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Abstract. Ensuring the stability of railway embankments under high groundwater con-
ditions is an important geotechnical challenge, as the saturation of weak foundation soils
may alter their strength and deformation characteristics and lead to additional displacements
of the earthwork. This study aims to numerically assess the stability and deformation behav-
iour of a railway embankment incorporating an integrated structural solution in which a
gravel layer is positioned 0.5 m above the design high-water level and the foundation is re-
inforced with geosynthetic materials. Numerical modelling was performed using the finite
element method in PLAXIS 2D, employing the elastoplastic Mohr—Coulomb model. Stability
was evaluated using the Strength Reduction Method under both basic and special load com-
binations. In addition, the deformation behaviour of the embankment was analysed after 300
days of consolidation. Under the basic load combination, the calculated factor of safety was
1.47, compared with the minimum permissible value of 1.20. Under the special load combi-
nation incorporating seismic action, the factor of safety decreased to 1.10, compared with
the prescribed value of 1.08. The maximum calculated foundation settlement was 0.151 m,
while the maximum horizontal and vertical displacements were 0.280 m and —0.450 m, re-
spectively. The results demonstrate that the proposed structural configuration satisfies the
adopted stability criterion under both load combinations, although the special load combi-
nation governs the available stability margin. The findings characterise the combined re-
sponse of the drainage gravel layer, geosynthetic reinforcement, and foundation soils and
may support the design of railway embankments under challenging hydrogeological condi-
tions.

Keywords: railway embankment, soil saturation, high groundwater level; slope stabil-
ity; geosynthetic materials, numerical modelling, stress—strain state.
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Anparna. JKepacmul cyrapvinbiy OeHeelli Hco2apbl Hca20aulapoa memipicon yuiHoinepitiy
OPHLIKMBLILIZBIH KAMINAMACHI3 emy 03eKmi 2e0mexHUKanvlK, Minoem 00avin maduliadvl, OUMKeH]
Hezi30e2i 21Ci3 MONbIpAKMapobly Cyea Kauvigybl ONApOblH Oepikmik JicoHe Oedopmayusibiy
CUNAMMAaMmanapbiHbly 632epyiHe JiCOHEe Jicep MOCEMIHIY KOCLIMUIA OpbIH  AYblCIbIPYIAPbIHbIY
OamyviHa akenyi MyMKiH. 3epmmeyOin Makcamvi ecenmix dcozapvl cy oeneeinern 0,5 m ouikmikme
Maimamac KabamviH OpPHALACMBIPYObL JHCOHE He2i30i 2e0CUHMEMUKAAbIK, MAmepuaioapmen
Kyuetimyoi Ke30eUumin KewileHOi KOHCMPYKYUSIbIK WeliM KOLOAHbLIZAH Ke30e2i MemMipiicon
YUIHOICIHIH OPHBIKMbBLIBIELL MEH 0eOPMAYUATLIK KYUiH candblk bazanay 60avin maodwiiadvl. Canovly
mooenvoey PLAXIS 2D 6azoapnamanviy reweninoe cepnimoi-naacmuxanvis Mohr—Coulomb
MoOelin natdanana Omelpbin, AKbIPALL dlemeHmmep d0icimen  OpuiHOanobl. OpHLIKMBLIbIK
Jlcykmemenepoiy — Hecizel  JicoHe  epeKule  yillecimoOepi  Ke3iHOe — monwvlpakmely — Oepikmik
cunammamanapvln - memenoemy  aodicimen  6azanandvl. Convimen xamap, 300 maynix
KOHconudayuaodau Keuinei yuiHOiHiK Oegopmayusanviy Kyui mandauovl. Kykmemenepoiy Heeizei
Yilnecimi ke3inoe ecenmik OPHbIKMbLIbIK KOdGduyuenmi ey momen pyxkcam emineen 1,20 moniven
canvicmuipeanoa 1,47 6010vl. CelicMUKanvlk acep eckepisieel epeKuie yuaecim Ke3inoe OpHuIKMbLIbIK
Kkoagppuyuenmi nopmamuemix 1,08 manimen canrvicmoipzanda 1,10-ga Oeiiin memenoedi. Hezizoiy
Mmaxcumanosl ecenmik weeyi 0,151 m, 2opuzonmans opvin ayvicmuipyst 0,280 m, an 6epmuKaib opsin
ayvicmuipysl —0,450 m 601001 3epmmey Hamudicenepi Kapacmuipvliea KOKCMPYKYUSLIBIK CXeMAHbIH
JrcyKmemenepOiy exi yunecimi kesinoe 0e KaOullOaH2aH OPHLIKMBLIbIK KPUMEPULiH KAMMAMACLL3
ememinil, ananuoa OpHLIKMBLILIK KOpbl OOUbIHWA epeKule YUIeCiMHIY aublKkmayuivl 60.1in
maovbLIambiubl  KOpcemmi. AnviHean Hamudicenep OpeHaANCOblK MANImamac KabamvlHblH,
2EOCUHMEMUKANBIK — KYWeUmyOiy J#coHe He2i3  MONbIPAKMApbIHblY — OiplleCKeH  HCYMbICbIH
cunammatiovl  JcoHe Kypoeni 2UOPOo2e0NOSUANBIK  JHCaA20ainapoa memipicon  yuiHoinepiuiy
KOHCMPYKYUSILIK WeuiMOepin Hecizoey Ke3inoe natuoaianbliybl MyMKiH.

Tyiinai cesnep: memipowcon yiiinoici; monvlpakmely cy2a Kaubi2ybl, HCepacmol CylapbiHbIH
JHcoz2apel  Oeneetii; Oemkeunepoiyy OPHLIKMBLILIZbL, 2eOCUHMEMUKANLIK MAMepUanoap, CaHobix
Modenvoey, KepHeyni-oeghopmayusianzan Kyil.
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Annoramus. ObecneyeHue yCmMouuugoCmu HCele3H000POI’CHBIX HACHINEl 8 YCI0BUAX 8bICOKO20
VPOBHSL 2PYHMOBLIX 800 ABIACMCA AKMYANbHOU 20MEXHUYEeCKOU 3a0ayell, NOCKOIbKY 6000HACHIEHUE
CAbbIX 2PYHMOB OCHOBAHUSL MONCEM CONPOBONHCOAMBCS USMEHEHUEM UX NPOYHOCMHBIX U Oeopmayu-
OHHBIX XAPAKMEPUCMUK U PA38UmMUeM OONOIHUMENbHBIX nepemelyeHull 3eMisiHo2o noiomua. Lens uc-
Ce008AaHUS 3AKTIOYACTNCS 8 YUCTEHHOU OYeHKe YCMOUNUB0CU U 0e)OPMAYUOHHO2O COCIMOSHUS Jice-
JI€3HO0OPOICHOU HACKINU NPU NPUMEHEHUU KOMNIEKCHO20 KOHCMPYKIMUBHO20 Peulenusl, npedycmam-
pusarnwezo pasmeweHue 2aieyHUK08020 Clos 8blule paciemHo20 YPO8Hs 8biCOKOU 600bl Ha 0,5 m u
yCueHue OCHOBAHUSL 2e0CUHMEMUYeCKUMU Mamepuailamy. Yuciennoe mMooeruposanue blnOJIHEHO
MEMOOOM KOHEYHbIX d/leMeHmos 8 npoepammuom komniexkce PLAXIS 2D c ucnonvszosanuem ynpyzo-
niaacmuyecxot mooeau Mohr—Coulomb. Ycemotiuusocms oyenusanacs mMemooom CHUNCEHUsT NPOY-
HOCIMHbBIX XAPAKMEPUCTNUK SPYHMA NPU OCHOBHOM U OCODOM COYEMAHUAX HA2py30K. [[onoiHumenbHo
AHAIU3UPOBANOCH dedhopmayuontoe cocmosanue Hacvinu nocie 300 cym xoucoaudayuu. llpu ocros-
HOM COYemanuu Hacpy30K pacuemmuvill Kodpguyuenm ycmouuusocmu cocmasun 1,47 npu munu-
manvuo donycmumom snavenuu 1,20. [lpu ocobom couemarnuu ¢ yuemom ceticmMuiecko2o 8030elicmaus
Koagpuyuenm ycmouuusocmu crusuicsa oo 1,10 npu nopmamuernom 3navenuu 1,08. Maxcumanvras
pacuemnasi ocaoka ocHosanus cocmasuaa 0,151 m, copusonmanvroe cmewenue - 0,280 m, sepmu-
Kanvroe nepemeuerue-0,450 m. Yemanosneno, ymo paccmMompenHas KORCMpPYKMueHas cxema obec-
neuusaem GulNOJIHEHUe NPUHATNO20 KPUMeEPUsl YCMOUYU8OCHU NpU 000UX COYeMAnUax HAepy30K, npu
9mom 0coboe couemanue A6IAENCs Onpedensiowum no 3anacy ycmouuugocmu. Ilonyuennvie pesyis-
mamvl XapaKmepusyom CO8BMeCmHYI0 pabomy OpeHupyroue2o 2aileyHUK08020 Cl0s, 2e0CuHmemuye-
CKO020 YCUNIeHUS. U 2PYHMOB020 OCHOBAHUS U MO2YM ObIMb UCHOAb308AHbL NPU 0O0CHOBAHUU KOHCIPYK-
TMUBHBIX PEUUEHULL HCENEIHOOOPOINCHBIX HACBINEI 8 CONCHBIX SUOPO2EON02UYECKUX YCTIOBUSIX.

KuroueBble c10Ba: scene3H000poH#CHAS HACLING, B00OHACHIWEHUE 2DYHMO8, 8bICOKULL YPOBEHD
2PYHMOBBIX 800, YCHOUUUBOCTHb OMKOCO8, 2e0CUHMEeMU1ecKue Mamepuaisl; YUCieHHoe MOOeIuposa-
HUe, HANPsICEHHO-0eh)OPMUPOBAHHOE COCOSIHUE.
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1 INTRODUCTION

The reliability and durability of railway earthworks are largely governed by the engineering
geological and hydrogeological conditions of the foundation. The construction and operation of em-
bankments on weak and deformable soils present particular challenges, as variations in moisture con-
tent, groundwater level, and applied loads may lead to differential settlement, horizontal displace-
ments, and reduced slope stability. Studies of earth structures constructed on weak foundations indi-
cate that ensuring their stability requires an integrated consideration of soil properties, embankment
geometry, hydrogeological conditions, and the adopted reinforcement techniques [1]. For railway in-
frastructure, this issue is particularly important because of the long-term effects of train loading and
the stringent requirements imposed on permissible earthwork deformations [2; 3].

Hydrogeological conditions are among the key factors governing the stress—strain behaviour of
soil foundations. A rise in groundwater level and an increase in the degree of soil saturation may alter
the mechanical behaviour of soils and, consequently, the response of the ‘foundation—embankment’
system. Finite element modelling of unsaturated soil behaviour confirms the need to account for
changes in the hydromechanical state of the soil medium in geotechnical analyses [4]. This factor is
particularly important for railway embankments subjected to periodic or seasonal inundation. Labor-
atory investigations and numerical modelling of such structures have demonstrated that seasonal soil
saturation significantly affects their hydromechanical behaviour and that the effectiveness of rein-
forcement should be assessed with due consideration of variations in the groundwater regime of the
foundation [5]. These findings highlight the need to consider measures for protection against water
saturation and structural reinforcement as interrelated components of an integrated engineering solu-
tion.

One widely adopted method for improving the performance of railway earthworks constructed
on weak foundations is the use of geosynthetic materials. Their application enables reinforcement of
the soil mass, redistribution of induced stresses, and restriction of deformation development. The
fundamental principles of geosynthetic design and the mechanisms governing soil-geosynthetic in-
teraction have been extensively described in established studies and design guidelines [6; 7]. In rail-
way infrastructure, geosynthetic materials are used to stabilise sub-ballast layers and track founda-
tions, increase bearing capacity, and improve the service performance of the structure [8; 9]. The
effectiveness of geosynthetic reinforcement for slopes and earth structures has also been de

monstrated in studies examining various structural solutions for transport infrastructure [10].

Previous investigations of the stress—strain behaviour of railway earthworks conducted with the
participation of the present authors have demonstrated the feasibility of geosynthetic reinforcement
for embankments constructed on weak foundations. Numerical analysis enables the redistribution of
stresses and deformations within a reinforced system to be evaluated while accounting for the inter-
action between foundation soils and geosynthetic elements [11]. For multi-track railway sections con-
structed on weak foundations, computational schemes incorporating geogrid reinforcement have also
been investigated to assess the stress—strain response of the structure under different operating con-
ditions [12]. Further development of this research involved the application of the finite element
method to establish computational algorithms for evaluating the stress—strain state of railway earth-
works [13] and to investigate the deformability of railway embankments [14]. Collectively, these
studies provide a methodological basis for progressing from the assessment of individual reinforce-
ment elements towards an integrated analysis of the ‘foundation—embankment’ system.

For the quantitative assessment of earth-structure stability, numerical methods based on the
finite element method have become widely established. Unlike approaches based on a predefined
potential slip surface, the Strength Reduction Method (SRM) progressively reduces the soil strength
parameters until the numerical model reaches a limit state. The foundations for applying this proce-
dure to finite element slope stability analysis were established by Matsui and San [15] and Griffiths
and Lane [16]. Subsequent studies have confirmed the applicability of the SRM to a range of geo-
metric and engineering geological conditions and have focused on improving the computational pro-
cedure and the analysis of failure mechanisms [17; 19]. Finite element modelling applied directly to
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embankments constructed on weak clay foundations has also demonstrated its ability to reproduce
their stress—strain response and to analyse the development of deformations during construction and
subsequent operation [20].

Modern finite element software enables the simultaneous consideration of embankment geom-
etry, construction sequence, the physical and mechanical properties of engineering geological units,
groundwater level, applied loads, and the response of reinforcement elements. Different constitutive
models may be employed to represent the soil mass, while stability can be evaluated using a strength
reduction procedure [21]. This approach is particularly suitable for the present problem because it
enables not only the assessment of the limit state in terms of stability but also the evaluation of foun-
dation settlement and horizontal and vertical displacements within the soil mass. The applicability of
finite element software to geotechnical engineering problems has also been demonstrated in previous
numerical studies [20; 22].

Nevertheless, most studies of reinforced railway embankments have focused primarily either
on the mechanical effects of geosynthetic reinforcement or on the stability and deformation behaviour
of the foundation. Under high groundwater conditions, another important aspect is the interaction
between the position of the saturated zone and the structural arrangement of drainage and reinforce-
ment layers. Under such conditions, geosynthetic materials should therefore be considered not as an
isolated reinforcement measure but as part of an integrated system for protecting the foundation
against water saturation, including the placement of a coarse-grained filtering layer above the design
high-water level. This approach is intended both to provide the required embankment stability and to
reduce the adverse effects of soil saturation on foundation performance.

Accordingly, the aim of this study is to quantitatively evaluate the stability and deformation
behaviour of a railway embankment incorporating an integrated structural solution comprising a
gravel layer positioned 0.5 m above the design high-water level and geosynthetic reinforcement of
the foundation. The scientific novelty of the study lies in the integrated numerical assessment of this
structural configuration within a single finite element model, considering both stability under basic
and special load combinations, including seismic action, and deformation behaviour after 300 days
of consolidation. The principal new result is the quantitative demonstration that the transition from
the basic to the special load combination reduces the factor of safety from 1.47 to 1.10, corresponding
to a decrease of approximately 25.2%, while the relative margin above the minimum permissible
value decreases from 22.5% to approximately 1.9%. In addition, the governing potential failure zone
shifts from the lower part of the embankment slope under the basic load combination to the upper
part under the special load combination. The deformation analysis further establishes maximum val-
ues of foundation settlement, horizontal displacement, and vertical displacement of 0.151, 0.280, and
—0.450 m, respectively, after 300 days of consolidation. These results provide an integrated charac-
terisation of the stability and deformation response of the ‘soil foundation—gravel layer—geosynthetic
reinforcement—railway embankment’ system under the investigated hydrogeological and loading con-
ditions.

2 MATERIALS AND METHODS

The study was conducted for a railway embankment constructed under challenging engineering
geological and hydrogeological conditions characterised by deformable foundation soils and a high
design water level. The investigated structural solution comprised an embankment with a gravel layer
positioned 0.5 m above the design high-water level and geosynthetic reinforcement incorporated at
the foundation level. This solution was selected to simultaneously mitigate the adverse effects of soil
saturation on the foundation soils and ensure the required stability and deformation performance of
the railway earthwork. The need to consider both the groundwater regime and the mechanical re-
sponse of a reinforced foundation is supported by previous studies of railway embankments subjected
to seasonal inundation [5].

The numerical model comprises the soil foundation, railway embankment body, gravel layer,
track superstructure, and geosynthetic reinforcement system. The gravel layer is positioned 0.5 m
above the design high-water level, while the geosynthetic elements are incorporated at the
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embankment foundation and within the sub-ballast zone. The adopted numerical model and the ar-
rangement of the principal structural elements are presented in Figure 1.

Stabilised soil 800/50

UX500
Design water level (DWL) 0.33% - 253.05
> AT -
~ = =7 T
EGU-2 /
e UX-500G UX500
EGU-5

Stiff clay (stiff-plastic)

YA

e
X

Figure 1 — Numerical model of the railway embankment with the gravel layer positioned above the design high-water
level and the foundation reinforced with geosynthetic materials [Authors’ material]

The numerical investigation was conducted using the finite element method in the PLAXIS 2D
software package. Finite element analysis enables the heterogeneity of the soil foundation, the con-
struction sequence, and changes in the stress—strain state of the soil mass at individual calculation
stages to be taken into account. The capabilities of the finite element method for modelling embank-
ments on weak clay foundations have been demonstrated in [20], while the principal aspects of im-
plementing soil constitutive models in PLAXIS 2D are described in the software developer’s manual
[21]. The finite element approach was also previously employed by the authors to develop an algo-
rithm for analysing the stress—strain state of railway earthworks [13].

The computational domain was defined with consideration of the embankment geometry and
the stratification of the soil foundation. The analysis was performed in stages, including the genera-
tion of the initial stress state of the soil mass, construction of the embankment, activation of structural
and geosynthetic elements, application of operational loads, and subsequent assessment of stability
and deformation behaviour. Staged modelling enables the redistribution of stresses between the soil
foundation, embankment body, and reinforcement elements to be taken into account as the numerical
model is progressively developed.

The mechanical behaviour of the soils was represented using the elastoplastic Mohr—Coulomb
model implemented in PLAXIS 2D [21]. The principal input parameters were cohesion ¢, internal
friction angle ¢, deformation modulus E, soil density p, and coefficient of permeability Ky These
parameters were used to characterise the strength and deformation properties of the individual engi-
neering geological units (EGUs) and subsequently to evaluate stability using the Strength Reduction
Method. The physical and mechanical properties of the soils adopted in the numerical model are
presented in Table 1.

Table 1 — Physical and mechanical properties of the soils adopted in the numerical model

No Soil Cohesion Internal Deformation  Soil den- Coefficient of
(c),kPa  friction an- modulus (E), sity (p), permeability
gle (p), MPa g/cm? (Ky), m/day
1 Sandy loam embankment fill 20 15 7 1.80 0.46
2 Gravel embankment fill 23 29 38 1.99 28
3 EGU-2 - soft-plastic and flow- 9 7 3.2 2.00 0.46
plastic loam
4 EGU-4 — plastic and flow-plastic 4 11 3.5 1.93 0.63
sandy loam
6
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5 EGU-5 — fine sand 0 28 13.0 1.86 4.55

The shear strength of the soil within the adopted model is defined by the relationship between
the normal stress, internal friction angle, and cohesion [21]:

T =otang +c (1)

where 7 is the shear strength of the soil, kPa;

o 1s the effective normal stress, kPa;

¢ is the internal friction angle, °;

c 1s the soil cohesion, kPa.

The stability of the railway embankment was assessed using the Strength Reduction Method
(SRM). The method is based on the progressive reduction of the soil strength parameters ¢ and fang
until the soil mass reaches a limit state. The fundamental principles of finite element stability analysis
using strength reduction are presented in [15; 16]. Further developments of this method for various
numerical configurations and soil conditions have been reported in [17; 19]. In PLAXIS 2D, this
approach is implemented using the Phi-c reduction procedure [21].

The calculated factor of safety was compared with the minimum permissible value defined by
the following condition:

YnYic (2)
Ye

where K is the calculated factor of safety;

v 1s the reliability factor related to the intended purpose of the structure;

yic 18 the load combination factor; and y. is the working-condition factor.

For the adopted numerical model, the minimum permissible factor of safety was K= 1.20 for
the basic load combination and K, = 1.08 for the special load combination. These values were sub-
sequently used as acceptance criteria for evaluating the numerical modelling results.

The numerical model incorporated permanent and variable loads from the track superstructure
and rolling stock, while seismic action was additionally considered for the special load combination.
The principal loads and actions adopted in the numerical modelling are presented in Table 2. The
load from the track superstructure was 17 kPa, and the train load was 90 kPa for a design axle load
of 295 kN. For the special load combination, a design seismic intensity of 8 points was considered,
with horizontal and vertical accelerations of ag = 0.34g and ag = 0.249, respectively.

K, >

Table 2 — Design loads and actions

Ne Load or action Design value
1 Track superstructure 17 kPa

2 Train load 90 kPa

3 Design axle load 295 kN

4 Seismic intensity 8 points

5 Design horizontal acceleration (ag) 0.34g

6 Design vertical acceleration (agv) 0.24g

In addition to stability, the deformation behaviour of the ‘foundation—embankment’ system was
assessed. The analysis included the determination of foundation settlement and horizontal and vertical
displacements of the soil mass. Such an integrated assessment is necessary because satisfying the
stability criterion alone does not fully characterise the deformation performance of a railway embank-
ment under service conditions. Numerical studies of embankments on weak foundations also demon-
strate the importance of jointly analysing the stress—strain state and the development of settlement
[20]. The deformability of railway embankments was previously investigated by the authors in [14],
while changes in the stress—strain state of the active zone of railway earthworks associated with in-
creased wagon axle loads were examined in [23].
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Following completion of the construction stage, a consolidation period of 300 days was simu-
lated. The resulting settlement and displacement fields were then determined for the basic load com-
bination. These values were used for the quantitative assessment of the deformation behaviour of the
adopted structural configuration.

Thus, the developed numerical model enables the sequential assessment of two groups of pa-
rameters: the factor of safety K, under the basic and special load combinations, and the deformation
parameters following the consolidation period. This approach enables the adopted structural solution
to be evaluated not only in terms of ultimate stability but also with regard to the in-service defor-
mation behaviour of the railway embankment.

3 RESULTS AND DISCUSSION

Numerical modelling was used to assess the stability and deformation behaviour of the railway
embankment incorporating the adopted structural solution, which comprised a gravel layer positioned
above the design high-water level and geosynthetic reinforcement of the foundation. Stability was
evaluated for the basic and special load combinations by analysing the developed limit-state zones
and the corresponding factor of safety, K.

Under the basic load combination, the potential failure surface developed predominantly within
the embankment slope. The calculated factor of safety was Ky = 1.47, exceeding the minimum per-
missible value of K, = 1.20. The calculated position of the potential failure surface under the basic
load combination is shown in Figure 2. The calculated factor of safety exceeds the minimum permis-
sible value by 0.27, or 22.5%, confirming that the adopted stability criterion is satisfied.
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Figure 2 — Calculated position of the potential failure surface of the railway embankment under the basic load combina-
tion [Authors’ material]

Under the special load combination incorporating seismic action, the calculated conditions be-
come less favourable. The factor of safety decreases to Ks;= 1.10 but remains above the minimum
permissible value of K, = 1.08. The development of the potential failure surface under the special
load combination is shown in Figure 3. In contrast to the basic load combination, for which the critical
failure surface develops within the lower part of the embankment slope, under the special load com-
bination the governing failure surface develops within the upper part of the slope. Despite the reduced
stability margin, the condition K > K, remains satisfied.
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Figure 3 — Calculated position of the potential failure surface of the railway embankment under the special load combi-
nation incorporating seismic action [Authors’ material]

A comparison of the two numerical cases demonstrates that the special load combination has a
significant effect on the stability margin of the embankment. When transitioning from the basic to the
special load combination, the factor of safety decreases from 1.47 to 1.10, corresponding to a reduc-
tion of approximately 25.2%. At the same time, the margin between the calculated and minimum
permissible values decreases from 0.27 to 0.02. The calculated and minimum permissible factors of
safety for the considered load combinations are summarised in Table 3.

Table 3 — Calculated factors of safety for the railway embankment

Ne  Load combination Ks  Kyn  Margin, K;— Stability assess-
Ksn ment

1 Basic 1.47 1.20 0.27 Stable

2 Special, incorporating seismic action 1.10  1.08 0.02 Stable

A comparison of the results shows that, under the basic load combination, the calculated factor
of safety exceeds the minimum permissible value by 22.5%, whereas under the special load combi-
nation the relative stability margin is only approximately 1.9%. Therefore, the special load combina-
tion incorporating seismic action is the governing case for assessing the stability of the considered
structural configuration.

3.1 Deformation behaviour of the embankment

In addition to ultimate stability, the deformation behaviour of the ‘foundation—embankment’
system was assessed. Following completion of the construction stage, a consolidation period of 300
days was considered. At the end of this period, foundation settlement and horizontal and vertical
displacements of the soil mass were determined. The distribution of the calculated deformations after
300 days of consolidation is presented in Figure 4.
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Figure 4 — Deformation behaviour of the railway embankment after 300 days of consolidation: (a) foundation settle-
ment; (b) horizontal displacements; (c) vertical displacements [Authors’ material]

The numerical modelling results indicate that the maximum calculated foundation settlement
was 0.151 m. The maximum horizontal displacement reached 0.280 m, while the maximum vertical
displacement was -0.450 m. The maximum calculated deformation values are summarised in Table
4.

Table 4 — Maximum calculated deformation values of the railway embankment after 300 days of consolidation

Ne Calculated parameter Maximum value, m
1 Foundation settlement 0.151

2 Horizontal displacement 0.280

3 Vertical displacement —0.450

The results indicate that the deformation behaviour of the structure is characterised by the de-
velopment of both vertical and horizontal displacements within the soil mass. After 300 days of con-
solidation, the maximum calculated foundation settlement was 0.151 m, the maximum horizontal
displacement was 0.280 m, and the maximum vertical displacement was — 0.450 m. The largest ab-
solute value was obtained for the vertical displacement. The spatial distribution of these deformations
is presented in Figure 4, while their quantitative comparison is shown in Figure 5.

For an integrated presentation of the numerical modelling results, the calculated factors of
safety were compared with the corresponding minimum permissible values, while the deformation
results were compared in terms of the maximum displacements after 300 days of consolidation (Fig-
ure 5). Under the basic load combination, the factor of safety was K = 1.47 compared with K, =
1.20, corresponding to a margin of 22.5% above the minimum permissible level. Under the special
load combination incorporating seismic action, K decreased to 1.10 compared with K, = 1.08, re-
ducing the relative stability margin to 1.9%. The deformation analysis showed maximum values rang-
ing from a foundation settlement of 0.151 m to a horizontal displacement of 0.280 m and an absolute
vertical displacement of 0.450 m. Thus, the integrated comparison confirms the need for a combined
assessment of the ultimate stability and deformation behaviour of the railway embankment.
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Figure 5 — Integrated assessment of the numerical modelling results for the railway embankment: (a) comparison of the
calculated and minimum permissible factors of safety under the basic and special load combinations; (b) maximum cal-
culated deformations after 300 days of consolidation [Authors’ material]

Taken together, the results demonstrate that the adopted structural solution satisfies the stability
criterion under both load combinations. However, the special load combination incorporating seismic
action governs the stability margin. At the same time, the calculated settlements and displacements
indicate that stability and deformation behaviour should be considered as complementary criteria
when assessing the performance of the ‘foundation—embankment’ system.

The results demonstrate that the stability of the railway embankment is governed by the com-
bined effects of the hydrogeological conditions, the adopted foundation configuration, and the design
load combination. Under the basic load combination, the factor of safety was Ks; = 1.47 compared
with the minimum permissible value of K, = 1.20, whereas under the special load combination in-
corporating seismic action it decreased to Ks; = 1.10 compared with K, = 1.08. Thus, the transition
from the basic to the special load combination resulted in a reduction of approximately 25.2% in the
calculated factor of safety. Although the adopted stability criterion was satisfied in both cases, under
seismic action the relative margin above the minimum permissible value was only approximately
1.9%. The special load combination can therefore be regarded as the governing case for assessing the
stability of the investigated structural configuration.

This trend is consistent with the general understanding of the behaviour of earth embankments
constructed on weak foundations. The performance of such structures is governed not only by the
strength and deformation properties of the soils but also by hydrogeological conditions, embankment
geometry, and the nature of external actions [1]. The groundwater regime is particularly important for
railway embankments subjected to periodic or seasonal inundation. Experimental investigations and
numerical modelling of the hydromechanical behaviour of railway embankments under seasonal soil
saturation have demonstrated the need to consider both variations in the groundwater regime and the
response of reinforcement elements when assessing structural performance [5].

A key component of the investigated structural configuration is the position of the gravel layer
relative to the design high-water level. In the adopted numerical model, the gravel layer is positioned
0.5 m above the design high-water level. This arrangement provides a coarse-grained zone beneath
the embankment with substantially greater permeability than the weak foundation soils. According to
the physical and mechanical properties presented in Table 1, the coefficient of permeability of the
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gravel embankment fill is K= 28 m/day, whereas that of the soft-plastic and flow-plastic loam of
EGU-2 is Kr=0.46 m/day. The difference is more than 60-fold, indicating a fundamental contrast in
the permeability of these materials.

EGU-2 is characterised not only by low permeability but also by comparatively low strength
and deformation parameters: the cohesion is ¢ = 9 kPa, the internal friction angle is ¢ = 7°, and the
deformation modulus is £ = 3.2 MPa (Table 1). Consequently, changes in the hydrogeological state
of this layer may have a significant influence on the response of the ‘foundation—embankment’ sys-
tem. Finite element studies of unsaturated soils have similarly demonstrated the importance of ac-
counting for the hydromechanical state of the soil medium in geotechnical modelling [4], while the
influence of seasonal soil saturation on railway embankments has been confirmed through laboratory
investigations and numerical modelling [5]. A comparable emphasis on the combined influence of
soil and water conditions was reported by Abu et al. [24], who used PLAXIS 2D with the Mohr—
Coulomb model to analyse a soil-structure system under combined soil and water loading, explicitly
accounting for soil stratification and hydrostatic pressure. Although the structure investigated in [24]
differs from a railway embankment, the study similarly demonstrates the importance of incorporating
hydrological conditions into finite element assessments of geotechnical systems.

Geosynthetic reinforcement constitutes the second component of the integrated structural solu-
tion considered in this study. The performance of geosynthetic materials is governed by the interaction
between the reinforcement and the surrounding soil mass, the redistribution of induced stresses, and
the restriction of deformation development, which form the fundamental principles of reinforced-soil
design [6; 7]. For railway applications, the effectiveness of geosynthetic materials in stabilising the
foundation and sub-ballast layers has been investigated in [8; 9], while previous numerical studies by
the authors have demonstrated their applicability to the stress—strain analysis of railway earthworks
constructed on weak foundations [11; 12]. These observations are consistent with recent studies pub-
lished in the Bulletin of the Kazakh Leading Academy of Architecture and Civil Engineering. Ap-
shikur et al. [25] reported that integrated strengthening measures for railway embankments on weak
foundations reduced vertical settlements by 35-40% and horizontal displacements by up to 25%.
Tursynbayev et al. [26] likewise demonstrated that geosynthetic reinforcement of clay soils improves
foundation performance through increased bearing capacity and reduced deformation. Experimental
investigations by Kanatova et al. [27] further confirmed the influence of geosynthetic reinforcement
on soil strength under triaxial compression and single-plane shear conditions. Taken together, these
studies support the broader conclusion that reinforcement of weak soils can improve both strength
and deformation performance. The present results complement these findings by considering geosyn-
thetic reinforcement as part of an integrated configuration that also incorporates the position of a
drainage gravel layer relative to the design high-water level.

However, the results of the present study require a clear distinction between the outcomes di-
rectly established by the numerical analysis and their engineering interpretation. In the investigated
model, the gravel layer and geosynthetic elements form part of a single numerical configuration.
Separate cases without geosynthetic reinforcement or without raising the gravel layer relative to the
design high-water level were not analysed. Therefore, the obtained values of K;=1.47 and K, =1.10
cannot be quantitatively attributed exclusively either to the gravel layer or to the geosynthetic rein-
forcement. Instead, they characterise the combined response of the ‘soil foundation—gravel layer—
geosynthetic reinforcement-railway embankment’ system.

An important finding is the change in the failure mechanism when transitioning from the basic
to the special load combination. As shown in Figure 2, under the basic load combination the critical
zone is predominantly associated with the lower part of the embankment slope. When seismic action
is incorporated, the position of the potential failure surface changes, and the upper part of the slope
becomes the governing critical zone (Figure 3). At the same time, the factor of safety decreases by
25.2%. This indicates that assessing the structural configuration solely under the basic operational
load combination would be insufficient to identify the most unfavourable design condition. The im-
portance of explicitly accounting for dynamic actions in geotechnical modelling is also reflected in
recent studies published in the Bulletin of the Kazakh Leading Academy of Architecture and Civil
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Engineering. Tursynkozha et al. [28] used PLAXIS 2D to investigate the propagation of railway-
induced vibrations through layered soils and demonstrated that the dynamic response depends on the
geotechnical conditions and wave-propagation characteristics. Shadkam et al. [29] examined seismic
deformation using the Mohr—Coulomb and Hardening Soil Small constitutive models, highlighting
the influence of both dynamic loading and the adopted soil model on calculated deformation behav-
iour. Although the loading mechanisms considered in these studies differ from the seismic stability
analysis performed here, they support the need to incorporate dynamic actions explicitly when eval-
uating soil-structure response.

The observed development of the potential failure surface is consistent with the capabilities of
the Strength Reduction Method. Unlike methods in which the location of the slip surface is prede-
fined, the finite element Strength Reduction Method allows the critical zone to develop directly dur-
ing the progressive reduction of the soil strength parameters [15; 16]. Subsequent developments of
this approach have confirmed its applicability to slopes with different configurations and to the in-
vestigation of mechanisms leading to the limit state [17; 19]. Therefore, the change in the position of
the critical zone observed in Figures 2 and 3 represents an important numerical modelling result rather
than merely a visual representation of the calculated factor of safety.

In addition to stability, the deformation analysis provides important information on structural
performance. After 300 days of consolidation, the maximum calculated foundation settlement was
0.151 m, the maximum horizontal displacement was 0.280 m, and the maximum vertical displace-
ment was —0.450 m (Table 4). The distributions of the corresponding deformations are shown in
Figure 4. Thus, satisfying the stability criterion does not imply the absence of appreciable defor-
mations within the soil mass, highlighting the need to consider both ultimate stability and the stress—
strain behaviour of the structure. This interpretation is consistent with finite element studies of em-
bankments constructed on weak clay foundations, in which settlements and displacements are ana-
lysed alongside the overall structural response [20]. It is also consistent with the railway-embankment
study by Apshikur et al. [25], in which deformation indicators were used to quantify the effectiveness
of different foundation-strengthening measures. Previous studies by the present authors have simi-
larly addressed the deformability of railway embankments [14] and changes in the stress—strain state
of the active zone of railway earthworks associated with increased axle loading [23]. Taken together,
these findings support the use of deformation parameters as an independent group of criteria when
evaluating the performance of railway earthworks.

When interpreting the absolute displacement values, the assumptions adopted in the numerical
analysis should be taken into account. The elastoplastic Mohr—Coulomb model represents the soil
medium using a limited set of parameters and does not fully reproduce the nonlinear stress-dependent
stiffness of soils [21]. The relevance of constitutive-model selection under dynamic conditions has
also been demonstrated by Shadkam et al. [29], who compared deformation predictions obtained us-
ing the Mohr-Coulomb and Hardening Soil Small models under seismic loading. Their analysis indi-
cates that the adopted constitutive formulation can influence the calculated deformation response.
Consequently, the displacement values obtained in the present study should be interpreted as results
specific to the adopted Mohr-Coulomb model and used primarily to assess the behaviour of the in-
vestigated structural configuration under the specified engineering geological conditions.

Furthermore, the present study represents a specific design high-water level and an adopted
elevation of the gravel layer. This limits the direct generalisation of the quantitative results to sites
with different hydrogeological conditions. A more comprehensive assessment of the influence of
structural foundation protection would require parametric modelling of several groundwater levels,
gravel-layer elevations, and geosynthetic reinforcement configurations. Comparison of these alterna-
tives would enable the contributions of individual factors to be quantitatively distinguished and the
sensitivity of the factor of safety, settlement, and displacements to changes in the structural parame-
ters to be determined. This direction is also consistent with the need for further development of rein-
forced-foundation design methods and combined reinforcement technologies identified in recent
studies [26].
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Overall, the results demonstrate that the investigated integrated structural configuration satisfies
the adopted stability criterion under both the basic and special load combinations, although seismic
action substantially reduces the stability margin. At the same time, the calculated settlements and
displacements confirm that the railway embankment should be assessed not only in terms of the factor
of safety, K, but also with respect to its deformation behaviour. In the present configuration, the
position of the gravel layer relative to the design high-water level and the geosynthetic reinforcement
should be regarded as components of an integrated system for foundation protection and reinforce-
ment; quantitatively separating their individual effects will require further comparative numerical
modelling.

4 CONCLUSIONS

A numerical investigation of the stability and deformation behaviour of a railway embankment
under a high design water level was conducted. An integrated structural solution incorporating a
gravel layer positioned 0.5 m above the design high-water level and geosynthetic reinforcement of
the foundation was considered. Based on the finite element modelling results, the following conclu-
sions can be drawn.

1. Under the basic load combination, the calculated factor of safety of the railway embankment
was Ky = 1.47, compared with the minimum permissible value of K, = 1.20. The calculated value
exceeded the minimum permissible value by 0.27, or 22.5%, confirming that the adopted stability
criterion was satisfied.

2. Incorporating the special load combination with seismic action reduced the factor of safety
to Ky = 1.10, compared with the minimum permissible value of K, = 1.08. Relative to the basic load
combination, K; decreased by approximately 25.2%, while the relative margin above the minimum
permissible level was approximately 1.9%. Therefore, the special load combination represents the
governing case for assessing the stability of the investigated structural configuration.

3. The load combination affected not only the magnitude of the factor of safety but also the
position of the potential failure surface. Under the basic load combination, the critical zone developed
predominantly within the lower part of the embankment slope, whereas under the special load com-
bination incorporating seismic action, the upper part of the slope became the governing critical zone.
This finding confirms the importance of considering different load combinations when assessing the
ultimate limit state of railway earthworks.

4. The deformation analysis after 300 days of consolidation indicated a maximum foundation
settlement of 0.151 m, a maximum horizontal displacement of 0.280 m, and a maximum vertical
displacement of - —0.450 m. The occurrence of these displacements despite satisfaction of the stability
criterion demonstrates the need to assess both the factor of safety and deformation parameters when
evaluating railway embankment performance.

5. The position of the gravel layer relative to the design high-water level is an important com-
ponent of the investigated structural configuration. The coefficient of permeability of the gravel ma-
terial was 28 m/day, compared with 0.46 m/day for the weak soft-plastic and flow-plastic loam of the
foundation. This substantial difference in permeability supports the use of coarse-grained material in
the investigated configuration under high groundwater conditions.

6. The calculated stability and deformation parameters characterise the combined response of
the ‘soil foundation—gravel layer—geosynthetic reinforcement—railway embankment’ system. As sep-
arate numerical cases without raising the gravel layer or without geosynthetic reinforcement were not
considered in the present study, the calculated effects should not be quantitatively attributed exclu-
sively to either component.

7. Further research should focus on parametric modelling of different groundwater levels,
gravel-layer elevations, and geosynthetic reinforcement configurations. Such comparative analyses
would enable the effects of hydrogeological and structural factors to be quantitatively distinguished
and facilitate the identification of rational parameters for the protection and reinforcement of railway
embankments under challenging engineering geological conditions.
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