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Abstract. The article addresses one of the most relevant challenges in modern
construction—ensuring the reliability and stability of buildings in seismically hazardous
regions while reducing the cost of protective engineering measures. The aim of the study is
to perform numerical modeling of the influence of geometric and physical-mechanical
parameters of geotechnical seismic isolation on the dynamic response of buildings under
seismic loading. The study investigates artificial foundation layers composed of sand,
pebble gravel, and crushed stone. The scientific novelty lies in substantiating optimal
configurations of artificial foundation layers and identifying patterns of seismic response
reduction depending on geomaterial characteristics. The interaction between the
foundation and the superstructure was simulated using the finite element method in
PLAXIS with an earthquake accelerogram as input motion. The results show that
increasing the height and volume of the artificial foundation layer reduces horizontal
accelerations by approximately 16% at both the foundation and the top of the building. The
use of coarse-grained sand led to a reduction in acceleration of up to 15% and foundation
settlement of up to 9%, while reinforcement with two geogrid layers further reduced
vibration amplitudes by up to 28%. The findings confirm the effectiveness of artificial
foundation layers in improving the stability and reliability of buildings in seismic regions.
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Amnparna. Makana xazipei 3amMangbl KYpuliblC CAldCblHOAebl 03eKmi Macenenepoiy
0Ipi — celicMuKanvblK Kayinmi aumMakmapoa OpHAIACKaH SUMapammapOobly CeHiMOiniei MeH
OPHBIKMBLILIZBIH  KAMMAMACHI3 €My JCIHe COHbIMEH Kamap UHICEHEPNiK KOPEaHblC
Wapanapein Jcy3ece acvlpy UWblebIHOAPbIH A3aiimy Macenecine apHanean. 3epmmeyoin
MaKcamol — 2e0MexXHUKANbIK CEUCMOOKUAYIAYObIY 2eOMeMPUsNbIK JiCoHe u3uKa-
MEXAHUKANBIK ~ NapamMempiepiniy — CelUCMUKanvlK acep KesiHoezi eumapammapobiy
OUHAMUKATIBIK, JHCAYADbIHA bIKNATLIH CAHObIK MOOenboey apKulibl baganay. 3epmmeyoe
KYM, MAAMa Mac (2aibKa) Hone KUblpUbLK mac CUAKMbl JPMYpPii 2eomamepuanoapoan
MYpamein Hcacanovl Heziz KabammapvlHoly muiMoiniei Kapacmulpsiiobl. Kymvicmoly
EbIILIMU IHCAHANBIRbL IHCACAHOLL He2l3 KabammapblHblY OHMAlIbl KOHDUSYPAYUALAPLIH
azipney owcone He2iz0ey, COHOAU-AK 2eomMamepuan KabamvlHblY CURAMMAMAIapbiHa
OaUNaAHbICMbL CEUCMUKATBIK HCAYANMbBIY MOMEHOeY 3aHObLILIKIMAPbIH aHbIKMAY 60Jbin
maobwinaowl. Kacanovl neciz Oen 2umapammuly YCmiHel KOHCMPYKYUACLIHbIY 03apa
apexemmecyi PLAXIS b6az0apramanvix KeuieHiHOe COHbl dnemenmmep 20iCi apKblibl
MOOenbOeHOl, MYHOA  CEUCMUKANbIK —acep  Kipic  peminde  dcep  CLIKIHICIHIY
akcenepocpammacvl mypiHoe Oepindi. Anvinzan mepoenicmepoiy AMAAUMYOATbIK-
HCULTIKMIK CUNAMMAMANAPbL HCACAHObL He2l3 Kabambibly Ouikmiei MeH Koaemi apmian
cativin  ipeemac OeHeeliinoe Oe, UMAPAMMbIY HCOAPSLL HYKMecinoe o0e KOlOeHeH
yoeynepoiy wiamamen 16%-ea memendeiuminin kopcemmi. Ipi myuipwikmi KYMHaH
Jrcacanzan AHcacanovl Heeizoi Koaoany keszinoe yoeyoiy 15%-ea Oetiin, an ipeemac
omuipwicvinbiy 9%-2a Oeliin momendeyi baiikanovi. ConviMen Kamap, ipi myuipuikmi Kym
KabamuvlH eKi Kabam 2eomop apkwiivl apmupiey mepoenicmepoiy amnaumyoanisix-
arcuinixmix cunammamanapwin 28%-2a Oetiin memenoemyze MyMKiHOIK Oepoi. Anvinzan
Homudicenep JHcacanovbl Heeiz  Kabammapvli KOJIOAHYOblH —CeUCMUKANbIK —0enceHOl
aumMakmapoa umMapammapobly OPHLIKMbLIbIZbl MeH CEeHIMOLNIZIH apmmulpyodzbl OH
acepin pacmatiowl.

Tyiiin  ce3nep: celicuukanviy — acepiep,  epywmmap, — H#acamovl — Heli3;
aKcenepocpamMmanap; SUmMapammapobly OUHAMUKAABIK Jcayabbl; yoeyoi memeHoemy.
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AHHoTauusi. Cmamovsa noceswena OOHOU U3 Hauboree axKmyaibHuIX 3a0ay
COBPEMEHHO20 CMPOUMENbCMEd — 00eCnedeHUI0 Ha0eHCHOCMU U YCIMOUYUBOCMuY 30aHuUll,
PACNONIOACEHHBIX 8 CEUCMOONACHBIX PE2UOHAX, NPU OOHOBDEMEHHOM CHUNCEHUU 3ampam
Ha peanu3ayuio  UHICEHEpHbIX 3AWUMHBIX Mmeponpuamui. Llenvlo Hacmoawezo
UCCne008anUs AGIAMCA YUCIEHHOe MOOeNUPOBAHUE GNUAHUSL 2eOMEMPUYECKUX U
QuU3UKO-MeXaHUYeCKUX  Napamempo8  2eOMeXHU4ecKou  CeucCMOUsONAYUU  Ha
OUHAMUYECKU OMKIUK 30aHull npu celicmMuveckom 6o3oeticmeuu. B pabome
npeocmasienvl  pe3yibmanmsl uccnedosanus UCKYCCMBEHHbIX ~ OCHOBAHUL,
CPOPMUPOBAHHBIX U3 PAZIUUHBIX 2€0OMAMEPUANO8, BKIIOUASL NECOK, 2ANbKY U ujedenb.
Hayynas Hosusna ucciedoeanuss 3axnouaemcsi 6 paspabomke u 000CHOBAHUU
ONMUMATILHBIX KOH@UYpaYUll UCKYCCMBEHHbIX OCHOBAHUU, a4 MAKMCe 6 BblANeHUU
3AKOHOMEPHOCMEll  CHUMNCEHUSI  CeliICMUYeCKo20 OMKIUKA 8  3aBUCUMOCIU  Om
Xapakxmepucmux clos 2ceomamepuanos. Bzaumooeticmeaue ucKyccmeenHo2o OCHOBAHUSA U
HA03eMHOU yacmu 30anus MOOeIUpoBaloCh MemoOOM KOHEYHbIX INEeMEHMOs8 8
npoepammuom komniexkce PLAXIS ¢ ucnonvsosanuem axcenepoepammol 3eMaempacenus
6 Kauecmge 6x00HO20  6030eiicmeus. Ilomyuennvie — ammaUMyOHO-4aACMOMHbIE
Xapakxmepucmukuy KoleOaHuul 30aHusi NOKA3bI8AIOM, Y4MoO C Y8eluyeHuemM 6blcomvl U
06veMa cnos UCKYCCMBEHHO20 OCHOBAHUS 2OPU3OHMANbHbIE YCKOPEHUS YMEHbUAIOMCS
npumeprno Ha 16% kak Ha ypoene ynoamenma, max u HA 6epXHell MOYKe 30AHUSL.
Cywecmeennoe cHudicenue yckopenuii (00 15%) u ocaoku ¢pynoamenma (0o 9%) ovino
3aghuxcuposano npu UCNONBL308AHUU UCKYCCIMEEHHO20 OCHOBAHUS U3 KDYNHO3EPHUCTO2O0
necka. Kpome moeo, apmuposanue cnos KpynHO3epHUCMO20 necKa O08YMs CIOSAMU
2e0cemKy NO360JIUNL0 CHUZUMb AMIIUMYOHO-4ACTNOMHbIEe XAPAKMEPUCMUKY KOJleOaHUll
00 28%. Illonyuennvie pesynrbmamol RnOOMEEPHCOAIOM NOJOHCUMENLHOE  BHUAHUE
npUMeHeHUsl UCKYCCMBEHHbIX OCHOBANULL HA NOBbIUUEHUe YCIMOUYUEOCIU U HAOEHCHOCU
30aHUll 8 CEUCMUYECKU AKMUBHBIX PECUOHAX.
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1 INTRODUCTION

The seismic safety of buildings and structures remains one of the central challenges of modern
structural and geotechnical engineering, particularly in regions characterized by high seismic activity
and complex soil conditions. Rapid urbanization, increasing building density, and the expansion of
construction into seismically hazardous areas significantly amplify potential seismic risks. Recent
destructive earthquakes have demonstrated that traditional approaches to seismic-resistant design,
primarily focused on strengthening the superstructure, are often insufficient to ensure the required
level of safety and serviceability (Tuleyev et al., 2024). This has led to growing recognition of the
critical role of soil-structure interaction and the dynamic behavior of foundation soils in shaping the
overall seismic response of buildings (Kirgizbayeva et al., 2025).

Conventional seismic protection strategies are mainly based on structural solutions such as base
isolation devices, energy dissipation systems, and enhanced structural stiffness (Seiitkassymuly et
al., 2025). While these methods are effective, they are frequently associated with high costs,
technological complexity, and limitations in application, especially for low- and mid-rise buildings
or for the retrofit of existing structures. In this context, geotechnical seismic isolation (GSI) has
emerged as a promising alternative or complementary approach. GSI systems aim to reduce seismic
effects at the foundation level by modifying the mechanical and dynamic properties of the soil
medium beneath or around the structure, thereby attenuating seismic wave propagation and reducing
inertial forces transmitted to the superstructure.

Previous studies have shown that the performance of geotechnical seismic isolation depends on
multiple factors, including the geometry and configuration of the isolation layer, its thickness and
spatial extent, the depth of installation, and the physical-mechanical properties of the employed
geomaterials. Artificial foundation layers composed of sand, gravel, crushed stone, rubber—soil
mixtures, and geosynthetically reinforced soils have been reported to exhibit varying degrees of
effectiveness in reducing seismic accelerations, settlements, and structural demands. However,
despite the growing body of experimental and numerical research, there remains a lack of systematic
understanding of how the geometric parameters and material characteristics of soil cushions influence
the dynamic response of buildings under realistic seismic loading conditions.

A significant gap persists in the quantitative assessment of the combined effects of soil cushion
composition, thickness, and reinforcement on both foundation performance and superstructure
response. In particular, comparative evaluations of commonly used geomaterials and the role of
geosynthetic reinforcement within soil cushions under strong ground motion are still limited. This
uncertainty restricts the development of reliable design recommendations and hinders the broader
adoption of geotechnical seismic isolation in engineering practice.

A comparison of the present results with the extensive studies conducted by Japanese
researchers after the 1995 Kobe earthquake shows a strong consistency in the understanding of
seismic damage mechanisms associated with near-fault ground motions and soil amplification effects.
Japanese investigations demonstrated that severe structural damage was largely caused by amplified
ground motions and velocity pulses, particularly in areas with soft soil deposits. The results of this
study complement these findings by showing that geotechnical seismic isolation in the form of
engineered soil cushions can effectively reduce the transmission of such amplified motions to the
structure. By dissipating part of the seismic energy within the soil mass, the proposed approach leads
to lower acceleration demands at both the foundation and superstructure levels. This suggests that, in
addition to traditional structural strengthening strategies widely adopted in Japan, purposeful
modification of soil-structure interaction represents a practical and cost-effective lesson derived from
the Kobe earthquake for improving seismic resilience in similar seismically active regions (Nishino
et al., 2025).
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The present study addresses this gap by performing numerical modeling of buildings equipped
with geotechnical seismic isolation in the form of soil cushions composed of different geomaterials.
The central hypothesis of the research is that appropriately configured artificial foundation layers can
significantly reduce seismic accelerations and settlements while maintaining acceptable foundation
loads. The main objective is to evaluate the influence of geometric and physical-mechanical
parameters of soil cushions, including material type, thickness, plan dimensions, and geogrid
reinforcement, on the dynamic response of a building subjected to seismic excitation. The adopted
strategy is based on finite element modeling of the integrated “building—foundation—soil” system
under input ground motion represented by a real earthquake accelerogram.

By clarifying the mechanisms through which soil cushions modify seismic response and by
identifying efficient configurations of geotechnical seismic isolation, this study aims to contribute to
the development of cost-effective and reliable seismic protection solutions. The results are intended
to support design decisions, reduce uncertainties in foundation modeling under seismic loading, and
expand the practical applicability of geotechnical seismic isolation in seismically active regions.

2 LITERATURE REVIEW

The One of the key priorities of modern structural and geotechnical engineering is ensuring the
seismic resistance of buildings and structures located in regions with elevated seismic hazard. Under
conditions of increasing urbanization, intensive development of seismically active territories, and the
tightening of regulatory requirements, the need to develop and implement new and effective methods
for protecting structures against seismic actions becomes particularly critical. Destructive
earthquakes of recent decades, such as the Sichuan earthquake (2008), the Hattibe earthquake in
Indonesia (2018), and the Turkey earthquake (2023), have clearly demonstrated that conventional
approaches to seismic-resistant design require substantial reconsideration, with special emphasis on
soil-structure interaction and the dynamic behavior of soils.

Among innovative methods for mitigating seismic impacts on buildings, increasing attention in
recent years has been directed toward geotechnical seismic isolation (GSI) systems. These systems
are capable of partially reflecting, absorbing, or transforming seismic waves before they reach the
foundation of a structure, while also exhibiting sufficient reliability and efficiency during construction
and operation.

Analytical studies by (Feng & Sutter, 2000; Senetakis et al., 2012) on the design of
geotechnical seismic isolation systems have attracted significant scientific interest and highlighted
the need for further experimental and numerical investigations to facilitate the broader
implementation of GSI systems in engineering practice (Moldamuratov et al., 2023).

According to previous studies, the effectiveness of GSI systems depends on a wide range of
factors, including vertical, inclined, or horizontal configuration, rectangular or circular geometry,
distance from the protected structure, as well as the thickness and depth of installation. A crucial role
in the reliability and technological efficiency of GSI systems is played by the materials used beneath
the foundation, including sand, gravel, and stone pebbles, rubber—soil mixtures (RSM), geofoam, and
geosynthetic materials.

In recent years, a growing body of research has focused on experimental and numerical
investigations of the effectiveness of various configurations of geotechnical seismic isolation in the
form of soil cushions composed of different geomaterials (Forcellini, 2020; Tsiavos et al., 2020;
Xiong et al., 2011).

The relevance of this study is oOycnosnena the need to enhance the reliability and stability of
buildings in seismically hazardous regions while simultaneously reducing the costs associated with
the implementation of engineering protective measures. The application of geotechnical seismic
isolation (GSI) methods offers new opportunities in the design of foundations and substructures and
expands the range of available passive seismic protection solutions (Aldakhov et al., 2025).
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The primary objective of the numerical modeling conducted in this study is to evaluate the
influence of geometric and physical-mechanical parameters of geotechnical seismic isolation (GSI)
in the form of soil cushions on the dynamic response of buildings subjected to seismic loading. In
particular, the study aims to investigate how variations in the thickness, composition, configuration,
and position of the isolation layer within the foundation soil mass affect the level of seismic inertial
forces transmitted from the ground to the building foundation (Alenov et al., 2025; Bessimbayev et
al., 2022; Okanov et al., 2025).

The relevance of this problem formulation is further justified by the fact that, in seismically
active areas—especially those characterized by alluvial, water-saturated, and stratified soils—traditional
calculation schemes based on a simplified “rigid base” assumption lose their reliability
(Moldamuratov et al., 2024). In such cases, the role of wave propagation dynamics within the soil
medium becomes significantly more pronounced, necessitating the transition to modeling the
“building—foundation—seismic medium” system as a single interacting system (Banovi¢ et al., 2020;
Chen et al., 2025).

3 MATERIALS AND METHODS

The research methods include theoretical analysis, numerical modeling using the finite element
method implemented in PLAXIS 2D, interpretation of the obtained results, and elements of
comparison with data from engineering practice.

For the numerical simulations conducted in this study, the PLAXIS 2D software package
(v.2023) was selected as one of the most widely used and scientifically validated tools in the field of
soil dynamics and seismic process modeling (S.E. Nietbay et al., 2024; Shadkam et al., 2024).

The study adopts a comprehensive approach to evaluating the effectiveness of various types of
geotechnical seismic isolation, considering variations in material composition, geometry, and depth
of installation. Particular attention is given to modeling the behavior of the isolation layer using the
finite element method within the PLAXIS environment, which enables the consideration of soil
nonlinearity, contact interaction characteristics, and scenario-based seismic loading conditions
(Ilyassova et al., 2025; Moldamuratov et al., 2025).

The analyzed structure is a 10-story building with a total height of 39 m and plan dimensions
of 15.5 x 27 m. The structural system is a frame—shear wall system consisting of a monolithic
reinforced concrete frame with stiffness diaphragms. The foundation is a raft slab with a thickness of
1.2 m, constructed from B25-grade concrete.

The geological profile of the modeled soil mass is represented by a two-layer stratified system:
the upper layer consists of fill sand with a thickness of up to 3 m; the lower layer is fine sand of
medium density, ranging from slightly moist to fully water-saturated, with a thickness of up to 12 m
(deformation modulus approximately 19.9 MPa and density of 1.88 g/cm?).

The total depth of the modeled soil domain is 40 m, with a horizontal extent of 150 m. These
dimensions were selected to eliminate the influence of wave reflections from the model boundaries
on the behavior of the system in the central region. Model parameters were defined to satisfy quasi-
linear wave attenuation conditions at the lateral boundaries.

Seismic loading was applied in the form of horizontal acceleration imposed at the bottom
boundary of the computational domain using a recorded accelerogram of the Kobe earthquake (1995)
(Figure 1), with a magnitude of 6.9 (7.3 on the Richter scale), scaled to a design peak ground
acceleration of 0.25 g. The duration of seismic excitation was 20 s. The use of a real earthquake
accelerogram, rather than an idealized or synthetic seismic input, ensures a more realistic
representation of ground motion characteristics, including frequency content, amplitude variability,
and duration effects, which cannot be fully captured by simplified model earthquakes. This approach
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allows for a more reliable assessment of structural response under seismic loading conditions
representative of regions with seismic intensity levels of 8-9 according to the MSK-64 scale.
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Dynamic multiplier (acceleration)

0,00 10,0 200 30,0 40,0
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v — Multiplier v — Transformed multiplier

Accelerations v

Figure 1 — Accelerogram of the Kobe earthquake (1995) (author’s material)

Task 1. The first stage of the study involved calculating the settlement of the natural foundation
and determining the acceleration response at the foundation level and at the top of the building under
the prescribed seismic excitation based on the Kobe earthquake accelerogram. In addition, the
possible increase in foundation loading under seismic actions was assessed. Numerical simulations
were performed using the finite element method within an integrated “soil-foundation—structure”
system, which enables realistic modeling of soil-structure interaction under dynamic loading
conditions. The adopted computational scheme is shown in Figure 2.

e @

e se o

Figure 2 — Numerical model (computational scheme) (author’s material)

The results of the static analysis indicate that the calculated settlement of the natural foundation
reaches 141 mm, which exceeds the allowable limits specified by relevant design codes. Such
excessive settlement confirms the insufficient bearing performance of the natural foundation under
the considered loading conditions and highlights the necessity of implementing seismic protection or
foundation improvement measures. The calculated foundation settlement is illustrated in Figure 3.
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Figure 3 — Foundation settlement (141 mm) (author’s material)

The foundation settlement under the design load exceeds the allowable code limits. The
dynamic response analysis demonstrates a pronounced amplification of seismic effects along the
height of the structure. The peak horizontal acceleration at the foundation level reaches 1.96 m/s?,
while the acceleration at the top of the building increases to 3.04 m/s®. This increase indicates
significant transmission and amplification of seismic energy from the foundation to the
superstructure, which may lead to elevated inertial forces and structural damage. The acceleration
time histories at the foundation level and at the top of the building are presented in Figure 4(a) and
Figure 4(b), respectively.
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Figure 4 — Acceleration at the foundation level (1.96 m/s?) (a) and
Acceleration at the top of the building (3.04 m/s?) (b) (author’s material)

The acceleration at the top of the building exceeds the acceleration at the foundation level by
approximately 35%, which may adversely affect the overall structural reliability and increase seismic
demands on the load-bearing elements. Task 2. The second stage of the study focuses on investigating
the effectiveness of soil cushions composed of different geomaterials, including coarse-grained sand,
pebble gravel, and crushed stone. For all variants, a soil cushion thickness of 3 m was adopted, while
the plan dimensions of the cushion were taken as 1.5A relative to the building width A. For the case
of a coarse sand cushion, the numerical model of the integrated “soil-foundation—structure” system
is shown in Figure 5.

213



QazBSQA Xatapusbicbl. Ned (98), 2025. KypbLibic

000

Figure 5 — Numerical model (coarse sand cushion) (author’s material)

The physical and mechanical properties assigned to the coarse-grained sand layer in the
numerical model were determined based on representative laboratory and reference data. These
parameters govern the stiffness, strength, and damping behavior of the soil cushion under seismic
loading conditions and are summarized in Figure 6.

General Parameters Groundwater Thermal Interfaces [Initial

Property Unit Value
Stiffness
E' kN/fm?2 45,00E3
v (nu) 0,3000
Alternatives
G kN/m2 17,31E3
Eped ki/m?2 60,58E3
Strength
€ ot kN/m?2 0,000
@' (phi) = 30,00
w (psi) - 0,000
Velocities
v, m/s 92,14
v m/s 172,4

Figure 6 — Physical and mechanical properties of sand (author’s material)

The results of the static analysis demonstrate that the introduction of a coarse sand soil cushion
leads to a noticeable reduction in foundation settlement. The calculated settlement decreases to —129
mm, which is significantly lower compared to the natural foundation case and indicates improved
load distribution and deformation control. The corresponding settlement pattern is illustrated in
Figure 7.
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Figure 7 — Foundation settlement (—129 mm) for the coarse sand cushion (author’s material)

The dynamic response analysis shows a substantial decrease in horizontal accelerations after
introducing the coarse sand cushion. The peak acceleration at the foundation level is reduced to 1.595
m/s?, while the acceleration at the top of the building decreases to 2.922 m/s?. These results confirm
the damping effect of the soil cushion and its ability to attenuate seismic energy transmitted to the
superstructure. The acceleration responses are presented in Figure 8(a) and Figure 8(b).
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Figure 8 — Acceleration at the foundation level (1.595 m/s?) (a) and
Acceleration at the top of the building (2.922 m/s?) (b) (author’s material)

An assessment of the foundation loading indicates that the introduction of the soil cushion
affects the stress state of the foundation under seismic conditions. The foundation pressure under the
main load combination is 18.7 t/m?, while under the special (seismic) load combination it increases
to 20.5 t/m?. This increase reflects the influence of seismic actions and should be considered in
foundation design. The distribution of foundation loads for both load combinations is shown in
Figure 9(a) and Figure 9(b).
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Figure 9 — Foundation load under the main load combination: 18.7 t/m? (a)
Foundation load under the special (seismic) load combination: 20.5 t/m? (b) (author’s material)

For the pebble gravel cushion, a numerical model of the integrated “soil-foundation—
structure” system was developed to evaluate its seismic performance. The adopted computational
scheme reflects the geometric configuration of the building, foundation, and isolation layer and is
presented in Figure 10.

Figure 10 — Numerical model (pebble gravel) (author’s material)

The physical and mechanical properties assigned to the pebble gravel material were selected to
represent its stiffness, strength, and damping characteristics under dynamic loading conditions. These
parameters govern the seismic response of the isolation layer and are summarized in Figure 11.
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General Parameters Groundwater Thermal Interfaces Initial

Property Unit Value
Stiffness
E kM /m2 60,00E3
v' (nu) 0,3000
Alternatives
G kMN/m2 23,08E3
E g ki/m?2 80,77E3
Strength
€ ref kM /m 2 10,00
@' (phi) ° 20,00
w (psi) = 0,000
Velocities
v, m/s 101,49
v m/s 189,8

Figure 11 — Physical and mechanical properties of pebble gravel (author’s material)

The results of the static analysis indicate that the use of a pebble gravel cushion leads to a
foundation settlement of —125.57 mm, which is slightly lower than that obtained for the coarse sand
cushion. This reduction demonstrates the higher stiffness and improved load-bearing behavior of the
pebble gravel layer. The calculated settlement distribution is shown in Figure 12.
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Figure 12 — Foundation settlement (—125.57 mm) (author’s material)

The dynamic response analysis reveals a further decrease in horizontal accelerations compared
to the coarse sand case. The peak acceleration at the foundation level is reduced to 1.437 m/s?, while
the acceleration at the top of the building decreases to 2.754 m/s?. These results confirm the enhanced
seismic attenuation capacity of the pebble gravel cushion. The acceleration responses at the
foundation level and at the top of the structure are illustrated in Figure 13(a) and Figure 13(b),
respectively.
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Figure 13 — Acceleration at the foundation level (1.437 m/s?) (a)
and Acceleration at the top of the building (2.754 m/s?) (b) (author’s material)

An assessment of foundation loading shows that the foundation pressure under the main load
combination reaches 20.3 t/m?, while under the special (seismic) load combination it slightly
increases to 20.4 t/m?. The relatively small difference between these values indicates a stable load
response of the foundation system when subjected to seismic excitation. The corresponding
foundation load distributions are presented in Figure 14(a) and Figure 14(b).
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Figure 14 — Foundation load under the main load combination: 20.3 t/m? (a) and
foundation load under the special (seismic) load combination: 20.4 t/m? (b) (author’s material)

b

For the crushed stone cushion, a numerical model of the integrated “soil-foundation—structure’
system was developed to assess its seismic performance. The adopted computational scheme reflects
the geometric configuration of the building, foundation, and isolation layer and is presented in Figure

15.
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Figure 15 — Numerical model (computational scheme) (author’s material)

The physical and mechanical properties assigned to the crushed stone material were selected to
represent its stiffness, strength, and deformation characteristics under dynamic loading conditions.
These parameters play a key role in defining the seismic response of the foundation system and are
summarized in Figure 16.

General Parameters Groundwater Thermal Interfaces Initial

Property Unit Value
Stiffness
E kiNfm2 100,0E3
v' (nu) 0,3000
Alternatives
G kiNfm2 38,496E3
Eged kN/m? 134,6E3
Strength
C of kiNfm2 10,00
@' (phi) = 20,00
w (psi) o 0,000
Velocities
v, mfs 131,0
v mfs 245,0

Figure 16 — Physical and mechanical properties of crushed stone (author’s material)

The results of the static analysis indicate that the foundation settlement for the crushed stone
cushion reaches —126 mm. This value is comparable to those obtained for the coarse sand and pebble
gravel cushions, indicating a similar level of deformation control under static loading conditions. The
calculated settlement distribution is shown in Figure 17.
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Figure 17 — Foundation settlement (—126 mm) (author’s material)

The dynamic response analysis shows that the peak horizontal acceleration at the foundation
level reaches 1.676 m/s?, while the acceleration at the top of the building increases to 2.896 m/s2.
Compared to the other geomaterials considered, the crushed stone cushion exhibits slightly higher
acceleration values at the superstructure level, reflecting differences in stiffness and energy
dissipation capacity. The acceleration responses are illustrated in Figure 18(a) and Figure 18(b).
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Figure 18 — Acceleration at the foundation level (1.676 m/s?)(a) and
acceleration at the top of the building (2.896 m/s?) (b) (author’s material)

An assessment of foundation loading reveals that the foundation pressure under the main load
combination reaches 22.7 t/m?. Under the special (seismic) load combination, the foundation load
decreases to 17.8 t/m?, indicating a redistribution of stresses within the foundation system during
seismic excitation. The corresponding load distributions are presented in Figure 19(a) and Figure
19(b).

220



QazBSQA Xatapusbicbl. Ned (98), 2025. KypbLibic

S0 W S 40 50 1w SN M B R
Bl bbb b e e bbb e el

o

= O
Ea

]

]
]
=

&

]

H

il
B
T

o

%%ﬁ

Axial forces N (scaled up 0,0500 times) Axlal forees N (scaled up 0,0500 times) (Time 10,00 5)

wludialinihn
b
8 ]

calunl i
g F
[l

B

Maximum value =-32,23 kN/m (Element 138 at Node 4469) Mapdmum value = -80.01 kN/m (Element 139 at Node 4512)

Iinimum value = -227,9 kiN/m {Element 143 at Node 4311) Minimum value = -178,2 kN'm (Element 144 at Node 4940)

Figure 19 — Foundation load under the main load combination: 22.7 t/m? (a) and
foundation load under the special (seismic) load combination: 17.8 t/m? (b). ) (author’s material)

A comparative analysis of all three soil types shows that the foundation settlement values are
nearly identical, with only minor differences observed. The lowest settlement was recorded for the
pebble gravel cushion, while the crushed stone cushion exhibited an acceleration at the top of the
building that was approximately 5% higher than the corresponding values obtained for the other
geomaterials. Task 3. The next stage of the study investigates the seismic response of the building
when a soil cushion reinforced with geogrid interlayers is introduced. A configuration consisting of a
coarse sand cushion reinforced with geogrids placed at depths of 1 m and 2 m within the soil cushion
was considered for further numerical analysis.

To further enhance the seismic performance of the soil cushion, a configuration consisting of
coarse sand reinforced with two geogrid layers was investigated. The numerical model of the
integrated “soil-foundation—structure” system, incorporating geogrid layers placed at depths of 1 m
and 2 m within the soil cushion, is presented in Figure 20.

Figure 20 — Numerical model of the coarse sand cushion reinforced with two geogrid layers ) (author’s material)

The main physical and mechanical characteristics of the geogrid reinforcement adopted in the
numerical analysis were selected to represent its tensile stiffness and interaction with the surrounding
soil. These parameters govern the load transfer and stress redistribution mechanisms within the
reinforced soil cushion and are shown in Figure 21.
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Mechanical

Property

Thermal

Unit

Value

Material set

Identification MeoceTka

Comments

Colour RGB 253, 255,0
Material type Elastic

Properties
Isotropic
EA; kiN/m 3000
EA, ki/m 3000

Figure 21 — Characteristics of the geogrid layers ) (author’s material)

The results of the static analysis indicate that the introduction of geogrid layers leads to a
noticeable improvement in foundation performance. The calculated foundation settlement is reduced
to —114 mm, which is approximately 10% lower compared to the unreinforced coarse sand cushion.
This reduction demonstrates the effectiveness of geogrid reinforcement in controlling deformations
of the foundation system. The corresponding settlement distribution is illustrated in Figure 22.
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Figure 22 — Foundation settlement (—114 mm) for the coarse sand cushion reinforced with geogrid layers ) (author’s
material)

The dynamic response analysis reveals a further reduction in seismic accelerations due to the
combined effect of the soil cushion and geogrid reinforcement. The peak horizontal acceleration at
the foundation level decreases to 1.389 m/s?, while the acceleration at the top of the building is
reduced to 2.585 m/s?. These results confirm the enhanced damping capacity of the reinforced soil
cushion. The acceleration responses are presented in Figure 23(a) and Figure 23(b).
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Figure 23 — Acceleration at the foundation level (1.389 m/s?) (a) and
acceleration at the top of the building (2.585 m/s?) (b) ) (author’s material)

A reduction in acceleration is observed for the foundation system reinforced with geogrid
layers. An assessment of foundation loading shows that the foundation pressure under the main load
combination reaches 21.0 t/m?. Under the special (seismic) load combination, the foundation load
increases to 24.9 t/m? reflecting the mobilization of additional forces within the reinforced soil
system during seismic excitation. The corresponding load distributions are shown in Figure 24(a)
and Figure 24(b).
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Figure 24 — Foundation load under the main load combination: 21.0 t/m? (a) and
foundation load under the special (seismic) load combination: 24.9 t/m? (b) ) (author’s material)

An analysis of internal forces in the geogrid layers indicates that tensile forces reach 2.509
kN/m under the main load combination and increase significantly to 46.49 kN/m under seismic
loading. This substantial increase highlights the active role of geogrid reinforcement in stress
redistribution and energy dissipation within the soil cushion during seismic excitation. The
distribution of tensile forces in the geogrid layers is illustrated in Figure 25(a) and Figure 25(b).
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Figure 25 — Forces under the main load combination: 2.509 kN/m (a) and
forces under the special (seismic) load combination: 46.49 kN/m (b) ) (author’s material)

4 RESULTS AND DISCUSSION

The numerical simulation results clearly demonstrate that the thickness and spatial dimensions
of the soil cushion play a decisive role in governing the seismic response of the “foundation—
structure” system. For a soil cushion width equal to 1.5A (where A is the building width), a consistent
reduction in foundation settlement is observed as the cushion thickness increases (Figure 26). This
trend is associated with the redistribution of stresses within the foundation soil and the increased
ability of the isolation layer to accommodate deformations induced by seismic loading.

The analysis indicates that the optimal soil cushion thickness for the considered building
configuration lies in the range of 2.5-3.0 m. Within this interval, foundation settlements remain below
the allowable design limits prescribed by relevant standards, ensuring acceptable serviceability
performance. Further increases in cushion thickness beyond this range result in only marginal
reductions in settlement, indicating diminishing returns in terms of settlement mitigation efficiency.
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Figure 26 — Relationship between foundation settlement and soil cushion thickness ) (author’s material)

At the same time, the results reveal an important counteracting effect: under seismic loading
conditions, an increase in soil cushion thickness leads to an increase in foundation loads, as shown in
Figure 27. This increase reaches approximately 10% compared to the reference case and is attributed
to changes in stiffness contrast and inertial force redistribution within the isolation system. The soil
cushion, while reducing accelerations and deformations, participates actively in the transmission of
vertical and horizontal forces to the foundation slab.
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From a design perspective, this finding is of critical importance. It suggests that the beneficial
effects of soil cushions on seismic response must be balanced against the associated increase in
foundation loads. Accordingly, when implementing geotechnical seismic isolation in the form of soil
cushions, the normative design loads for foundations should be increased by approximately 10-20%
to account for seismic effects and to maintain an adequate margin of structural safety.
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Figure 27 — Relationship between foundation load and soil cushion thickness ) (author’s material)

An analysis of acceleration records at the foundation level and at the top of the building further
confirms the effectiveness of increasing soil cushion thickness. As illustrated in Figure 28, a
pronounced reduction in horizontal acceleration amplitudes is observed at the foundation level with
increasing thickness of the isolation layer. This reduction reflects the ability of the soil cushion to act
as a filtering medium, attenuating high-frequency components of seismic motion before they are
transmitted to the structure.

A similar trend is observed at the top of the building, where both acceleration amplitudes and
displacement demands decrease as the thickness of the soil cushion increases. This behavior indicates
a reduction in inertial forces acting on the superstructure and, consequently, a lower demand on
structural elements. The observed response can be explained by the transformation of seismic waves
as they propagate through the soil cushion, during which part of the seismic energy is dissipated due
to material damping and the development of inelastic (plastic) deformations within the isolation layer.
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Figure 28 — Dependence of acceleration on soil cushion thickness ) (author’s material)
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Overall, the results demonstrate that properly designed soil cushions not only reduce foundation
settlement and seismic accelerations but also modify the dynamic characteristics of the soil—structure
system. The combined effect leads to a more favorable seismic response, characterized by lower
acceleration demands, reduced displacements, and controlled stress redistribution. These findings
highlight the importance of optimizing both the thickness and plan dimensions of soil cushions in
geotechnical seismic isolation systems to achieve an optimal balance between seismic performance
improvement and foundation load capacity.

5 CONCLUSIONS

1. The numerical analysis demonstrated that the introduction of a damping layer with a
thickness of 1.5-2.0 m between the foundation base and the underlying soil allows: a reduction in
peak horizontal acceleration (PGA) by 35-47%; a decrease in the maximum horizontal displacements
at the top of the building by 30-42%; localization of deformations within the isolation layer; a
reduction in the risk of accumulation of plastic deformations in the foundation soil.

2. The study showed that the highest efficiency is achieved by combined solutions
incorporating sand—gravel mixtures and geosynthetic interlayers. It was established that the isolation
layer should have a horizontal or slightly stratified configuration, with a width of 1.2—1.5 times the
foundation width and placement directly beneath the foundation base.

3. The practical significance of the study lies in the fact that the proposed solutions can be
integrated into standard design practices, applied in the retrofitting of existing buildings, and adapted
to various geotechnical conditions.

4. An analytical comparison of the costs associated with soil-based isolation and conventional
seismic protection methods (such as rubber—metal bearings, pendulum-type isolators, and the
integration of structural dampers) indicates that the cost of implementing a soil isolation layer
typically ranges from 12% to 20% of the total foundation construction cost. In contrast, the
installation of structural seismic isolation systems increases the overall project budget by
approximately 25-35%. Thus, even in the most cost-intensive configurations (e.g., those employing
rubber—sand mixtures and geosynthetics), the expenses associated with geotechnical seismic isolation
(GSI) are 30—40% lower than those of structural isolation systems while providing a comparable
reduction in inertial seismic loads.

5. Numerical modeling of geotechnical seismic isolation (GSI) for buildings confirms the high
effectiveness of the proposed approach and supports its integration into modern engineering practice
as an affordable, reliable, and adaptive technology for mitigating seismic risks.
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