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Abstract. The reliability assessment of wind power plants founded on raft foundations
is highly relevant due to the rapid growth of wind energy projects. The aim of this study is to
develop a scientifically substantiated methodology for the geotechnical and probabilistic re-
liability assessment of wind power plants (WPPs) on raft foundations, considering the inter-
action within the “soil-foundation slab-wind turbine tower” system, the variability of soil
physical and mechanical properties, and the stochastic nature of wind loads. The results of
geotechnical analyses performed using the finite element method in MIDAS GTS NX confirm
that the gravity-type monolithic foundation satisfies the deformation and bearing capacity
criteria. Probabilistic modelling methods enabled the quantitative evaluation of the reliabil-
ity index [ and probability of failure Pf of the raft foundation, considering the actual varia-
bility of soil properties, and allowed the safety margins in terms of structural strength and
stability to be assessed. The scientific novelty of the study lies in the development of an inte-
grated probabilistic-geotechnical approach for assessing the reliability of wind power plants
on raft foundations while accounting for the stochastic variability of soil physical and me-
chanical properties, distinguishing the proposed methodology from conventional determin-
istic design approaches. The practical significance of the study lies in the direct applicability
of the developed methodology to the design, construction, and operation of wind power
plants, thereby improving the safety, economic efficiency, and durability of wind energy in-
frastructure.
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Annarna. JKen sHepeemuxacvl #co0anaApuIHbIY KAPKbIHObL OAMYbIHA OAUIAHBICTbL
MaKmaivl ip2emacmapoazul Hcell NeKmp CMaHYUsIaApbiHbly CeHIMOLIIZIH 3epmme)y 03eKmi
bonvin mabwiiadwl. 3epmmeyoiy MaKcamol - «MONBIPAK He2i3i - ipeemac makmacel - dxce’
KOHOBIPEbICHIHbIY MYHAPACHL» JHCYUECIHIY 63apa apeKemmecyin, monvlpakmapovly usuxa-
MEXAHUKAIBIK CUNAMMAMANAPBIHbIY 032eP2IUMICIH HCIHE JHCell HCYKMeMeNepiHiy Ke30eUCok
CUnamvll eckepe Omuvlpbln, MAKMAnbl peemacmapoagvl Hcei 1eKmp CMAaAHYUALIAPbIHbIY
(?KOC) cenimoiniecin 2eomexHuKanblK Hcane bIKMmumaniobix 6a2aniayovly bLIbIMU He2i30el2eH
a0icmemecin aszipaey. MIDAS GTS NX 6azoapramanviy keuieninoe axbipibl d1eMeHmmep
d0iCiMeH OpPLIHOANEAH 2e0MeXHUKANbIK ecenmeyiepoiy Hamuxcenepi 2pasumayusivlk
MOHOAUmMmMI ipeemacmuly Oepopmayusaniap meH He2i30iy Kemepeiw Kadiiemi OOUbIHUA
Kpumepuiiiepee calikecmicin pacmaosi. bIkmumanoeix moodenvoey 20icmepi monvipax
CUNAMMAaMAaNapbiHbly HAKMbl 032ep2iumi2ii ecKkepe Omublpbli, MAKmMaivl Ipeemacmosiy
CEHIMOLNIK UHOEKCIH [ dcaHe icmeH wbl2y bIKmumaiovievii Pf canovix 6azanayza, conoati-ax
KYPbIIbIMHBIY — Oepikmici MeH OpHBLIKMbLILIK KOPbIH AHbIKMAYead MYMKIHOIK 0Oepoi.
JKymvicmoiy EbLIbIMU JHCAHANBIRbL MONbIPAKMbIY Qusuxa-mexanuxKanviy
CUNAMMAMANAPbIHLIY — CMOXACMUKANLIK — 032ep2iuimicii - eckepe  Omulpbln,  MAKMabl
ipecemacmapoasgel Jicel INeKmp CMAHYUALAPLIHGIY CeHIMOLNCIH ba2anayobly KeuleHoi
BIKMUMANIObIK-2eOMEXHUKANLIK ~ MACLNiH  a3ipreyde  oicamwlp. byn macin  0acmypni
oemepMuHucmix  ocobanray adicmepinen epexkuienenedi. 3epmmeyOiy NPAKMUKALbIK
Maybl30bLIbIEbl I3IpTIeH2eH d0icmemenepol el dNeKmp CMAHYUANAPLIH Hcodanay, cany
JHcoHe nanoanrany Ke3inoe mikenell Ko10aHy MyMKIHOIIHOe dcambip, OYil dcell SIHEePemuKacyl
HbICAHOAPBIHBIY  KAVINCI30iciH, IKOHOMUKALLIK MUIMOINICIH JiCOHe Y3aK Mep3iMOLNiciH
apmmulpy2a MyMKiHOIK 6epeoi.

Tyiiinai ce3nep: oicen s1exkmp cmanyusiapol, CeHIMOILNIK, MONbLIPAK-ipeemac-myYHapa Jicyiieci,
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AunHotauusi. Mcciedosanue HA0eNCHOCMU 8eMpPOoBbIX INEeKMPOCMAHYUU HA NIUMHOM
GyHoamenme A619emMcsi AKMYANbHBIM 6 C8A3U C POCMOM BEMPOIHEPLEMULECKUX NPOEKMO8.
Lenvio uccredosanus sAensiemcs  paspabomka — HAYYHO — OOOCHOBAHHOU — MemOOUKU
2e0MeXHUYEeCKOU U BePOAMHOCMHOU OYEHKU HAOEHCHOCMU BempOosblX deKMpOoCmMaHyull
(BOC) nHa naummuvix @yHOamenmax c y4emom 63aumMoO0eicCmsusi CUCmembl «2PYHMOB0oe
OCHOBaHUe - (YYHOAMEeHmHAs NAuma - OAuiHs 8empoyCmMaHO8KUy, USMEHYUBOCIU DUIUKO-
MEXAHUYECKUX XAPAKMEPUCUK SPYHMO8 U CIAVYAUHO20 XApaKmepa 6emposblX HACPy30K.
Pesynomamor ceomexnuueckux pacuemos, 6biNOIHEHHOU MemMoOOM KOHEUHbIX DJIeMEHMO8 8
IIK MIDAS GTS NX, noomeepocoaem coomeemcmusi cpagumayuoOHHO20 MOHOJIUMHO2O
QyHoamenma Kpumepuem no oOepopmayuim u Hecywjer CnoCOOHOCMU OCHOBAHUSL.
Beposmnocmuvie memoovl mooenuposanusi, No3601UN0 KOIUUECBEHHO OYEeHUMb UHOEKC
Hadedichocmu f§ u geposmuocms omkasa Pf niumnozo ¢ynoamenma c yuemom peanvHou
UBMEHYUBOCIb XAPAKMEPUCTIUK 2PYHMO8 U OYEeHUMb 3andc NPOYHOCMU U YCIMOUYUBOCHU
coopysicenui. Hayunas HosusHa pabomvl 3axiouaemcs 6 paspabomike KOMNIEKCHO20
8EPOAMHOCMHO-2COMEXHUYECKO20 — N00X00a K  OYeHKe  HAOeHCHOCMU  BempOBbiX
anekmpocmanyuii  (BOC) na naumnvix @ynoamenmax ¢ yuemom CmMoxacmuyeckou
UBMEHYUBOCTNU  (DPUBUKO-MEXAHUHECKUX XAPAKMEPUCTIUK 2SPYHMA. 4MO OMAUYaemcs Om
MPAOUYUOHHO20 OeMEPMUHUPOBAHHO20 NpoeKmuposanus. IIpakmuueckas 3HAYUMOCHIb
UCCNIe008aHUSL  3AKTIOYAEMCS 8  BO3MOICHOCMU — HENOCPeOCMBEHHO20 — NPUMEHEeHUs
Paspabomannblx Memooux npu NPOEeKMUPOSAHUY, CMPOUMETbCIEe U  IKCHAYAMAayuu
gempogvix anexkmpocmanyuil (BOC), umo obecneuusaem nosviuienue 6€30naACHOCMU,
IKOHOMUYECKOU I DeKmUsHOCmuU U 001208€YHOCIU 00BEKMOE 8eMPOIHEPLEMUKU.
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1 INTRODUCTION

The development of wind energy is a strategic priority of the energy policies of many countries,
including Kazakhstan. In the context of the transition to a low-carbon economy, the reliability of wind
power plants (WPPs) is becoming increasingly important, particularly given the complex engineer-
ing-geological and climatic conditions of several regions of the country, including high-wind areas,
weak soils, and seismicity [1].

Modern wind turbines generate significant dynamic loads, resulting in a substantial increase in
the forces transmitted to the foundation and supporting soil. In such conditions, raft foundations are
among the most commonly used solutions for WPPs, particularly on medium-strength and weak soils.
However, their reliability depends not only on the strength of concrete but also on the performance
of the entire “soil-foundation-tower” system. Gravett and Markou presented full-scale 3D modeling
of the “soil-foundation-tower” system using modal analysis and nonlinear material models. Their
results demonstrated the sensitivity of dynamic characteristics to soil conditions and provided a basis
for optimizing reinforced concrete raft foundations [2,3].

Numerous studies have demonstrated that conventional deterministic approaches are insuffi-
cient for assessing the reliability of WPP foundations, particularly with increasing turbine dimensions
and load variability. Probabilistic methods provide a more adequate assessment of failure risks by
accounting for uncertainties in soil properties and external actions [4].

A recent review published in 2025 discusses the structural behavior of shallow foundations for
onshore wind turbines considering soil-structure interaction (SSI). Particular attention is given to de-
formation modeling, the influence of soil parameters and dynamic loading, and the optimization of
structural solutions for large wind turbines [5].

A review of reliability methods for wind turbine structures presents probabilistic approaches
for assessing structural component failures under random actions, including wind and cyclic loading
[6]. The study covers first- and second-order reliability methods as well as Monte Carlo simulation
techniques applicable to the reliability assessment of structures and their components.

Recent studies indicate that the spatial variability of soil properties and correlated environmen-
tal loads should be considered when assessing foundation reliability, since neglecting these factors
may lead to inaccurate estimates of the probability of failure [7].

A 2024 study analyzed the behavior of monolithic foundations under lateral loading using a
probabilistic approach combined with finite element modeling, including the evaluation of the relia-
bility index and parameter sensitivity [8,9].

Recent reviews emphasize that soil-structure interaction (SSI) and cyclic foundation loading
have a significant influence on foundation durability, deformation behavior, and long-term stability,
requiring integrated numerical modeling and reliability analysis. The response of a wind turbine foun-
dation is strongly dependent on the stiffness and strength characteristics of the supporting soil, foun-
dation geometry, and magnitude and cyclic nature of the applied loads. At the same time, the structural
analysis of bored pile foundations plays an important role in WPP foundation design, particularly
under unfavorable geotechnical conditions. However, comprehensive methodological guidelines that
integrate soil-foundation interaction, deformation criteria, and probabilistic reliability assessment re-
main limited for practicing engineers [10-12].

Loess and collapsible soils, as well as soils characterized by relatively low deformation moduli
and considerable spatial variability of mechanical properties, are widespread in several regions of
Kazakhstan, particularly in the southern and western parts of the country. Such ground conditions
may result in excessive total and differential settlements, redistribution of stresses beneath the foun-
dation, and a gradual reduction in the operational reliability of WPP structures. These effects become
particularly important for modern wind turbines because their foundations are subjected to combina-
tions of vertical loads, horizontal forces, overturning moments, and cyclic wind-induced actions.
Therefore, the reliability assessment of wind power plants supported by raft foundations is particu-
larly relevant due to the probabilistic risk of premature loss of serviceability and the potentially high
economic consequences associated with foundation failure or excessive deformation [13-15].
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In this context, there is a need for an integrated approach that combines conventional geotech-
nical calculations with probabilistic reliability assessment and explicitly accounts for uncertainties in
soil properties and external loading. Such an approach can provide a more realistic representation of
foundation performance than purely deterministic calculations and can identify the parameters that
have the greatest influence on structural safety and serviceability.

The aim of this study is to develop a scientifically substantiated methodology for the geotech-
nical and probabilistic reliability assessment of wind power plants (WPPs) supported by raft founda-
tions, considering the interaction within the “soil-foundation slab-wind turbine tower” system, the
variability of the physical and mechanical properties of soils, and the stochastic nature of wind loads.
The proposed approach is intended to quantify the reliability level of the foundation system and pro-
vide a basis for more rational and reliable design decisions under uncertain geotechnical and loading
conditions.

2 MATERIALS AND METHODS

The research methodology is based on an integrated combination of theoretical, computational,
probabilistic, and experimental-analytical methods, taking into account the specific behavior of wind
power plants (WPPs) supported by raft foundations.

The “soil-raft foundation-WPP tower” system is considered as a spatial nonlinear system ac-
counting for contact interaction and stress redistribution. The methodology is based on the limit state
theory for soils and foundations, with bearing capacity and allowable settlement adopted as the prin-
cipal performance criteria.

The probabilistic model is based on reliability theory, where variations in the soil deformation
modulus Egand soil strength characteristics are treated as random variables. Probabilistic analysis and
reliability assessment are performed using the reliability index fmethod and by establishing the rela-
tionship between the probability of failure Py, load level, and foundation parameters.

Numerical modeling is performed using the finite element method (FEM) to simulate the non-
linear interaction between the raft foundation and the supporting soil. Statistical processing and sen-
sitivity analysis are carried out by evaluating the influence of each parameter on the reliability index
and identifying the variables that have the greatest effect on the probability of system failure.

The calculation and input data for the applied part of the study were obtained from a wind power
plant (WPP) project located in the Zhambyl Region of the Republic of Kazakhstan.

The foundation was designed as a monolithic circular reinforced concrete foundation made of
(C32/40 (B40) concrete, with a diameter of 24.0 m and an overall height of 3.8 m. It includes a tower-
base pedestal with a height of 2.6 m and a diameter of 7.0 m. The foundation embedment depth is 3.5
m (Figure 1).

000

— t
\ /.
\ / F8
\ —+—4
\ i =
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Figure 1 - Foundation Cross-Section.
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The engineering-geological conditions are represented by a multilayer soil profile comprising
several engineering-geological elements (EGEs): clayey gravel with sand, loam with gravel, weath-
ered sandstone, and shale/argillite. The design parameters of the soil layers include the deformation
modulus E, effective internal friction angle ¢’, cohesion c¢’/C,, and Poisson’s ratio y. The site is
classified as seismically active, with design ground accelerations of ay, = 0.19gand ag, = 0.133g,
and the soil category is classified as IB.

The engineering-geological conditions of the site are characterized by diverse geomorphologi-
cal and geological features formed by complex tectonic and erosional processes. The terrain includes
plains, foothills, and mountain ranges and is classified into denudation-tectonic, denudation, and ac-
cumulative landforms. Arid-denudation plains and erosion-formed plateaus represent transitional
zones between mountainous areas and regions of sediment accumulation.

The seismicity of the site is determined by its location in the Zhambyl Region within a seismi-
cally active zone according to SP RK 2.03-30-2017. According to the OSZ-2475 seismic zoning
maps, the expected seismic intensity is 7 points on the MSK scale, with a 10% probability of exceed-
ance in 50 years. According to the OSZ-22475 maps, the expected seismic intensity is 8 points on the
MSK scale, with a 2% probability of exceedance in 50 years.

The design parameters required for foundation design at different relative densities of the soils
encountered during the site investigation are presented in Table 1.

Table 1 - Design Parameters of the Soil beneath the Foundation Slab

Soil Layer / Pa-
rameter

Unit Weight, ' o c/, Cus
Depth, m W PMPa 0" e P
1.0-3.20 (for all boreholes ex-

EGE-1: Clayey cept BH-20, where it extends

gravel with sand  to 10.0 m, and BH-18, where 18 2230 32 0 ) 0.3
it extends to 7.0 m)

EGE-2: Loam 0.50-2.60 19 6.0 20 30 40 035

with gravel

EGE-3: Weath- From 1.0-3.0 m to the end of

ered sandstone borehole (EOB) in BH-6, BH- 23 600 33 200 - 0.25

(bedrock) 7, BH-13, and BH-14

EGE4: borehole (SOB) in il ore.

Shale/argillite holes except BH-6, BH-7, BH- 23 300 30 180 - 0.25

(bedrock)

13, BH-14, BH-18, and BH-20
Note: c¢'- drained cohesion; C,- undrained cohesion, u- Poisson’s ratio.

The geotechnical reliability assessment of wind power plants (WPPs) on raft foundations was
performed by evaluating foundation displacements, settlements, and the stress state of both the foun-
dation and the supporting soil using the finite element method in MIDAS GTS NX. The analysis was
carried out using a deformed soil-foundation interaction model. GTS NX is specialized software de-
veloped for finite element modeling of the interaction between structures and their supporting ground.
It enables staged numerical analysis of excavations, embankments, structural construction, loading,
and other effects that directly influence design and construction processes. The numerical model of
the circular foundation used in the analysis is presented in Figure 2.
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Figure 2 - Numerical Model of the Foundation.

The calculation results show that the maximum foundation settlement is 2.32 c¢cm, which is be-
low the allowable limit of 10 cm specified by the client and adopted in accordance with SP RK 5.01-
102-2013. The distribution of total deformations of the supporting soil and foundation is presented in
Figure 3, with maximum values of 2.38 c¢m for the soil and 2.32 cm for the foundation.

m . — = =

= s 5] &« |Node(N v (NI = GTs NX

X 2.01 4.02 [b Lo ‘Ag(fyii R & m ® ® &’ DISPLACEMENT
TOTALT ,m

+2,32848e-02
%
+2.30821e-02
1%
+2.28793e-02

+2.26766e-02

[ DATA ] ®yHaameHT B3Y, HarpyieHwe, INCR=1(L0AD=1.000), [UNIT] kN, m
Figure 3 - Total Foundation Deformations (max. 2.32 cm; min. 2.08 cm).
The relative differential settlement was verified using the following expression:

S;-S; _ 23,2-20,0
L 24000

= 0,0001 < 0,005, (1)

which satisfies the specified criterion. The graphical representation of the relative differential settle-
ment is presented in Figure 4.
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Figure 4 - Total Foundation Deformations (max. 2.32 cm; min. 2.08 cm).

The bearing capacity of the building foundation soil was calculated in accordance with SP RK
5.01-102-2013. In the foundation deformation analysis, the average pressure beneath the foundation
base, P, should not exceed the design resistance of the foundation soil, R, determined by the follow-
ing equation:

where y.;and y.,are the working condition coefficients adopted according to Table 4.

R=yc1yc2/k[Mykzbyll+Mqd1yIl'+(Mq—1)dbyll'+Mccll] (2)

where:

k — is a coefficient taken as 1.0 when the soil strength parameters (¢ and c) are determined by
direct testing, and k = 1.1when they are adopted from the tables in Appendix G;

M,, My, and M - are coefficients adopted according to Table 5;

k, — is a coefficient taken as 1.0 for b < 10m; k, = zy/b + 0.2for b > 10m, where z, =
8m;

b - is the width of the foundation base, m. When a concrete or crushed-stone preparation layer
of thickness hyis provided, bmay be increased by 2hy;

Y11 - is the average design value of the unit weight of soils located below the foundation base,
accounting for the buoyancy effect of groundwater where applicable, kN/m?;

Y11 - is the average design value of the unit weight of soils located above the foundation base,
kN/m3;

cyy - 1s the design value of the cohesion of the soil directly beneath the foundation base, kPa;

d; - is the foundation embedment depth, m, measured from the planning level for structures
without basements, or the equivalent embedment depth of external and internal foundations meas-
ured from the basement floor. For raft foundations, d;is taken as the minimum distance from the
bottom of the raft to the planning level,

dy, - is the basement depth, measured from the planning level to the basement floor, m. For
structures with a basement depth greater than 2 m, dyis taken as 2 m.

3 RESULTS AND DISCUSSION
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The calculated design resistance of the foundation soil is R = 676.68 kPa, confirming suffi-
cient bearing capacity of the supporting soil under the applied foundation loads.
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Figure 5 - Forces beneath the Foundation Base Obtained from MIDAS GTS NX Analysis.

The forces beneath the foundation base are approximately five times lower than the calculated
design resistance of the foundation soil:

154.9 < 676.08 kPa 3)

Therefore, the bearing capacity criterion adopted in the MIDAS GTS NX analysis is satisfied.
The probabilistic reliability assessment of WPPs on raft foundations is based on the probabil-
ity of satisfying the limit-state condition:

g=R—-L>0, (4)

where Rand Lare random variables representing resistance and load, respectively.
For a normally distributed safety margin, the reliability index is defined as

=1 (5)

and its relationship with the probability of failure is established through the Laplace function.
In practice, stresses, deformations, and displacements are treated as random variables due to uncer-
tainties in loads and material and soil properties. Therefore, probabilistic methods and statistical
processing of the governing parameters are required.

To assess the reliability of the WPP foundation, a statistical approach based on the probability
of foundation failure is adopted. The reliability coefficient with respect to bearing capacity is calcu-
lated as follows:

R _ 67668 _
¥ == 1549 4,37 (6)

The reliability coefficient with respect to settlement is calculated as follows:
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vs = =431 (7
The overall probability of foundation failure is then determined as:

Iny

Pr = &(—p) = & (L) = d(145) ~ 0,07 ®)

OR

The probability of failure is calculated separately for each engineering-geological element
(EGE) using the following equation:

R; = c; + P tan(p;) 9)

Table 1 - Comparison of Failure Probability Values for Individual Engineering-Geological Elements (EGEs).

Layer @' c',klla  R;klla y Pr, %
EGE-1: Clayey gravel with sand 22,3 0 63,7 0,41 72
EGE-2: Loam with gravel 6 20 36,3 0,23 85
EGE-3: Weathered sandstone (bedrock) 23 600 665,6 4,29 2
EGE-4: Shale/argillite (bedrock) 30 180 269.,4 1,74 20

Integrated Foundation Failure Probability Map (Corrected P_f)
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Figure 6 - Integrated Map of Foundation Failure Probability.

The obtained reliability coefficients indicate a sufficient safety margin of the foundation system.
The overall probability of foundation failure is 7%. Among the engineering-geological elements,
EGE-1 and EGE-2 are the least reliable, EGE-4 demonstrates a moderate level of reliability, while
EGE-3 exhibits the highest strength and reliability.

4 CONCLUSIONS

1. The geotechnical analysis of the gravity-type monolithic foundation of the wind power plant
(WPP), performed using the finite element method in MIDAS GTS NX, confirmed compliance with
the deformation and bearing capacity criteria. The maximum settlement is approximately 2.32 cm,
which is below the allowable limit of 10 cm. The relative differential settlement satisfies the specified
limit, while the average pressure beneath the foundation base is significantly lower than the design
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soil resistance (154.9 kPa < 676.68 kPa). These results confirm the stability of the foundation accord-
ing to the principal geotechnical criteria.

2. The probabilistic modeling approach, accounting for the statistical variability of loads and
soil resistance parameters, enabled the determination of reliability parameters and improved the ac-
curacy of assessing the safety margins in terms of structural strength and stability. The developed
probabilistic methodology allowed the quantitative evaluation of the reliability index 3 and probabil-
ity of failure Pf of the raft foundation, considering the actual variability of soil properties, and pro-
vided a basis for optimizing the dimensions and reinforcement of the foundation slab.

3. The scientific novelty of the study lies in the development of an integrated probabilistic-
geotechnical approach for assessing the reliability of wind power plants on raft foundations while
accounting for the stochastic variability of the physical and mechanical properties of soils. This dis-
tinguishes the proposed methodology from conventional deterministic design approaches.

4. The practical significance of the study lies in the direct applicability of the developed meth-
odology to the design, construction, and operation of wind power plants, thereby improving the safety,
economic efficiency, and durability of wind energy infrastructure.

REFERENCES

1.  Gravett, D. Z., & Markou, G. (2021). State-of-the-art investigation of wind turbine structures
founded on soft clay by considering the soil-foundation-structure interaction phenomenon -
Optimization of battered RC piles. Engineering Structures, 235, 112013.
https://doi.org/10.1016/j.engstruct.2021.112013

2. Medeiros, I. S., & de Lima, D. M. (2025). Structural performance of direct foundations of
onshore wind turbine towers considering SSI: A literature review. Renewable and Sustainable
Energy Reviews, 217, 115742. https://doi.org/10.1016/j.rser.2025.115742

3.  Jiang, Z., Hu, W., Dong, W., Gao, Z., & Ren, Z. (2017). Structural reliability analysis of wind
turbines: A review. Energies, 10(12), 2099. https://doi.org/10.3390/en10122099

4.  Zhang, Z., Wang, T., Chen, Z., & Zhang, J. (2023). Reliability analysis for monopile foun-
dation of offshore wind turbine considering correlated wind and waves and spatially varying
soils. Ocean Engineering, 286(Part 2), 115594.
https://doi.org/10.1016/j.0oceaneng.2023.115594

5.  Deviprasad, B. S., & Chatterjee, S. (2024). Reliability analysis of monopiles for offshore
wind  turbines under lateral loading. Ocean  Engineering, 294, 116829.
https://doi.org/10.1016/j.oceaneng.2024.116829

6. Simoncelli, M., Zucca, M., & Ghilardi, M. (2024). Structural health monitoring of an onshore
steel wind turbine. Journal of Civil Structural Health Monitoring, 14, 1423-1437.
https://doi.org/10.1007/s13349-024-00794-w

7. Akgonen, A. 1., & Ozbek, A. (2020). A case study on pile design of wind turbine foundation
(Kahramanmaras-Turkey). Eskisehir Technical University Journal of Science and Technology
A - Applied Sciences and Engineering, 21(3), 407-420.
https://doi.org/10.18038/estubtda.663717

8.  Vougioukas, E., Stamos, A., Pappa, C., & Lagaros, N. D. (2024). Enhancing onshore wind
tower foundations: A comprehensive automated design approach. CivilEng, 5(3), 736-759.
https://doi.org/10.3390/civileng5030039

9.  Alenov, K. T., Bessimbayev, E. T., Shadkam, A. S., & Niyetbay, S. E. (2025). Design of a
slab foundation with vertically reinforcing elements. Bulletin of Kazakh Leading Academy of
Architecture and Construction, 95(1), 127-143. https://doi.org/10.51488/1680-080X/2025.1-08

10. Bessimbayeyv, Y. T., Niyetbay, S. E., Asylbekov, D., & Shadkam, A. S. (2022). Geotechnical
methods for seismic resistance of ancient historical buildings and monumental architecture
[Kone tarihi eskertkishterinin sesimoturaktylygyn kamtamasyz etudin geotehnikalyk adisi].

50
https://doi.org/10.51488/1680-080X/2026.3-05



https://doi.org/10.51488/1680-080X/2026.3-05
https://doi.org/10.1016/j.engstruct.2021.112013
https://doi.org/10.1016/j.rser.2025.115742
https://doi.org/10.3390/en10122099
https://doi.org/10.1016/j.oceaneng.2023.115594
https://doi.org/10.1016/j.oceaneng.2024.116829
https://doi.org/10.1007/s13349-024-00794-w
https://doi.org/10.18038/estubtda.663717?utm_source=chatgpt.com
https://doi.org/10.3390/civileng5030039
https://doi.org/10.51488/1680-080X/2025.1-08

Bulletin of the Kazakh Leading Academy of Architecture and Civil Engineering. Ne3 (101), 2026. Architecture & Construction

1.

12.

13.

14.

15.

Bulletin of Kazakh Leading Academy of Architecture and Construction, 86(4), 147-154.
https://doi.org/10.51488/1680-080X/2022.4-14 (In Kaz.)

S.E. Nietbay, E.T. Besimbaev, T. Awwad, & A.M. Kuanyshbay. (2024). The prospect of us-
ing geotechnical seismic insulation made of gruntosilicate to protect architectural monuments.
Bulletin of Kazakh Leading Academy of Architecture and Construction, 93(3), 139-149.
https://doi.org/10.51488/1680-080X/2024.3-10

Shadkam, A. S., Bessimbayeyv, E. T., Begaliev, U. T., & Niyetbay, S. E. (2024). The compar-
ison of deformation calculation results of structures under seismic impact using mohr-coulomb
and hardening soil small (HSS) soil models. Bulletin of Kazakh Leading Academy of Architec-
ture and Construction, 94(4), 193-202. https://doi.org/10.51488/1680-080X/2024.4-16
Ilyassova, K., Vatin, N., Tashmukhanbetova, 1., & Moldamuratov, Zh. (2025). Analysis of
degradation mechanisms and justification of repair technologies for concrete hydraulic struc-
tures. Bulletin of Kazakh Leading Academy of Architecture and Construction, 97(3), 90—107.
https://doi.org/10.51488/1680-080X/2025.3-07

Moldamuratov, Zh. N., Piatek, B., Kultayeva, S. M., & Ussenkulov, Z. A. (2023). The effect
of surfactants on the resistance to abrasive abrasion of hydraulic concrete [Vliyanie pover-
hnostno actibnyh veshestv na soprotivlyaemost abrazivnomu istiraniu gidrotehnicheskih
betonov]. Bulletin of Kazakh Leading Academy of Architecture and Construction, 88(2), 226—
240. https://doi.org/10.51488/1680-080X/2023.2-23 (In Rus.)

Bessimbayeyv, Y., Niyetbay, S., Awwad, T., Kuldeyev, E., Uderbayev, S., Zhumadilova, Z.,
& Zhambakina, Z. (2024). The creation of geotechnical seismic isolation from materials with
damping properties for the protection of architectural monuments. Buildings, 14(6), 1572. 1.
https://doi.org/10.3390/buildings14061572

51
https://doi.org/10.51488/1680-080X/2026.3-05



https://doi.org/10.51488/1680-080X/2026.3-05
https://doi.org/10.51488/1680-080X/2022.4-14
https://doi.org/10.51488/1680-080X/2024.3-10
https://doi.org/10.51488/1680-080X/2024.4-16
https://doi.org/10.51488/1680-080X/2025.3-07
https://doi.org/10.51488/1680-080X/2023.2-23
https://doi.org/10.3390/buildings14061572

Bulletin of the Kazakh Leading Academy of Architecture and Civil Engineering. Ne3 (101), 2026. Architecture & Construction

FUNDING

This research received no external funding.

ACKNOWLEDGEMENTS

The authors express their gratitude to the International Educational Corporation (KazGASA), Sat-
bayev University, and Korkyt Ata Kyzylorda University for their academic and technical support
during the preparation of this study.

CONFLICT OF INTEREST

The authors declare no conflict of interest.

ARTIFICIAL INTELLIGENCE STATEMENT

During the preparation of this manuscript, the authors used artificial intelligence tools solely for
lan-guage editing, grammar checking, and text improvement. All scientific content, interpretations,
analyses, and conclusions remain the responsibility of the authors.

AUTHOR CONTRIBUTIONS

Nauryzbay Alibekov - Methodology, Investigation, Numerical Modeling, Formal Analysis, Data
Curation, Writing - Original Draft.

Yerik Bessimbayev - Conceptualization, Methodology, Supervision, Validation, Writing - Review
& Editing.

Svetlana Buganova - Investigation, Formal Analysis, Validation, Writing - Review & Editing.
Sayat Niyetbay - Conceptualization, Methodology, Probabilistic Reliability Analysis, Formal
Analysis, Visualization, Writing - Original Draft, Writing - Review & Editing, Project Admin-
istration.

INFORMATION ABOUT THE AUTHORS

¢ Nauryzbay Alibekov

e Senior Lecturer at the Korkyt Ata Kyzylorda University
¢ Kyzylorda, Kazakhstan

e E-mail: alibekov.nauriz@mail.ru

¢ ORCID: 0000-0002-4988-034X

e Yerik Bessimbayev

e Associate Professor at the Satbayev University
¢ Almaty, Kazakhstan

e E-mail: y.bessimbayev(@satbayev.university

¢ ORCID: 0000-0002-0869-3513

¢ Svetlana Buganova
e Professor, School of Engineering at the International Educational Corporation (KazGASA)
¢ Almaty, Kazakhstan

52
https://doi.org/10.51488/1680-080X/2026.3-05



https://doi.org/10.51488/1680-080X/2026.3-05
mailto:alibekov.nauriz@mail.ru
https://orcid.org/0000-0002-4988-034X
mailto:y.bessimbayev@satbayev.university
https://orcid.org/0000-0002-0869-3513

Bulletin of the Kazakh Leading Academy of Architecture and Civil Engineering. Ne3 (101), 2026. Architecture & Construction

e E-mail: s.buganova@kazgasa.kz
¢ ORCID: 0000-0003-2005-3305

¢ Sayat Niyetbay

e PhD, Associate Professor at the International Educational Corporation (KazGASA)
¢ Almaty, Kazakhstan

e E-mail: s.nietbay@kazgasa.kz

¢ ORCID: 0000-0002-9748-6830

¢ Ulugbek Begaliev

¢ Doctor of Technical Sciences, president of International University of Innovative Technologies
¢ Bishkek, Kyrgyzstan

¢ E-mail: utbegaliev@mail.ru

¢ ORCID: 0000-0002-5596-5737

e Saken Uderbayev,

¢ Doctor of Technical Sciences, Professor at the Korkyt Ata Kyzylorda University
¢ Kyzylorda, Kazakhstan

e E-mail: Saken_uderbayev(@korkyt.kz

e ORCID: 0000-0003-4492-8364

Received: 1 September 2026
Revised: 8 September 2026
Accepted: 18 September 2026

53
https://doi.org/10.51488/1680-080X/2026.3-05



https://doi.org/10.51488/1680-080X/2026.3-05
mailto:s.buganova@kazgasa.kz
https://orcid.org/0000-0003-2005-3305
mailto:s.nietbay@kazgasa.kz
https://orcid.org/0000-0002-9748-6830
mailto:utbegaliev@mail.ru
https://orcid.org/0000-0002-5596-5737
mailto:Saken_uderbayev@korkyt.kz
https://orcid.org/0000-0003-4492-8364?utm_source=chatgpt.com


    E  s


  𝛽


    P  f


  E


    𝜑 ′


    c ′ /   C  u


  𝜇


    a  g h = 0 . 19 g


    a  g V = 0 . 133 g


      C u


    c ′


      C  u


  𝜇


      S 1 −   S 2  L =   23 , 2 − 20 , 0 24000 = 0 , 0001 < 0 , 005 ,


 


  P


  R


   γ  c 1


   γ  c 2


  k −  


  φ


  c


  k = 1 . 1


   M γ


   M q


   M c


   k z −  


  b < 10


   k z =  z 0 / b + 0 . 2


  b > 10


   z 0 = 8


  b


   h p


  b


  2  h p


   γ II


   γ II ′


   c II


   d 1


   d 1


   d b


   d b


  154 . 9 < 676 . 08  kPa


  g = R − L > 0 ,


  R


  L


  β =    g -   S g ,


  𝛾 =   R  P =   676 , 68  154 , 9 = 4 , 37


    𝛾  s =     s  д о п    s  m a x = 4 , 31


    P  f = Φ ( − 𝛽 ) = Φ  (    ln ⁡  𝛾    𝜎  R ) = Φ  (   1 , 45 ) ≈ 0 , 07


    R  i =   c  i ′ + P   t a n ⁡   (   𝜑  i ′ )


    𝜑 ′ ,   0


    c ′ ,   к П а


    R  i ,   к П а


  𝛾


    P  f

