW

Thermal conductivities of porous SiC-based ceramics have been studied widely by many
researchers which elaborated several methods to lower thermal conductivity of porous SiC-based
ceramics: (1) porosity maximization by gel-freezing (Yoon et al., 2007; Fukushima et al., 2010;
Fukushima et al., 2014), direct foaming (Kim et al., 2005; Jana et al., 2017) [11,12], filament
printing and partial sintering (Gomez-Gomez et al., 2019), sol gel process followed by
supercritical drying (Kong et al., 2014; Su et al., 2018), compression molding (Manoj Kumar
et al., 2011), chemical vapor infiltration and reaction (Streitwieser et al., 2005); (2)
incorporating an in-situ synthesized thermally insulating secondary phase into porous SiC
ceramics by partial oxidation of nano-sized SiC particles (Malik et al., 2020); (3) fabrication of
nano-structures with nano-porosity or hierarchical porosity (Wan et al., 2018). Recently, Jana
et al., 2017 investigated the effects of direct foaming of SiC slurries followed by gel casting and
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sintering on the thermal and mechanical properties of SiC foams and reported that the thermal
conductivity and compressive strength were 4.3 W/mK and 1.7 MPa, respectively, at a porosity
of 89%. Extremely low thermal conductivity of 0.026 W/mK showed SiC nanowire aerogels
which have been processed by sol-gel process and subsequent supercritical drying at a porosity
of 99,8 % (Su et al., 2018). SiC foam fabricated by gel-freezing method exhibited the thermal
conductivity of 0.054 W/mK at 98% porosity (Fukushima & Yoshizawa, 2014). Introduction of
polysiloxane derived silica into nano-SiC ceramics decreased the thermal conductivity to 0.047
W/mK and showed minimal loss of compressive strength of 1.8 MPa at a porosity of 72.4%
(Malik et al., 2020). Kim et al., 2020 studied the thermal and mechanical properties of silica-
bonded porous nano-SiC ceramics and reported that the thermal conductivity and compressive
strength were 0.057 and 2.5 MPa, respectively, at 70.2% porosity.

In this study several strategies were established to obtain very low thermal conductivity and
maximized mechanical strength in porous SiO»-SiC ceramics, compared to the previous studies:
(1) addition of nano-SiC into nano-SiO: to create SiO-SiC interfaces, (2) addition of nano-sized
carbon template into nano-SiO, powder to create pores, (3) sintering at the different temperatures
from 700°C to 1000°C.

The effect of nano-SiC content and sintering temperatures on the porosity, microstructure,
thermal conductivity, and compressive strength of the newly developed porous SiO»-SiC
ceramics were investigated.

3 METHODS AND MATERIALS

Porous SiO»-SiC based ceramics were prepared using commercially available nano-sized
SiO2 (~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., 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 B-SiC content from 0 to
35 wt%: S0, 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 mm3 for thermal conductivity
measurements. green compacts were sintered in air at 700—1000 °C for 2 h.

The sintered specimens were designated as follows: for example, S0-7, S10-7, S20-7, and
S35-7, where the number after the dash (7) indicates the sintering temperature of 700 °C. A
similar notation was used for samples sintered at 800 °C, 900 °C, and 1000 °C.

The theoretical density of the porous SiO.-SiC ceramics was calculated using the rule of
mixtures according to the following formula:
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Pth = Psio, Vsio, + PsicVsic (1)

where, psio, and pg;c are the theoretical densities of silica 2.196 (gcm™) 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 SiO. content
calculated from the weight change after sintering by the following reaction:

SiC + 02 — Si02 + CO; (2)
C+ 02— 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-— 2 x100 4)

Pth

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

Microstructural analysis was carried out using scanning electron microscopy (SEM, S4300,
Hitachi Ltd., Hitachi, Japan). 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=apCp )

where p, a, and Cp denotes the sintered density, thermal diffusivity, and heat capacity,
respectively.

Table 1
Batch composition and sintering condition of SiO.-SiC ceramics

Sample Batch composition (wt%)

P . Sintering condition Remark
designation SiO, B-SiC CB
SO 60 - 40 Owt% SiC
700°C/2h/Air -
S10 54 6 40 800°C/2h/Air 10wt% SiC
$20 48 12 40 900°C/2h/Air 20wt% SiC
1000°C/2h/Air
S35 39 21 40 35wt% SiC
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4 RESULTS AND DISCUSSION
4.1 Porosity and microstructure

Figure 1 shows the porosity of porous SiO.—SiC-based ceramics as a function of the initial
nano-SiC content, sintered at 700 °C-1000 °C in air. As the nano-SiC content increased from O
wit% to 35 wt%, the porosity gradually decreased from 77.1% to 75.0% for samples sintered at
700 °C, from 76.9% to 74.3% at 800 °C, and from 75.4% to 72.2% at 900 °C. However, at 1000
°C, the porosity initially increased from 67.3% to 70.7% as the nano-SiC content increased from
0 wt% to 10 wt%, and then gradually decreased to 70.6% and 69.5% with further increases to 20
wt% and 35 wt%, respectively. The addition of nano-SiC further increased the density due to
partial densification promoted by silica. The higher silica content enhances interparticle bonding,
pulling adjacent particles closer together and resulting in partial densification.

80
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76 -

74 |

72 -

_ 70.7 70.6 72.2
70 L 69.5

Porosity (%)

68 - 67.3

66 1 L 1 !
0 10 20 35

Initial nano-SiC content (wt%)

Figure 1 — Porosity of porous SiO-SiC based ceramics

The SO samples exhibited a decrease in porosity from 77.1% to 67.3% when the sintering
temperature increased from 700 °C to 1000 °C, respectively. This is attributed to increased partial
densification due to increased silica content at high temperatures. The increased silica content
causes strong inter-particle bonding, thus pulling the adjacent particles closer and causes partial
densification. The increased silica content gives rise to strong inter-particle bonding, pulling
adjacent particles closer to each other, and leads to the enhanced densification of the porous
ceramics by viscous flow. The S10, S20, and S35 samples also exhibited a decrease in porosity
from 76.4% to 70.7%, from 75.9% to 70.6%, and from 75.0% to 69.5% when the sintering
temperature increased from 700 °C to 1000 °C, respectively.
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Figure 2 shows typical microstructure of porous SiO-SiC ceramics sintered at 700 °C for
2 hin air. The SEM micrographs confirm a decrease in porosity with increasing nano-SiC content
from 0 wt% to 35 wt% at a given sintering temperature. The microstructure exhibits small clusters
of particle aggregates bonded together and two types of pores: inter-aggregate pores and intra-
aggregate pores.

%

»
>

WD16 .5mm 15.0kV x20k

Figure 2 — The typical microstructure of porous SiO»-SiC ceramics sintered at 700 °C for 2 h in
air.

4.2 Thermal conductivity

Figure 3 exhibited the thermal conductivities of porous SiO,-SiC based ceramics. The
lowest thermal conductivity was achieved for sample SO-7 (porous SiO»-SiC based ceramics with
0 wt% of nano-SiC content sintered at 700 °C). The thermal conductivity increased from 0.036
to 0.050 W/mK, 0.045 to 0.056 W/mK, and 0.050 to 0.059 W/mK with increasing the initial nano-
SiC powder content from 0 to 35 wt% for S-7, S-8, and S-9 samples, respectively. However, the
thermal conductivity of S-10 sample decreased from 0.127 to 0.076 W/mK when initial nano-SiC
content increased from 0 to 20 wt%, respectively. Thermal conductivity of S10 (porous SiO»-SiC
based ceramic with 10 wt% of nano-SiC) sample increased from 0.043 to 0.087 W/mK with an
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increase of sintering temperature from 700 °C to 1000 °C, respectively. Generally, thermal
conductivity increases with decreasing porosity, and the porous SiO»-SiC based ceramics sintered
at 700 °C, 800 °C, and 900 °C followed this trend.
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—_

=)
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0.08 |-

0.06 |-

0.04 |-

Thermal Conductivity (W/m-K)

0.02 | | 1 |

Initial nano-SiC content (wt%)

Figure 3 — Thermal conductivity of porous SiO,-SiC based ceramics

These results suggest that the addition of nano-SiC into nano-SiO; increases thermal
conductivity. The increase of thermal conductivity was attributed to the decrease of porosity. The
porosity decreased with increasing the initial nano-SiC content was due to the partial densification
of the porous SiO»-SiC based ceramics by viscous flow and/or higher packing density of the green
body.

Thermal conductivities of newly developed porous SiO2-SiC ceramics were 0.045 W/mK
(S10-8) and 0.043 W/mK (S10-7) which are one order of magnitude lower than that of porous
nano-SiC ceramics 0.14 W/mK at the similar porosity of ~76.3% (Wan & Wang, 2018). The
thermal conductivity of porous SiO2-SiC ceramic with 20 wt% of nano-SiC sintered at 900 °C
(S20-9) was lower (0.056 W/mK) than that the reported literature data (0.068 W/mK) at the
similar porosity of 73.5% (Wan, Gao and Wang, 2017).

These results suggest that the addition of nano-SiC content into nano-SiO> could decrease
the thermal conductivity of the porous SiO»-SiC ceramic which was attributed to the increase of
interfacial thermal resistance at the SiO»-SiC interfaces.

4.3 Compressive strength

Compressive strength of porous SiO.-SiC based ceramics is shown in Figure 4. The
compressive strength of porous SiO»-SiC based ceramics increased with increasing sintering
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temperature. For example, the thermal conductivity of SO, S10, S20, and S35 increased from 3.0
t0 20.7 MPa, from 2.9 to 15.7 MPa, from 2.5 to 10.9 MPa, and from1.9 to 6.9 MPa with increasing
temperature from 700 °C to 1000 °C, respectively. The compressive strength of porous SiO»-SiC
based ceramics decreased from 20.7 to 6.9 MPa, 9.3 to 3.4 MPa, 4.3 t0 2.9 MPa, and 3.0 to 1.9
MPa with increasing initial nano-SiC content from 0 wt% to 35 wt% for S-10, S-9, S-8, and S-7
samples, respectively.
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Figure 4 — Compressive strength of porous SiO2-SiC based ceramics as a function of initial
nano-SiC content

The compressive strengths of porous SiO,-SiC based ceramics were 2 and 2,4 times higher
(2.9 MPa for S10-7 and 3.9 MPa for S10-6, respectively) than that of porous nano-SiC ceramics
(1.6 MPa) at a same porosity of 76.3% (\Wan & Wang, 2018). The S20-10 sample exhibited the
compressive strength of 10.9 MPa which was 4 times higher than that of porous nano-SiC ceramic
reported in the literature data at the porosity of ~70.4% (Kim et al., 2020). Additionally, S35-9
sample (porous SiO»-SiC based ceramic sintered with 35 wt% of nano-SiC at 900°C) showed the
compressive strength of 3.4 MPa which is approximately 2 times higher than the literature data
(1.8 MPa) at porosity of ~72.3% (Malik et al., 2020).

The present results suggest that the porous SiO.-SiC based ceramics (S) with very low
thermal conductivities of 0,043 — 0,056 W/mK exhibited much higher compressive strengths of
2,9 — 3,9 MPa than the previously reported SiC based porous ceramics. The highest strength and
lower thermal conductivity of newly developed porous SiO-SiC based ceramics was attributed
to the high strength interparticle bonding ensured by silica bonding and high interfacial thermal
resistance obtained by introducing SiO core / SiC shell structure.
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5 CONCLUSIONS

The effects of nano-SiC content and sintering temperature on the thermal conductivity and
compressive strength of porous SiO»-SiC ceramics were investigated. The important findings are
summarized as follows:

(1) The decreased porosity of the porous SiO,-SiC ceramics with increasing nano-SiC
content and sintering temperature was attributed to the enhanced partial densification of the struts
caused by the increased silica content.

(2) The addition of nano-SiC into a nano-SiO> and nano-sized carbon template mixture is
beneficial for increasing the thermal resistance due to the generation of additional interfaces,
resulting in an extremely low thermal conductivity in porous SiO»-SiC based ceramics reaching
as low as 0.043 W/mK at 76.4 % porosity.

(3) The compressive strength of porous SiO.-SiC based ceramics increased by 5.4 — 6.9
times with an increase in the nano-SiC content from 0 to 35 wt% when sintered at 700-1000 °C.

(4) The typical thermal conductivity and compressive strength values of thr porous SiO»-
SiC ceramics at 0.043 W/mK and 2.9 MPa, respectively.
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