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Abstract
Introduction. Natural and man-made slopes may lose stability in the event of change of the physical and mechanical
properties of soils, seismic impact or additional loading. This often leads to the activation of landslide processes, damage
of buildings, structures, roads and poses a threat to the safety and lives of people. Slopes in earthquake-prone places are
the most dangerous and difficult for ensuring stability areas, therefore improving methods of engineering protection of
slopes remains a relevant objective. The article studies the physical and numerical modeling of a sandy slope anchored
by piles under the seismic impacts.
Materials and Methods. The paper uses the numerical methods to study the effect of earthquakes on sandy soil slopes
reinforced with piles. The finite element method (FEM) is a widely used method for studying the interaction of structures
and soil, especially in the complex combinations of loads and impacts. It accurately reproduces the complex behaviour
of the massif, including stresses, deformations, horizontal and vertical displacements, as well as the nature of the collapse
observed in the slope-pile system when it is subjected to seismic loads. The simulation of the specified above system is
performed in a nonlinear formulation.
Results. The work of the pile allows transferring the part of the weight of the surface layers of the slope to deeper and
more stable layers, which helps to maintain the stability of the slope. The parameters of the piles affecting the perception
of seismic loads and the stability of a reinforced slope, including the type of pile, the method of its construction, earth-
quake and slope parameters, are studied. The conducted study of the interaction of piles and dynamic loads makes it
possible to improve design solutions for engineering protection of slopes from landslide processes in seismic places.
Discussion and Conclusion. As a result of modeling, it was found that piles can reduce lateral pressure on the soil,
increase the shear strength of the soil and significantly affect the stability of the slope, especially in the event of an
earthquake or flood. However, the efficiency of stabilization with piles depends on several factors, such as stiffness,
distance between the piles, their length, location on the slope and connection to the foundation.
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JKU3HU Mosiel. HanGoabIIyto omacHOCTh U CJIOKHOCTD 00ECTIEUeHUsT YCTOMUNBOCTH MPEICTABIISIOT CKIOHBI B CEHCMO-
OTACHBIX palfOHaX, U KOTOPBIX COBEPIICHCTBOBAHKE METOIOB MH)KEHEPHOM 3aIINTHI CKJIOHOB OCTAETCS BEChMa aKTy-
anpHOI 3anayell. B HacTosmIel craTbe paccMaTpuBaeTcst pU3MIECKOE M YHCIEHHOE MOIEIMPOBAHUE [IECYaHOTO CKIIOHA,
3aKpEIUICHHOTO CBasMU, NIPH CEHCMUYIECKUX BO3CHCTBUAX.

Mamepuanst u memoodst. B pabore MCIOIb30BaHbl YHUCICHHBIC METOJBI JUIS M3YUCHHsS BIMSHUS 3€MIICTPSICEHHN Ha
CKJIOHBI U3 NIECYaHOT'0 IPYHTA, YKPEIUIeHHbIE cBassMU. MeToa KoHeuHbIX 3yieMeHToB (MKD) — nomynsapHslil MeTox u3sy-
YEeHUs B3aMMOJICUCTBUSI KOHCTPYKLUH U TPYHTa, OCOOCHHO NPH CIIOXKHBIX COYCTAaHHMSIX HAarpy3ok W Bo3zeiicTBuil. OH
TOYHO BOCHPOHM3BOINT CIOXKHOE MTOBEICHUE MACCHBa, BKIIOUYAs HAPSDKCHUS, 1e(hopMaIlii, TOPU3OHTAIBHBIC U BEPTH-
KaJbHBIC CMEIIEHHS, a TaKXKe XapakTep pa3pylleHus, HaOIroMaeMblil B CHCTEMe CKIIOH-CBasi, KOTJla OHa MOJBEPraeTcs
CcelCMUYECKUM Harpy3kam. MoienpoBaHUe YKa3aHHON CUCTEMBI BBIIIOJIHEHO B HEJIMHEMHON NOCTAHOBKE.
Pe3ynomamut uccnedosanus. Pabora cBam O3BOIISAET MEPEHECTH YACTh Beca IIOBEPXHOCTHBIX CJIOEB CKIIOHA Ha Oojee
riTyOOKHMe W YCTOHYMBEIC CIIOH, YTO ITOMOTAET IMOANCPKUBATh YCTOWYMBOCTH CKJIOHA. VcciiemoBaHbI mapaMeTpsl cBai,
BIIMSIIOIME HAa BOCIPHUATHE CEHCMUYECKUX HArpy30K M yCTOMYMBOCTH YKPEIJIEHHOTO CKJIOHA, B TOM YHCJE TUI CBaH,
croco0 ee BO3BEACHMUS, TapaMeTphl 3eMIICTpsICeHH U CKIIoHA. [IpoBenieHHoe nucciienoBanme B3anMOACHCTBYS CBa 1 11~
HaMHYECKUX HAarpy30K MO3BOJUT YIYUIIUTh IPOEKTHBIE PELICHUS 110 HHKEHEPHOH 3al[Te CKJIOHOB OT OIOI3HEBBIX MPO-
L[ECCOB B CEHCMHUUECKUX pallOHaX.

Obcyscoenue u 3axkniouenusn. B pesynbraTe MOACIMPOBAHUS YCTAHOBJICHO, YTO CBaW MOTYT YMEHBIIUTh OOKOBOE JaB-
JICHUE Ha TPYHT, YBEJIMUYUTh IPOYHOCTh IPYHTA HA CIBHT U CYIIECTBEHHO TOBJIMATH Ha YCTOIYMBOCTh CKJIOHA, OCOOCHHO
B CIIydae 3eMJIeTpsiCeHUs i HaBomHeHUA. OnHako 3((EeKTHBHOCTh CTAOMIM3AlNH C TIOMOIIBIO CBaif 3aBHUCHUT OT He-
CKOJIBKHX (PaKTOPOB, TAKHX KaK YKECTKOCTh, PACCTOSHIE MEXy CBasMU, UX [IHHA, PACIION0KCHUE Ha CKIIOHE M COCMIU-
HeHHe ¢ PyHIaMEHTOM.

KiaroueBble cioBa: CTa6I/IJ'II/ISaL[I/IiI rpyHTa, OCTOHHBIC CBau, TecYaHbIi TPYHT, OIIOJI3€Hb, CBAW, MCETOJ KOHCYHBIX
9JICMCHTOB

s uurupoBanus. Anb-Exadu Xaku Xaan A60yn, [Ipokxonos A.lO., AnonbeB H.A. AHanu3 BIUSHUS YCTpPOHCTBa
CBail HA YCTOWYHUBOCTH IPYHTOBBIX OTKOCOB MPH 3emieTpsiceHusix. Cogpemenivle meHOeHYUU 6 CMpoumeibcmee, 2pado-
cmpoumenvcmee u naanuposke meppumoputi. 2024;3(4):30-40. https://doi.org/10.23947/2949-1835-2024-3-4-30-40

Introduction. When designing, constructing and operating buildings and structures near natural or man-made
slopes, the problem of ensuring their stability arises, which is aggravated in areas dangerous for seismic impacts
and is assessed differently in different countries [1]. There are various scientific approaches to assessing the stability
of slopes under seismic impacts [2, 3], including the ones taking into account various retaining and fixing engineer-
ing structures [4].

Scientific research in this area was carried out taking into account regional specifics for certain earthquake-prone areas
of Russia [5-7] and other countries, as well as for particularly dangerous conditions, including the possibility of flood,
flooding [8-10], mining [11] and other natural and man-made impacts.

The operating conditions of transport infrastructure facilities [12, 13], characterized by dynamic loads, which, in com-
bination with seismic impacts, increase the risk of loss of slope stability and activation of landslide processes, are of
particular difficulty for modeling and calculating slopes.

For the analysis of such complex geotechnical systems, numerical calculation and modeling methods are currently
most widely used [14, 15], implemented in modern software and computing complexes.

Materials and Methods. PLAXIS 3D is a software that uses the finite element method to do geotechnical studies for
a variety of soils and in different engineering disciplines. PLAXIS 3D allows you to simulate a variety of soils and pile
materials, add boundary conditions, and stresses. PLAXIS 3D can simulate dynamic challenges such as earthquake exci-
tation using a range of methodologies, including the equivalent linear method, modal analysis, and direct integration.
PLAXIS 3D can offer both graphical and numerical results when investigating the impact of earthquakes on sandy soil
slopes reinforced by piles. [16-18].

The purpose of this work is to analyze the current literature on this issue and to give some insights and recommenda-
tions for future research using PLAXIS 3D software, with modeling boundary conditions employed in this study indicated
in Figure (1).
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None viscous

Free field

None viscous

Compliant base

Fig. 1. Modelling boundary condition

This research uses the FEM (PLAXIS 3D) to assess the seismic stability of a soil slope with a strip footing before and
after it is reinforced with rows of piles. FEM analysis is used to calculate the resistance of passive piles. The modifications
proposed within the research include the positioning of pile rows, footings in respect to the slope crest, foundation depth,
and the horizontal seismic coefficient of the crest and foundation. The footing seismic stability is computed using seismic
slope stability with the PLAXIS software, and pile rows, as well as soil stability beneath the footing, are computed using
the finite element method. The primary objective is to evaluate and establish the link between the various factors and the
seismic stability of the soil slope and footing, as well as to choose the ideal placement for the pile row to maximize the
seismic carrying capacity of the footing. The results show that stabilizing the soil slope with rows of piles significantly
improves the footing's seismic carrying capacity. Furthermore, the findings of the current approach are compared to sci-
entific codes for allowable limits of deformation for the case of an earthquake to show a reasonable compatibility. To
determine whether it is essential to add piles to the critical slope of sandy soil at an angle of 35° in earthquake-prone
areas, the soil and pile model properties are shown in Table 1.

Table 1
Soil and pile model properties
Parameter Medium Sand Concrete Footing Concrete Pile
Material model Mohr-coulomb model Linear Linear
Young's modulus, E (kPa) 10-103 23.5-108 40-10°
Poisson's ratio, V 0.25 0.15 0.10
Cohesion, C (kPa) 0.5 - -
Friction angle, (¢ °) 31.2 - -
Dilatancy angle, ¥ (°) 1.2 - -
Unit weight, y (kN/m?) 18 25 25
Diameter of the pile, D (m) - - 0.3

The findings were obtained for the piles set at a distance (X/Lx = 0.7) from the summit of the slope and with a spacing
equal to 2D of the piles:

1. The soil has bearing capacity enough to accept the foundation load

2. The value that approaches the maximum value of the factor of safety differs from other sites examined to establish
the maximum bearing capacity and factor of safety.
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In the present study, the time domain seismic response of frictional soil slopes was investigated using recordings from
the 1995 Kobe earthquake (2). The elastic, totally plastic Mohr-Coulomb soil model criteria was used to generate a
3-dimensional dynamic finite element model under the plain-strain condition. The analysis simulates both the maximum
horizontal and vertical seismic accelerations at the slope base. In terms of displacement generated by earthquake shaking,
the seismic response of the slope to coupled seismic accelerations has been defined. The results show that the generated
displacement of a slope under seismic loadings is higher in both horizontal and vertical dimensions. Furthermore, it is
predicted that the slope will collapse at the crest level rather than the foundation level.

NS

—o— input motion (Kobe) —o— measured motion (plaxis)

Acceleration (g)

A

Fig. 2. Shows the acceleration time history of the recorded Kobe earthquake motion (PGA = 0.80g) vs measured motion (PLAXIS)

Results

The soil slope without piles underwent considerable horizontal and vertical displacements during the earthquake.
The highest horizontal displacement was around 0.363 m at the slope's crest, while the maximum vertical displacement
was about 0.295 m at the foundation. The surface load also contributed to the slope deformation, resulting in a total
displacement of 0.5287 meters.
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Fig. 3. V.D. for footing after earthquake Fig. 4. H.D. for the crest after an earthquake
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Total displacements u, {scaled up 5.00 times) (Time 20,00 5} Total displacements u, {scaled up 5.00 times) (Time 20.00 s)
Maxmum value = 0.5124 m (Element 186 at Node 23832) Maximum value = 0.04858 m (Element 2344 a1 Noda 10485)
Mrum value = -0.05869 m (Element 8915 at Node 11828) Maimum value = -0.3376 m (Element 80 at Node 1583)
PLAXIS ||Full-scale slope phi=35 eathequake [04/102023 PLAXIS ||Full-scale slope phi=35 eathequake [o4r10r202
Full-scale slope phi=35 ... [1048 |only @ ::LAVTeam:: R) Iﬂll-scab slope phi=35 ... [1048 |onl =LAVTeam:: (R

Fig. 5. Total horizontal displacements Ux for Crest soil slope Fig. 6. Footing total vertical displacements Uz without piles
without piles after the earthquake after the earthquake
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Fig. 7. Total displacements |U| for soil slope without piles after the earthquake

The use of piles at L=h (height slope), resulted in efficient slope stabilization, reducing displacements and boosting
safety. The piles served as anchors, distributing the weight to deeper soil layers while resisting the slope lateral displace-
ment. The safety factor of the slope without piles was around 1.05, whereas the safety factor of the slope with piles was
approximately 1.62. The results also demonstrate that soil nonlinearity and damping had a substantial effect on the slope's
reaction. The nonlinear nature of soil reduced stiffness while increasing damping, which resulted in less displacements
and stresses. Damping also dissipated some of the earthquake energy input, reducing the ground motion amplification,
the horizontal displacement was reduced from 0.363 to 0.0346 m, vertical displacement from 0.295 to 0.0346 m, and total
displacement from 0.5287 to 0.01156 m. Figures (8, 9).

Soil movement both before and after the placement of piles was studied. PLAXIS 3D, a software program that uses
the finite element method to predict the behaviour of soil and rock structures, was used to evaluate and discuss the soil
displacement in front of and behind the piles placed on a sandy soil slope under the Kobe earthquake loading. The slope
consisted of a layer of sand, and the piles were shown as embedded beams of varied lengths and patterns. The studied
dynamic loading was based on the Kobe earthquake data. The research demonstrated that parameters such as the quantity
and configuration of piles, the angle and saturation level of the slope, and the capacity of soil for liquefaction, all had an
impact on soil displacement. The piles aided in stabilizing the slope by providing lateral support, which minimized soil
movement in their proximity. Nevertheless, they also led to increased soil displacement behind them as a result of a drag
effect. Steep slopes prone to collapse have more significant soil displacement.
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Fig. 10. Total horizontal displacements Ux for crest with piles Fig. 11. Footing total vertical displacements Uz with piles
after the earthquake after the earthquake

Within the study soil displacement was measured by analyzing the horizontal motion, vertical settlement, and total
displacement. Researchers evaluated several cases to determine the efficiency of a design for stabilizing the piles. During
an earthquake, the soil and piles on a slope are convoluted with seismic waves, resulting in complex soil movement
around the piles. The soil movement may either enhance or hinder the efficiency of the piles and impact the stability of
the slope, depending on the set of conditions.

While the pile is being subjected to pressure as a result of the motion of the soil above the slip surface, the soil in front
of the pile is being displaced as a result of the pressure. The displacement caused by the arrangement and spacing of the
piles may have an impact on the resistance of the piles by causing the development of axial and lateral forces. Thus the
displacement has an effect on the piles. There is a number of elements that may have an effect on the displacement of the
soil. Some of these factors include the severity of the slope, the distance from the pile to the crest of the soil, as well as
the ferocity and period length of the earthquake [19]. Using piles resulted in a large reduction in the overall displacement
in front of the piles, from 0.520 meters to 0.0480 meters. This is seen in Figure (13), which shows that the total displace-
ment decreased significantly.
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Total displacements |u| (scaled up 5.00 times) (Time 20.00 s)

Maximum value = 0.3032 m (Element 562 at Node 12353)

PLAXIS Full-scale slope phi=35 with piles at 0.7Lx S=2D eat ... |27/10/2023
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Fig. 12. Total displacements |U| for soil slope with piles after the earthquake

During a landslide, the movement of soil that is confined by a pile that is positioned in the soil layer under the slip
surface is referred to as “soil displacement behind a pile”. During this movement, shear and bending loads are applied to
the pile, which may result in the pile becoming weaker and more deformed. Along with the frequency and magnitude of
the earthquake, the shape, length, diameter, and material of the pile, as well as the pile itself, may have an effect on the
soil displacement behind the pile [20].

Due to differences in the behaviour of the soil surrounding the piles, there was a greater amount of soil displacement
behind the piles than there was in front of them. The piles served as solid structures that prevented the lateral movement
of soil in front of them, forming an area known as the passive earth pressure range. There was less lateral movement in
this location, which contributed to the slope increased stability. The soil, on the other hand, moved along the anchored
piles, which resulted in the formation of an active earth pressure range. This zone increased horizontal displacement and
impaired slope stability. The piles' drag effect on the earth led to the rise in soil displacement behind them. The magnitude
of this force depended on the pile length, diameter, spacing, and configuration, as well as the soil properties and loading
conditions. Therefore, there was a compromise between reducing the soil displacement in front of the piles and increasing
it behind them. Total displacement behind piles was 0.363 m figure (13).

0 5 10 15 20 25

50
100

m)

150
200
250
300
350

4 CO Total displacements ju (scaled up 5.00 times) {Time 20.00 s)

Total displacement (m

Maomum value = 0.3632 m (Element 562 at Node 12353)

Time (s)
—o— After piles (L=2.75)

P L A X I S ||Fu|l-scale slope phi=35 with piles at 0.7Lx S=2D eat ... 5'7/10/2023
T v =
Full-scale slope phi=35 ... |1064 |on :LAVTeam:: (R

Fig. 13. Total displacement |u| in front of and behind the piles

The numerical analysis findings obtained with PLAXIS 3D demonstrate that using piles to stabilize slopes for the case
of an earthquake is a practical and reliable strategy. The piles can improve the slope safety factor by decreasing the driving
force and raising the resisting force. The piles can help to reduce the slope deformation and displacement during seismic
stress. The findings are compatible with the design regulations and recommendations of Eurocode 7, the Federal Highway
Administration (FHWA), and the Terzaghi standards, which govern the geotechnical elements of slope stability and pile
design. As a consequence, the findings may be regarded relevant and satisfactory for the project, as shown in table 2.
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Table 2
Numerical analysis results using PLAXIS 3D with standard geotechnical limits
According L.D. less than 1/150 V.D. less than 1/100
to Eurocode 7 of H slope = 0.0067x4m=0.0267m of the H slope = 0.01x4=0.04 m
. L.D. does not exceed 0.5% V.D. does not exceed 0.25%
According to FHWA of the pile length = 0.005x2.75=0.01375m | of the pile length = 0.0025x2.75=0.0069m
According to Terzaahi L.D. should not exceed 0.3% V.D. should not exceed 0.15%
g g of the pile length = 0.003x2.75=0.00825 m | of the pile length = 0.0015x2.75=0.004125 m
Slope deformation without piles L.D.=0.363m V.D.=0.295m
Slope deforrjatlon reinforced LD =0035m V.D. = 00346 m
with pilesL =h

The big amount of horizontal displacements during an earthquake may be accurately measured in two locations: the
crest and beneath the pile. Earthquakes can induce considerable horizontal displacements in sandy soil slopes, resulting
in slope collapses or severe deformations. The horizontal displacement of the slope is determined by the earthquake
dynamic loading, soil qualities, slope geometry, and the existence of stabilizing piles. The horizontal displacement may
be measured at many points along the slope, including the crest, footing, and in front of and behind the pile position.

The arrangement and location of the piles influence the vertical displacement of the soil. Vertical displacement is
greater directly under the foundation due to the weight transfer to the sandy soil, which can lead to soil settlement or
lifting depending on the interaction between the piles and the soil. Using piles to stabilize soil slopes during earthquakes
may efficiently reduce both vertical and horizontal soil displacement, if the exact modification of pile properties is taken
into account.

Discussion and Conclusion. The study indicates that soil has more horizontal displacements under a pile and at the
crest of the slope during seismic events compared to the other areas. The pile provides resistance against the sliding forces
and decreases soil deformation in its proximity because of the sensibility of the crest to seismic effects. A gap opens
behind the pile, causing soil displacement and rising movement. Analyzing and calculating the horizontal displacement
in important areas is vital for understanding the earthquake effect on sandy soil slopes stabilized by row piles. As a result
of using the piles for the purpose of stabilizing soil slopes, the least amount of soil displacements occurred in both the
horizontal and vertical directions, which proves to be a good result. Piles may be used as structural components to stabilize
soil slopes in places that are prone to earthquakes. This is something that can be done in places where earthquakes are
common. It is possible for piles to increase the safety factor of a slope by reducing the amount of soil deformation that
occurs and by having the capacity to withstand sliding forces. The soil displacement is affected by a number of factors,
including the diameter of the piles, their spacing, and their stiffness. There is a possibility that the efficiency of restricting
soil movement might be improved by the use of piles that are more robust, have larger diameters, and are positioned in
closer proximity to one another. It is possible to carry out the assessment of soil displacement by collecting measurements
at a number of various locations along the slope. These locations include the crest, the footing, and position both in front
of and behind a pile. There is a possibility for the earthquakes to induce the significant vertical movements of sandy soil
slopes, which may have an impact on the foundation capacity to operate and its stability. There is a wide variety of factors
that have the potential to influence the process of vertical displacement. Some of these factors include the geometry of
the slope, the properties of the soil, the dynamic seismic stress, and the existence of reinforcing piles. Within studying the
vertical displacement of a slope, it is essential to evaluate the crest of the slope, the footing level, and a variety of various
locations both in front of and behind the piles.
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