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Abstract. Ensuring reliable protection of river banks is particularly important in ur-
banised areas with complex engineering and geological conditions. This paper discusses
construction technologies and performs a numerical analysis of the reliability of a retaining
wall for coastal reinforcement on a pile foundation using the Plaxis 2D software package.
The study is based on a combination of deterministic finite element modelling and probabilis-
tic reliability assessment to analyse the stress-strain state of retaining walls under the com-
bined action of soil and water loads. The numerical model takes into account the actual stag-
es of construction, the layer-by-layer structure of the soil massif and the hydrostatic pressure
of water, which allows the calculated conditions to be brought as close as possible to the op-
erating conditions. According to engineering and geological surveys, layers of sandy loam
and loam were identified, which are modelled using the Mohr—Coulomb elastic-plastic mod-
el. The simulation results showed that the maximum horizontal displacement of the retaining
wall under combined loading does not exceed 2.0 cm, and the total deformations of the soil-
structure system are within acceptable operational values. Probabilistic analysis using the
Utkin method showed a reliability coefficient exceeding the recommended values for urban
retaining structures. The results confirm that retaining walls on pile foundations, designed
using modern numerical and probabilistic methods, are a technically reliable and cost-
effective solution for strengthening river banks in conditions of weak soils and changing hy-
drological conditions.
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FbIJIbIMI MAKAJTA

PLAXIS 2D BAFJIAPTAMACBIH TAUJIAJIAHA OTBIPBII O3EH
KATAJTAYBIHJIAT'BI TIPEY KABBIPI'AJTAPBIHBIH CAH/IBIK
TAJIJAAYDBI ZKOHE K¥PbIJIBIC TEXHOJIOI'MACHI

9.3. 96y*® E.T. Becumoaes!® | 3.M. Kambaxuna!® | A U. Monos?®

'Cornaes ynusepcureri, Anmarsl, 050013, Kasakcran
2 KarTel neHe (usuka nHCTUTYTHI, JlatBus yausepcureTi, LV-1063, Pura, Jlatsus

Anparna. Kananvlk aymakmapoa UHNMCEHepaiK-2e0I02UANbIK HCAR0aUIapsl Kypoeii
bonean Kezoe O3eH JHCARANAYIAPBLIH CEHIMOI KOpeayovl KAMMAMACLL3 em)y dcd Maubl30bl
bonvin maobwiiadel. Byn maxanada xadanwl ipeemacka OpHAMbLIEAH HCALANAYObl OeKimyee
apuanean mipey Kabblp2aHuly KYPbLIbIC MeXHONo2Uuanapel Kapacmulpulavin, Plaxis 2D
bazoapramanvly KeuleHiH KOJNOAHA OMbIPbIN  OHbIY — CEHIMOLNcIHe CAHObIK — Manoay
Jrcypeizinedi. 3epmmey mipey KabOwblp2aniapuiHbly MONLIPAK NEeH Cy  HCYKmeMelepiHiH
Oipnecken  acepi  2#ca0QUbIHOAbI  KepHey-0ehopMayusnvl — KyuiH — manoay  yuli
oemepMUHUpiIeHeeH  aKblplbl  dJleMeHmmep 20iCiMeH  Mooenboey MeH  bIKMUMANObIK
ceHiMOinik  Oazanayvin  Oipikmipyee  Hecizoencen.  Canovlk — MoOenvboe  KYpblibiC
HCYMBICMAPBIHBIY HAKMbl Ke3eHOepl, MONbIpaK MACCUBIHIY KAOAMmulK KYPblLIbIMbl JHCIHE
CYOblYy 2UOPOCMAMUKANLIK KbICLIMbL eCKepilieeH, O ecenmik Hca2oaulapobl NatoaiamHy
AHCAROAUNAPLIHA OAPLIHWUA  HCAKLIHOAMY2A MYMKIHOIK Oepedi. HHoicenepnik-eeonocusinbiy
3epmmeynep Hamudicecinoe KymMOAnublK HCaHe cazobl MONbIPAK Kabammapvl aublKMAaibin,
onap Moop—Kynonuwiy cepnimoi-niacmukanvlk mMooeni apkvlivl MoodeaboeHoi. Modenvoey
Homudcenepi  KepcemkeHOeu, OipieckeH  JCyKmeme acepineH  mipey  KabblpeaHblH
Maxkcumanowl KkenoeneH vievicyvl 2,0 cm-0eH acnatiobl, al «MONbIpaAK—KYpblIblMY JHCYUeCiHiH
Jrcannvl dehopmayusnapsvl pykcam emineer naudalany MaHoepi weeinde 001a0vl. YmKuH
20ICiH KOJOAHY apKblLibl HCYPi3iieeH bIKMUMALObIK MAL0dy KALAIblK mipey KYpblibiMOapvl
YUWliH YCOIHbIIAMbIH MIHOEPOEH ACAMbIH CEeHIMOLNIK Koa(guyuenmin xopcemmi. AnviH2aH
Homuoicenep Kaszipei 3aMAaHbl CAHObIK JHCOHE bIKMUMANObIK 20icmepdi KOAOAHAd OMblpbin
Jocobananean Kaoa ipeemacmagvl mipey KaOblp2aiapsl 27CI3 MONLIpaKkmap MeH e3zcepmeli
2UOPOIOSUSLTILIK, JHCAROAUNAPOA 63€H JHCARANAYIAPbIH HbI2AUMYOblH MEXHUKANbIK MYPblOAH
CeHIMOI api IKOHOMUKATILIK MULMOT WeuiMi eKeHiH pacmaiob.

Tyiiin ce3nep: mipeywi kabvipea, Kaoansl ipezemac, conevl dnemenm aoici, Plaxis 2D,
BIKIMUMAJIObIK CEHIMOLNIK, MONbIPAK — KYPbLILIM 03apa dpeKemmecyi, #a2anayobl Hbl2atimy
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HAVUYHAS CTATBSA

TEXHOJIOI'SI CTPOUTEJIBCTBA U UNCJIEHHBIA AHAJIN3
HOAITOPHBIX CTEH BEPEI'OBOI'O YKPEIIVIEHUA
C UCITOJIb30OBAHHUEM PLAXIS 2D

A3. A6y*® E.T. Becumbaes' @ | 3.M. JKamoaxunal © | A U Monos?®

1YHnBepcheT Carmaesa, AnmMarsl, 050013, Kaszaxcrau
2 nctutyT GU3NKH TBEpAOTo Tena, Yausepcutet Jlarsuii, LV-1063, Pura, Jlatsus

AnHoranus. ObecneueHue HAOENCHOU 3AUUMBL PEYHBIX Depec08 0CODEHHO BANCHO 8
VCIOBUAX YPOAHUSUPOBAHHBIX MEPPUMOPUL CO  CTLONCHBIMU UHHCEHEPHO-2€0102UYECKUMU
yenosuamu. B cmamve paccmampusaromes mexnonocuu cmpoumenbcmed U 8biNOJIHAEMCs
YUCTIEHHBIN AHATU3 HAOENCHOCMU NOONOPHOU CMeHbl 0epec08020 VKPEenieHus HAd C8AaAtHOM
@yHOoamenme ¢ UCNOIbL308AHUEM NpocpamMmHoco Komnaekca Plaxis 2D. Hccaeoosanue
OCHOBAHO HA COYEMAHUU OeMEPMUHUPOBAHHO20 MOOEIUPOBAHUS MeMOOOM KOHEUHbIX
INEMEHMO8 U  BEPOSMHOCMHOU OYEHKU HAOEHCHOCMU Ol AHAAU3A  HANPANCEHHO-
0ehOpMUPOBAHHO20  COCMOSIHUSL  NOONOPHLIX CMEH NPU  COBMECMHOM — B030€lCBUU
2DYHMOBLIX U BOOHLIX HAZPY30K. B uucnennoii moodenu yumenvl peanvhvie smansi
CMpOUMenbemed, NOCIOUHOe CMPOeHUe 2SPYHMOB020 MACCU8Ad U  2UOPOCMAMUYECKOe
oaglieHue 600bl, 4MO MNO360JAeM MAKCUMATbHO NPUOTUSUMb DACUEMHbIE VCI08US K
IKCNIYAMayuoHubIM. 110 OAHHBIM UHIHCEHEPHO-2€0N02ULECKUX UZLICKAHULL ObLIU BbISGNIEHbL
cou cynecu u Cy2nuHKd, Mooenupyemvle ¢ UCNONb308AHUEM YAPY2ONIACMUYeCKOl Mooenu
Moopa—Kynona.  Pe3ynbmamvl  MOOEIUpOBAHUsi  NOKA3AAU,  4MO  MAKCUMAIbHOE
20pU3OHMATIbHOE NepeMeujeHue NOONOPHOU CMEHbl NpPU COBMECHHOM HACPYICEHUU He
npesviuaem 2,0 cm, a cymmapHvle Oepopmayuu  CUCmMeEMbl  «2PYHM—COOPYICEHUE)
HAXo0simcst 6 npeoenax OONYCMUMBIX IKCHIYAMAYUOHHBIX 3HaueHull. Beposmuocmuulil
aHanuz ¢ NpumMeHeHuemM Mmemooa YmKkuna nokazan Kodpuyuenm Haodéxchocmu,
npesuluarwull  peKoMeHoyemble 3HaueHus Ol NOONOPHBIX COOPYIUCEHUNl 6 YCI08USIX
2opoockou  3acmpouku. Ilonyuennvie pe3yromamvl NOOMEEPHCOAOM, UYMO NOONOPHbBIE
CMEHbl HA CEAUHBIX (DYHOAMEHMAX, 3aNPOEKMUPOBAHHbIE C UCHONb30BAHUEM COBPEMEHHBIX
YUCTIEHHbIX U BEPOSIMHOCMHLIX ~ MeMmOo008,  SGIAIOMCA  MEXHUYECKU  HAOEJNCHbIM U
IKOHOMUYECKU IPPeKMUSHbLIM peuieHuem 0Oisi YKPenieHus peuHvix Oepeco8 6 YCI08USIX
CabbIX 2PYHMOS U USMEHSIOUWUXCSL 2UOPOTIOSUYECKUX VCILOBUIL.

KualoueBble cioBa: noonopuas cmeHa, c8aiiHvlll (QYHOAMEHM, Memoo KOHEYHbIX
anemenmos, Plaxis 2D, eeposmnocmuas HAOEICHOCMb, 83auMOOelicmeue 2epyHma u
coopydicerusi, bepe2osoe YKpenieHue
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1 INTRODUCTION

The banks of urban rivers are subject to erosion, flooding and loss of slope stability, which
poses significant risks to infrastructure and public safety. Retaining walls for bank reinforcement
are widely used hydraulic structures designed to absorb lateral pressure from soil and water while
ensuring slope stability. The effectiveness of such structures is largely determined by engineering
and geological conditions, design solutions and the construction technology used.

The city of Astana (Kazakhstan) is characterised by complex engineering and geological con-
ditions. The upper layers of the soil mass are dominated by weak sandy loam and loam, while dense
bearing soils lie at a considerable depth. In such conditions, the use of traditional shallow founda-
tions is often ineffective, making retaining walls on pile foundations the most rational solution.
Piles transfer loads to more durable soils, reducing wall deformation and increasing the overall sta-
bility of the structure.

Modern research in the field of geotechnical engineering emphasises the importance of
numerical modelling as a reliable tool for designing retaining structures. Software packages based
on the finite element method, such as Plaxis 2D, allow detailed modelling of the interaction
between the soil and the structure, taking into account the non-linear behaviour of soils, the phased
nature of construction and the effects of hydrostatic water pressure.

This study is devoted to the analysis of construction technology and numerical modelling of a
reinforced concrete retaining wall for coastal reinforcement on a pile foundation located along the
Yesil River. The main objectives of the work are:

1. to describe the technology of retaining wall construction in the conditions of the city of
Astana;

2. performing a numerical analysis using Plaxis 2D to assess deformations and stresses under
soil and water loads;

3. assessing the reliability of the structure using probabilistic methods according to Utkin's
methodology.

Issues related to the calculation and design of retaining walls are widely covered in geotech-
nical literature. Classical approaches are based on Coulomb and Rankine theories, in which lateral
soil pressure is determined using limit equilibrium methods. Despite their simplicity and wide-
spread use, these methods do not fully account for the nonlinear nature of soil behaviour, the phased
nature of construction, and the interaction between the soil and the structure.

Retaining walls on pile foundations are particularly effective in weak soil conditions. Bowles
(1996) noted that piles transfer loads to deeper and denser soil layers, thereby increasing the stabil-
ity of structures and reducing settlement. Das (2011) emphasised that such structures are particular-
ly important in urban development, where strict requirements are imposed on permissible defor-
mations.

Numerical modelling using the finite element method is now a standard tool in modern ge-
otechnical design. The Plaxis 2D software package allows modelling of soil behaviour using elastic-
plastic models, taking into account the phased construction of structures and the effect of hydrostat-
ic water pressure. Several studies, including those implementing the Hardening Soil Model (HSM),
have shown that Plaxis 2D provides reliable predictions of retaining wall movements, stress distri-
bution, and soil-structure interaction characteristics (Schanz et al., 1999; Potts & Zdravkovi¢,
2001). While the present study performs calculations using the classical Coulomb—Mohr model,
these HSM-based studies provide useful insights for future research and comparison.

Despite a significant amount of scientific research, applied data on the calculation of retaining
walls for coastal reinforcement in the engineering-geological conditions of Central Kazakhstan re-
main limited. In addition, traditional deterministic calculation methods may underestimate the level
of risk due to the uncertainty of soil characteristics. In this regard, Utkin proposed probabilistic
methods for assessing reliability, which allow for the variability of soil strength characteristics and
loads by determining reliability coefficients (B and K.).
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Recent studies (Akbar et al., 2024; Zhao et al., 2025) confirm the growing importance of
finite element modelling and reliability-based approaches in geotechnical engineering. These works
demonstrate that FEM-based methods provide accurate predictions of soil-structure interaction and
deformation behaviour under complex soil and hydraulic conditions. They also show the practical
effectiveness of pile-supported retaining walls under urban and weak soil conditions, consistent
with the objectives of the present research.

In addition to local studies, numerous international investigations have focused on riverbank
reinforcement using pile-supported retaining walls and numerical modelling. For example, Han Pyo
Hong et al., (2007) studied the performance of pile-supported retaining walls in soft soil conditions,
demonstrating the effectiveness of FEM in predicting wall behaviour. Seo, H et al., (2022) analysed
the seismic performance of earth-retaining structures using reliability-based approaches. These
international studies provide valuable insights into optimal design strategies, risk assessment, and
numerical modelling techniques, which informed the methodology of the present research.

This study aims to integrate deterministic numerical modelling in Plaxis 2D with probabilistic
reliability analysis for a comprehensive assessment of the performance and safety of coastal rein-
forcement retaining walls under real operating conditions.

2 MATERIALS AND METHODS

A retaining wall for coastal reinforcement was erected along the Yesil River in the engineering
and geological conditions of the city of Astana. Due to the presence of weak soils in the upper lay-
ers of the foundation and the deep location of load-bearing soils, a reinforced concrete retaining
wall on a pile foundation was chosen as the optimal design solution.

The retaining wall structure is a monolithic reinforced concrete wall 2.0 m high and 0.4 m
thick. Precast reinforced concrete piles of type C60-30-8 with a square cross-section of 300 x 300
mm and a length of 6.0 m were used as the foundation. The main geometric and strength character-
istics of the piles are given in Table 1.

Table 1

Properties of C60-30-8 Piles
No Parameter Unit Value
1 Length mm 6000
2 Width mm 300
3 Height mm 300
4 Concrete grade - 200
5 Concrete volume m? 0.55
6 Weight kg 1380

The piles were driven using the hammering method, which was chosen due to the relatively
short length of the piles and the need to reduce construction time. The piles were installed with an
axial pitch of 1.0 m, which corresponds to the recommended distance of approximately 3d and en-
sures effective joint operation of the piles in a group and load transfer. The pile driving process is
shown in Figure 1.

The adopted design solution ensures reliable transfer of loads from the retaining wall to the
deeper, more stable soil layers, bypassing the weak upper strata. Special consideration was given to
the interaction between the piles and the surrounding soil, which significantly affects the overall
stability and deformation characteristics of the structure. The selected pile spacing and dimensions
provide an optimal balance between structural safety and material efficiency. In addition, the con-
struction method minimizes potential disturbances to the surrounding soil mass and reduces the risk
of excessive settlements. Overall, the designed system meets the requirements for stability, durabil-
ity, and serviceability under the given engineering and geological conditions.
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Figure 1 —Working process of a pile driving machine and location of pile foundations for a retaining wall
(author’s material)

After driving, the pile heads were cut and levelled to the mark using levelling instruments.
The longitudinal reinforcement of the piles was exposed and connected to the reinforcement cage of
the retaining wall, ensuring the monolithic operation of the ‘pile-wall’ system. Reinforcement work
was carried out directly on the construction site. The reinforcement scheme of the retaining wall,

including the spacing of the longitudinal and transverse reinforcement, as well as a 50 mm thick
protective layer of concrete, is shown in Figure 2.

Reinforcement Artificially compacted

temporary ground

Ground water (river, lake, etc.)

Figure 2 — Reinforcement of retaining wall (author’s material).

The formwork was installed in stages along the length of the retaining wall, which allowed
the formwork elements to be reused multiple times, reducing material costs and increasing the
efficiency of the work. The concrete mix was delivered to the site by truck mixers and poured
directly into the formwork. The concrete was compacted using deep vibrators to remove air voids
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and ensure uniform density. The concreting and vibration compaction processes are shown in Fig-
ures 3 and 4.

=

Concrete casting

.\‘

Artificially compacted
temporary ground
Formwork ——

Driven pile <

Ground water (river, lake, etc.)

Figure 3 — Concrete work on the retaining wall (author’s material).

Concrete compactor (vibrator)

Artificially compacted
temporary ground

Ground water (river, lake, etc.)

Figure 4 — Concrete compaction work (author’s material).

To analyse the stress-strain state of the retaining wall of the coastal reinforcement on a pile
foundation, a two-dimensional numerical calculation was performed using the Plaxis 2D software
package. The calculation was performed using the finite element method under conditions of plane
deformation, which is a reasonable assumption for long retaining structures with a constant cross-
section. The calculated width of the model was taken to be 1.0 m.

The numerical model included the soil mass, reinforced concrete retaining wall, pile founda-
tion, and water environment. The soil section consisted of three layers: an upper layer of sandy
loam and two underlying layers of loam. The geological cross-sections are presented in Figures 5
and 7 of the Plaxis 2D model, while the physical and mechanical parameters of the soils are given
in Tables 2 and Tables 3. The geological conditions correspond to those typical of the city of Asta-
na. The behaviour of the soils was described by the elastic-plastic constitutive model of Mohr—
Coulomb (Eurocode 7, SN RK 5.01-03-2013).

The selected soil model makes it possible to adequately describe the stress—strain behaviour of
soils under loading conditions. Particular attention was paid to the assignment of boundary
conditions to ensure the stability and convergence of the numerical solution. The groundwater level
was taken into account in the model, as it significantly influences the effective stresses in the soil
mass. In addition, the interaction between the retaining wall and the surrounding soil was simulated
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using appropriate interface elements. The adopted parameters were verified to ensure consistency
with typical geotechnical conditions.

Table 2
Physical and Mechanical Properties of Soil Samples
Ne _?;Fl)le ] Ip Ps p Pd s Y Yd e Sr
Sand
1 Y 0.2 0.15 2.7 1.99 1.75 26.46 195 17.2 0.54 0.66
loam
o Cly 1 272 201 17 2 1 17 2 4
loam 0.3 0.18 . .0 .79 6.6 9.69 5 0.5 0.6
Clay
3 loam 0.3 0.18 2.6 2.0 1.8 25.48 19.6 17.64 0.52 0.64
Table 3
Physical Properties of Soil Samples
Ne Soil Type c' (kPa) 0 E (MPa) Ro (kPa)
1 Sandy loam 16 26 23 225
2 Clay loam 57 24 27 290
3 Clay loam 54 22 28 290

The retaining wall and piles were modelled as structural elements with linear elastic material
properties corresponding to reinforced concrete. The interaction between the soil and structural el-
ements was taken into account within the standard finite element formulation implemented in Plaxis
2D.

The geometry of the calculation area and boundary conditions were set to minimise the influ-
ence of edge effects. The lower boundary of the model was fixed horizontally and vertically, and the
side boundaries were limited in horizontal displacement while maintaining the possibility of vertical
deformation.

To account for the hydraulic impact, hydrostatic water pressure was applied to the retaining
wall. The specific weight of water was taken to be 10 kN/m3, with the pressure distribution set line-
arly along the depth of the water column.

Numerical modelling was carried out in two consecutive stages to apply loads in stages and
ensure the stability of the calculation model.

To account for the loads acting on the pile foundation, both axial and lateral forces were
extracted from the Plaxis 2D model (Eurocode 7, SN RK 5.01-03-2013). The analysis showed that
the maximum axial load on the piles reached approximately 235 kN, while the lateral loads varied
between 15-25 kN depending on the pile location along the retaining wall. These results confirm
that the pile foundation effectively transfers soil and hydrostatic loads to deeper, denser soil layers,
thereby limiting wall displacements and ensuring overall structural stability. The distribution of
loads along the wall also reflects the influence of local soil conditions and the phased construction
process.

Stage 1: Soil load only

The first stage took into account the weight of the soil and the lateral pressure on the retaining
wall. This made it possible to assess the initial distribution of stresses, soil deformation and the
mechanism of load transfer through the piles. The results are visualised through vector displacement
fields and deformation isolines (Figures 5 and 6). At this stage, moderate horizontal displacements
of the wall towards the river are observed, with the piles effectively transferring the load to deeper
soil layers.
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Figure 5 — Displacements of the retaining wall in the load zone. a - displacements shown as vectors; b - displacements
shown using colour gradations (author’s material).
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Figure 6 — Detailed illustration of retaining wall deformations from numerical modeling (author’s material).

Stage 2: Soil and hydrostatic load

In the second stage, hydrostatic water pressure is added to the soil loads, simulating the most
unfavourable loading conditions. The results are presented in the form of vector fields and colour
maps (Figures 7 and 8). The soil-pile-wall system responds with increased deformations, especially
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in water-saturated areas, while the piles continue to provide stability and limit excessive displace-
ments.
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Figure 7 — Displacements of the retaining wall in the load zone. a - displacements shown as vectors; b - displacements
shown using colour gradations (author’s material).
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Figure 8 — Detailed illustration of retaining wall deformations from numerical modeling (author’s material).
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The adopted modelling strategy allows for the assessment of deformation and stress develop-
ment in the retaining wall system under the combined action of soil and hydraulic loads and pro-
vides a consistent basis for subsequent reliability analysis.

To account for the variability of soil properties and loads, a probabilistic approach based on
Utkin's methodology was applied. Soil parameters - cohesion c, angle of internal friction ¢, and
specific weight y - as well as hydrostatic water pressure were considered as random variables with
known mean values and standard deviations.

The reliability coefficient was calculated using the following formula:

Ky = 1)

where:

R - calculated resistance of the retaining wall—pile system;

S - applied load (soil + water);

Q, - standard deviation of the load effect.

The variability of soil parameters was assumed to be as follows:

- coefficient of friction c: 0.15,

- angle of internal friction ¢: 0.10,

- specific weight y: 0.05,

- hydrostatic pressure of water: 0.05.

The results of the probabilistic analysis are shown in Table 4. The calculated values of the re-

liability coefficients K, exceed the minimum recommended value of 2.5, which indicates sufficient
reliability of the structure under variable soil and hydrological loads.

Table 4

Probabilistic soil parameters and reliability coefficients
No Soil Type Average ¢ (°) Go Average ¢ (kPa) oc B Fs
1  Sandyloam 26 2 16 3 3.2 1.45
2 Clay loam 24 25 57 5 2.9 1.40
3 Clay loam 22 25 54 5 2.8 1.38

Thus, the proposed approach combines the results of deterministic finite element analysis
with probabilistic assessment, which improves the accuracy of predicting the reliability of retaining
walls under conditions of variability in soil and hydrological characteristics.

3 RESULTS AND DISCUSSION

Using the Plaxis 2D model described in section 3.2, displacements, stresses and soil-structure
interaction were analysed at all stages of construction.

The maximum wall displacements are observed in the middle part of the retaining wall height
under full hydrostatic load. The displacements at each stage of construction were as follows:

Stage 1 (soil self-weight and lateral pressure): 1.703 cm

Stage 2 (combined effect of soil and hydrostatic pressure): 2 cm

Interpretation: the displacements remain within the permissible values for a reinforced con-
crete retaining wall with a height of 2.0 m, which confirms the adequacy of pile support to prevent
excessive tilting of the structure.

As described in Section 3.3, the probabilistic approach takes into account uncertainties in soil
properties and hydraulic loads.
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The calculated reliability factor Kn=3.12 exceeds the recommended minimum of 2.5 for
urban retaining walls, indicating a high probability of structural reliability under actual operating
conditions (Table 5).

Table 5
Comparison of deterministic and probabilistic results

Ne Parameter Determmlstlc Probabilistic Notes
(Plaxis)

Insignificant decrease due to var-

1 Maximum displacement 2cm 2+0.3cm iability

. Insignificant decrease due to statis-
2 Maximum stress 235.62 kPa 228 + 10 kPa tical averaging
3 Safety factor F; 1.45 1.40+0.05 Corresponds to the reliability

index B

Combining deterministic FEM modelling with probabilistic reliability assessment allows for a
more realistic assessment of structural safety, as it takes into account soil variability, hydrostatic
pressure fluctuations and construction tolerances.

A sensitivity study was conducted to identify the factors that have the greatest impact on reli-
ability:

- Soil friction (c): a change of + 5% caused a change in K, of 0.12

- Internal friction angle (¢): a change of £10% caused a change in K, 0f 0.08

- Specific weight (y): a change of +5% caused a change in K, of 0.04

- Hydrostatic pressure: a change of +5% caused a change in K, of 0.05

The sensitivity of the reliability coefficient to soil parameters confirms that cohesion is the
most critical parameter, which emphasises the importance of accurate engineering geological testing
for retaining walls on urban river banks.

Comparison with regulatory requirements:

The calculated stability reserve coefficients (Fs = 1.40 - 1.45) comply with national and
international standards for the design of retaining walls in urban environments (recommended value
Fs>1.3).

The maximum displacement (=2 cm) is below the permissible limit of 1/250 of the wall
height, which ensures operational suitability.

The probabilistic approach confirms that even with variable soil properties, the wall remains
structurally reliable, which is particularly important for areas with fluctuating groundwater levels.

The analysis demonstrates several key points:

1. Finite element modelling (FEM) provides a detailed understanding of the wall's perfor-
mance by showing the distribution of stresses and displacements, consistent with previous studies
using Plaxis 2D (Han Pyo Hong et al., 2007; Shegenbayeva et al., 2025).

2. Pile-supported retaining walls are effective in weak soil conditions, preventing excessive
settlement and rotation of the structure, which agrees with local and international observations of
similar urban riverbank reinforcement projects (Akbar et al., 2024; Zhao et al., 2025).

3. Probabilistic reliability analysis complements deterministic modelling by allowing for un-
certainties in soil strength characteristics, water pressure, and material properties, as recommended
by Utkin and supported by international geotechnical studies (Seo, H et al., 2022).

4. Sensitivity analysis helps prioritise quality control of the most influential parameters, such
as adhesion and internal friction angle, which directly affect wall safety.

This methodology - a combination of deterministic and probabilistic analysis - is a reliable
approach to the design of retaining walls for urban river banks under variable hydrological condi-
tions, and aligns with findings reported in recent local and international literature.
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4 CONCLUSIONS

This study examined the construction technology and numerical behaviour of a pile retaining
wall along the Yesil River in Astana. The use of a combined deterministic and probabilistic ap-
proach made it possible to comprehensively assess the stability of the wall and the soil-structure
interaction. The following conclusions can be drawn:

1. Scientific novelty: The novelty of this research lies in the integrated approach combining
deterministic finite element modelling with probabilistic reliability assessment, applied specifically
to pile-supported retaining walls in the complex engineering-geological conditions of Astana.
Unlike previous studies (Akbar et al., 2024), which focus either on numerical modelling or field
performance, this study provides a comprehensive analysis of deformation, stress distribution, and
reliability under variable soil and hydraulic conditions. The results demonstrate both
methodological advancement and practical applicability for urban riverbank protection.

2. Construction technology efficiency: The selected reinforced concrete pile wall effectively
transfers loads to deeper and stronger soil layers, reducing wall displacement and ensuring its stabil-
ity in weak upper layers. Phased construction, careful reinforcement and correct installation of the
piles were critical for even load distribution and maintaining the integrity of the structure.

3. Validation of numerical modelling: Full-scale analysis using Plaxis 2D reliably reproduced
the stress-strain state of both the wall and the surrounding soil. The maximum displacement of the
wall under the combined action of soil and water did not exceed 2.0 cm, while the total displace-
ment of the soil-water profile reached 6.306 cm, which is within the acceptable limits for urban re-
taining walls.

4. Reliability and probability analysis: Probability assessment using the Utkin method showed
a reliability coefficient K_n = 3.12, which exceeds the recommended minimum of 2.5 for urban re-
taining walls. Sensitivity analysis showed that soil adhesion has the greatest impact on reliability,
followed by the angle of internal friction, which emphasises the importance of accurate geotech-
nical studies.

5. Practical significance: The combined deterministic-probabilistic method provides a reliable
basis for the design of coastal retaining walls in urban environments with weak soils and changing
hydrological conditions. The results obtained are applicable to similar hydraulic and geotechnical
structures, contributing to safe and cost-effective coastal protection.

Prospects for further research may include three-dimensional modelling, long-term monitor-
ing of wall behaviour, and consideration of cyclic loads associated with seasonal water level chang-
es to improve reliability and optimise design solutions.
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