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Abstract. The article is devoted to the problems of assessing seismic vulnerability and
ensuring the seismic resistance of buildings in earthquake-prone regions. The threat of
destructive earthquakes necessitates comprehensive studies of building seismic performance
and the development of methods to enhance it. One of the approaches to improving seismic
resistance is the strengthening of foundation soils. The study examines a method for
reinforcing soils with relatively weak seismic properties by means of geosynthetic materials.
The paper presents the results of an experimental investigation of the seismic performance of
a building model founded on soil reinforced with geogrid. The experiment was conducted
using a shaking table that simulated dynamic loading in the form of seismic vibrations. A
specially fabricated small-scale model of a single-storey masonry building was used as the
test object. The foundation soil was prepared from local loam. Accelerograms along the X Y
Z axes were recorded using sensors installed on the model and processed with ZET LAB
software. To evaluate the effect of geosynthetic reinforcement on soil settlement under
dynamic loading simulating earthquake action, measurements of foundation settlement were
carried out at each stage of the experiment. The results of the study demonstrated the
effectiveness of geogrid-reinforced soil in improving soil strength and reducing settlement.
The analysis of the recorded accelerograms allowed conclusions to be drawn regarding the
feasibility and efficiency of applying this soil reinforcement method to low-rise buildings to
reduce seismic vulnerability in areas of elevated seismic risk.

Keywords: seismic vulnerability, seismic resistance, soil reinforcement, geosynthetics,
foundation reinforcement.

*Corresponding author
Nataliya Surovtseva, e-mail: natali.s71(@mail.ru

https://doi.org/10.51488/1680-080X/2026.1-21
Received 12 November 2025; Revised 20 January 2026; Accepted 18 February 2026

311


mailto:natali.s71@mail.ru
https://doi.org/10.51488/1680-080X/2026.1-21
https://orcid.org/0009-0004-0782-400X
https://orcid.org/0000-0003-1680-6458
https://orcid.org/0000-0001-8138-332X

Bulletin of the Kazakh Leading Academy of Architecture and Civil Engineering. Nel (99), 2026. Construction

90X 699.841
FTAMP 67.11.59
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BEKIMAEJII'EH TYPAKTbI TOIIBIPAKTAPJIAY bl KYPbL/IbIC
MOAEJITHIH CEUCMHUKAJIBIK OCAJIABIJIBIT' BIH
IJKCIIEPUMEHT APKbBUJIbBI BEPTTEY

H.B. CypoBueBa'?*2 T, Agakanos*™ I M. Hurmeros?

ICeitcMonorusambIK 6aiikay ’xoHe 3epTTeyyiep YITTHIK FUIBIMU OpPTANIBIFbL,

050060, Anmartsl, KazakcTan

2Xanbikapaisk 6i1iM 6epy kopropamuscel, 050043, Anmarsr, Kazakctan

3 A3aMaTThIK KOPFaHBIC oHE TOTEHIIE Karailaap sKeHiHAer OYKiIpeceilik FELIbIMU-3epTTey
uHcTuTyThl 121352, Mackey, Peceit

AngaTna. byn makanaoa cetucmMukaiblk 0CaloblKmbl 0A2ANAY HCIHE CeUCMUKATbIK
Kayinmi aumaxmapoagvl UMapammapobly CeucMUKaublK mo3iMOLNiciH KAMmMamacsl3 emy
Macenenepi Kapacmulpvligan. [lecmpykmuemi dcep CIIKIHICIHIY KaAyni eumapammapobwly
celicMUKanvlK moe3imMoinicin sepmmeyoi Hcane OHblL dcaKcapmy 20icmepin 23ipneyoi Kaxcem
emeoi. fumapammapoviy celicMuxkanvlk me3imoiniein apmmuipyosiy OIip 20ici SUMapammuly
ipeemacviH0aebl MONbIPAKmMyl Hbvl2atimy Oobin mabwliaovl. byn scymvic canvicmulpmansl
mypoe aici3 CeucMUKaIvlk monvipakmaposl. byn maxanada eeocpuonen KywieumineeH
MONvIPaK ipeemacblHOagbl UMAPam MOOEIHIY CEUCMUKAbIK MO3IMOLIIcIH Mmadicipubenix
3epmmey Homudicenepi Oepineen. IKcnepumenm CeucMUuKanvlk mepbenicmepze yKcac
OUHAMUKATILIK  acepliepOl  UMUMAYUSAAUMbIH  CEUCMUKALBIK NAAM@opmaoa Hcypeizinoi.
3epmmey mvicamvl peminoe Manceipvlc OOUbIHWA Oip Kabammvl OJOKMbl UMAPAMMbIY
wageln Keiemoi maxemu naudananvliovl. Tonwvipax ipeemacwsl dkcepeinikmi caz0aw
arcacanzan. Mooenvee opnamulizan cencopnapowl sxawne apnativl ZET LAB 6agoapramanviy
Kypaneli nauoananvin, XYZ ocomepi OOUbIHWA aKcelepocpammanap xHcaswvliovl. Kep
CITKIHICIH  UMUMAYUALQUMBIH  OUHAMUKALBLIK acepee  OatilanblCmbl  2e0CUHMEemUKanblK
apMamypaHvly, MonvipaKmoly uezyine acepin manoay yuin maxicipubeniy apoip KezeHinoe
Jrcep acmvl KabOamulHblY WOIHOINEPIHIY oauemoepi Hcypeizinoi. 3epmmey eeocpuonen
KyuietimileeH MONbIPAKMbIY, MONLIPAKMbL  HbI2aUmyoa JicoHe we2yoi  asaumyoagvl
muimoiniein ~ kepcemmi.  Akcenepoepammanapovl  manday — CEUCMUKANLIK — Kayinmi
auMaKkmapoa ceucMuKaibl OCaniOblKmyvl dA3aumy YWiH a3 Kkabammosl eumapammapobiy
MONvIPAK ipeemacvlH HuI2AUMYOblY 0Cbl JO0ICIH KOJNOAHYObIH MYMKIHOI2I MeH Muimoiniei
Mypansl KOPbIMbIHObL HCACAYEA MYMKIHOIK 6epOi.

Tyillin ce3mep: celicMukanvly 0canodblK, CEUCMUKANLIK MO3IMOLIIK, MONbIPAKMbL
HbI2AUMY, 2e0CUHMEMUKA, ip2emacmapobl Hbl2aunty.
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_ SKCHHEPUMEHTAJIBHBIE HCCJIIETJOBAHUAA
CEMCMHUYECKOMU YA3BUMOCTHU MOIEJIA 3TAHUA
HA YHHPOUHEHHBIX 'PYHTAX

H.B. CypoBueBa'?*2 T, Agakanos*™ I M. Hurmeros?

"HarmonanpHbrit Hay4YHBIN IICHTP CEHCMOIOTMYEeCKUX HAOTIONCHUI

n uccnegosanuii, 050060, Anmarel, Ka3zaxcran

2MexyHaponHas obpasoBarenbHas kopropamus, 050043, Anmarsl, Kazaxcran
3Beepoccuiickuii HayuHO-HCCIe10BaTeNbCKHil HHCTUTYT MO IpodieMaM
rpax/a1aHcKoi 000pOHBI U Ype3BbIYaHbIX cuTyauui, 121352, Mocksa, Poccus

AHHoTanusi. Cmamus nocesujena npooremam OoyeHKU CerucMudeckol ysAa36UmMocmu u
obecnedenusi  CelUCMOYCMOUYUBOCIU 30AHULL 8 CeLCMOONACHBIX pecuoHax. Yeposa
DPA3PYUUMENbHBIX — 3eMIempsceHull 8bl3bl8aAEM HeobXx00UMOCmb uccneo0o8anull
celicMoycmoudugocmu 30anuil u paspabomru memooos eé nosviueruss. OOHuM u3 cnoco6os
NOBBILUEHUS CEUCMOYCMOUYUBOCMU 30AHULL S8NIAEMCs YCUNeHUe 2PYHMO8 8 UX OCHO8aHuu. B
pabome paccmomper Memoo yCUleHUsi OMHOCUMENbHO CLabbIX NO CeUCMUYECKUM C8OUCMBAM
CPYHMO8 apMUpOBAHUEM 2e0CUHMEemUYecKuM mamepuaiom. B cmamve npusedensvi
pe3yibmamsl IKCHEPUMEHMATLHO20 UCCIe008AHUSL CEUCMOYCMOUYUBOCIU MOOeNU 30AHUS HA
VCUTIEHHOM — 2e0CemKOU  2PYHMOBOM  OCHO8AHUU. IDKCnepumenm Obll nposedeH Ha
ceticmoniamghopme, umumupyiouel OUHAMU4ecKoe 8030elcmeaue no Mmuny CelucmMuiecKux
Konebanuu. B kauecmse obvekma uccnedosamus Oblld UCNONL308AHA  CHREYUANbHO
U320MOBIEHHASL MENKOMACUMAOHOU MOOeb 00HOIMANCHO20 O104H020 30anus. I pynmogoe
ocHosaHnue OvLI0 chopmuposano u3z cyenunkos. C nOMOwbIO 3aKPENnieHHbIX HA MOOenu
oamuukog u npoepammuoz2o obecnevenusi ZET LAB, Owviiu npoussedenvl 3anucu
akcenepocpamm no ocam XYZ. /[na ananuza enusHus 2e0CUHMeEMu4ecKo20 apMuposanus Ha
0CaoKy epyHma 6 ciedcmaue OUHAMULECKO20 8030eUCMBUsL, UMUMUPYIOUe20 3eMlempsceHue,
NPOBOOUNUCL 3AMEPbl HA Kaxcoom smane dKkcnepumenma. llpoeedennoe uccnedosanue
NPOOEMOHCMPUPOBATLO IPDEKMUBHOCTb APMUPOBAHUSL 2e0CEMKOL 2PYHMA 0I5 €20 YCUNeHUs
U CHUdCEeHUs npocadoyHocmu. AHanu3 axcenepocpamm no3601UNL COeNams 6bl800bL O
yenecoobpasHocmu u d¢)hekmusHocmu NPUMeHeHUs: OaHHO20 Memood YCULEHUs. 2PYHMOBbIX
OCHOBAHUL HEBbICOMHBIX 30AHUL Ol CHUMCEHUS CelUCMUYECKOU YA36UMOCMU 6 30He
NOBBIUEHHO20 CEUCMUYECK020 PUCKA.

KuarwueBble ¢ji0Ba: ceucmuyeckas ya3euUMOCmy, CEUCMOYCMOUYUBOCb, VCUTEHUE
2PYHMOB, 2e0CUHmemuyecKue Mamepuaisl, apMupo8arue 0OCHO8AHUL.
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1 INTRODUCTION

The main objective of earthquake-resistant construction is to minimize the risk of damage to
buildings and structures and to ensure the seismic safety of the population. This goal is achieved
through the use of seismic-resistant design solutions and the optimization of structural systems
(Abaeyv et al., 2020; Tuleyev et al., 2024). As research in the field of seismic design shows, the use
of multi-criteria approaches aimed at limiting damage and increasing the overall stability of buildings
can significantly reduce potential seismic losses (Harle et al., 2021). With the steady growth of urban
density and population concentration in earthquake-prone regions, the issue of protecting buildings
from seismic impacts is becoming increasingly relevant and requires a comprehensive scientific and
technical approach (An & Zhang, 2022; Olivares et al., 2021).

In areas with high seismic activity, special attention is given to minimizing potential damage to
buildings during strong earthquakes. Effective design in such conditions requires not only compliance
with standards, but also a comprehensive analysis of possible damage mechanisms, allowing
vulnerable areas of structures to be identified in advance and appropriate protective measures to be
developed (Al-Ansari & Senouci, 2020). Recent studies show that the use of comprehensive seismic
protection, including seismic isolation, damping, and optimization of structural solutions,
significantly increases building stability and reduces potential damage, thereby ensuring occupant
safety (Erdogan et al., 2023). The constant threat of destructive earthquakes necessitates systematic
research into the seismic vulnerability of buildings, as well as the development and implementation
of effective methods to reduce it at all stages of the life cycle of buildings and structures (Aldakhov
et al., 2025; Nigmetov et al., 2022). Thus, seismic risk assessment and the implementation of
innovative protection methods are becoming integral components of modern earthquake-resistant
construction.

To better understand damage mechanisms, it is necessary to study not only seismic resistance,
but also the behavior of buildings and structures under seismic loading (Kirgizbayeva et al., 2025).
Seismic vulnerability assessment and the justification of seismic resistance of structures can be
performed using both computational and experimental methods. Experimental studies represent an
essential source of information for the theory of seismic resistance of structures and the assessment
of their seismic vulnerability (Zito et al., 2022; Mendes et al., 2010). In some cases, they serve to
verify the validity of theoretical hypotheses and calculation methods, while in others, they allow key
dynamic characteristics of structures to be determined, such as acceleration, vibration frequency, and
damping decrements. Research can be conducted both in the field and in the laboratory, including the
use of seismic and vibration platforms, which enable detailed investigation of structural response to
seismic impacts of a given intensity (Xu et al., 2022). The main limitation of field testing lies in the
need to prepare a special test site capable of reproducing seismic loads close to real conditions on
actual structures, which is often constrained by high labor intensity and cost (Isakovi¢ et al., 2023).
It is therefore most convenient to test building models on seismic platforms, where various earthquake
scenarios can be simulated. Such tests are carried out when it is necessary to conduct a comparative
analysis of the behavior of different structural modifications and technical solutions under identical
seismic loading conditions. These studies allow partial characterization of complex physical
processes occurring in building structures under seismic loads, as well as consideration of their
interaction with foundation soils.

Many researchers have conducted studies aimed at reducing the seismic vulnerability of
buildings. Scientists in Kazakhstan have also made a significant contribution to this field of research.
For example, in 2024, a group of Kazakhstani scientists (Nietbay et al., 2024) investigated the
prospects of using geotechnical seismic isolation to reduce the vulnerability of buildings to seismic
effects, particularly architectural monuments. In their work, the authors emphasize the importance of
protecting cultural heritage and the potential of modern technologies under conditions of increased
seismic activity. The results of the experimental study showed that the use of geotechnical seismic
isolation is a promising approach in earthquake-resistant construction in Kazakhstan, as it
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significantly reduces soil seismicity at the building base, decreases the amplitude of seismic
vibrations, and increases the seismic safety and durability of structures.

One of the reliable methods for reducing soil seismicity and increasing the seismic resistance
of buildings and structures is the reinforcement of foundation soils. S.Zh. Jumadilova and co-authors
(Jumadilova et al., 2024) examined issues related to construction in seismically active regions on
weak, clayey, or subsiding soils. The authors studied the effectiveness of using the two-component
polyurethane material GEOPUR to enhance soil bearing capacity under laboratory and field
conditions.

Various reinforcement techniques are also applied to strengthen soil foundations in order to
increase bearing capacity and reduce settlement. In recent years, geosynthetics have been increasingly
adopted as reinforcing materials. This preference is explained by several advantages of geosynthetic
materials over traditional solutions: high durability, effective soil particle interaction, and long service
life. A review article (Al-Salamy et al., 2022) describes modern applications of geosynthetic
reinforcement for increasing soil bearing capacity. The authors emphasize that the use of
geosynthetics promotes more uniform stress distribution within the soil mass, improves particle
interaction, and reduces settlement, making them an effective alternative to conventional soil
reinforcement methods.

A group of researchers (Cai et al., 2022) conducted a series of laboratory experiments to
evaluate the effect of geogrid reinforcement on soil strength characteristics, obtaining data on soil—
reinforcement interaction for subsequent structural design. The study revealed that the mechanical
behavior of reinforced soil is largely governed by lateral confinement conditions and geogrid design
parameters. The results obtained clarify the mechanisms governing reinforced soil behavior and
support more informed design of geogrid-reinforced structures.

The article (Kleveko et al., 2021) presents the results of a study examining the influence of
geosynthetic reinforcement on the behavior of clay foundations. A series of laboratory and field tests
were conducted, analyzing changes in the stress—strain state of the foundation following
reinforcement. The results confirm the feasibility and effectiveness of using reinforcement in clay
soils.

Recent studies demonstrate that reinforcing soil foundations with geosynthetic materials
significantly enhances bearing capacity and structural stability under loading conditions. Scientists
(Zhao et al., 2024) showed that horizontal—vertical geogrids improve stress distribution and reduce
foundation deformation, resulting in a noticeable increase in bearing capacity.

Sanjay Kumar Shukla, in his book (Shukla, 2016), argues that, in addition to increasing bearing
capacity and reducing soil deformation, geosynthetic reinforcement provides damping effects that
mitigate dynamic loads. The author highlights the importance of this property when applying
geosynthetics to protect structures from mechanical, dynamic, and seismic impacts.

In the context of construction in earthquake-prone regions, the question arises about the
possibility and effectiveness of using this method in areas with increased seismic activity. For
example, Chilean researchers (Gonzalez et al., 2018) investigated a geogrid-reinforced soil wall
supporting the Las Gaviotas bridge following the 2010 Mw 8.8 earthquake in Concepcidn, Chile. The
study reported that the structure sustained no significant damage during the seismic event.

Kazakhstan is also actively exploring the application of geosynthetic materials under local soil
conditions. For instance, Zh.K. Kanatova and co-authors (Kanatova et al., 2024) conducted a series
of experiments analyzing the effect of geogrid installation on the strength of weak soils, with
particular emphasis on changes in physical and mechanical soil properties. The results indicate that
the use of geosynthetics represents a promising approach for reducing soil seismicity and improving
strength, deformation, and settlement characteristics.

Recent research confirms that geosynthetic reinforcement of soil foundations effectively
reduces settlement and deformation under seismic loading. Thus, the authors of the study (Toksoy &
Edincliler, 2022) demonstrated that reinforcing the sand cushion beneath a shallow foundation with
geosynthetic material significantly reduces lateral displacements and vertical settlements under
simulated earthquake loading. Hasen and Abbas (Hasen & Abbas, 2024) similarly reported that

316



Bulletin of the Kazakh Leading Academy of Architecture and Civil Engineering. Nel (99), 2026. Construction

geogrid reinforcement effectively reduces foundation settlement during seismic events, particularly
at lower acceleration levels.

The study (Zhou et al., 2025) examined the influence of geosynthetic reinforcement on the
seismic stability of sandy soils under mainshock and aftershock loading. Shaking table experiments
showed that geogrids reduce cumulative soil settlement by more than 50% compared to unreinforced
conditions. Reinforcement also alters deformation patterns, promoting more uniform load
distribution. These findings confirm the high effectiveness of geosynthetic reinforcement in
enhancing the seismic stability of soil foundations and engineering structures in seismically active
regions.

Despite the large number of studies on the use of geosynthetic reinforcement for soil
improvement, its effectiveness in earthquake-prone regions has not yet been sufficiently investigated.

2 MATERIALS AND METHODS

As part of this study, an experimental investigation was conducted to assess the seismic stability
of a model building founded on weak soil reinforced with geosynthetic material. The purpose of the
experiment was to study the behavior of the building model (oscillations and the effects of dynamic
loading simulating an earthquake) on a soil foundation made of local soils (loams), as well as the
effectiveness and feasibility of using geosynthetic reinforcement in construction in earthquake-prone
regions of Kazakhstan.

The experiment was conducted in two stages:

1. investigation of the seismic resistance of a building model on an unreinforced soil foundation;
2. investigation of the seismic resistance of a building model on a soil foundation reinforced
with geosynthetic material (geogrid).

The tests were carried out on a seismic platform in the earthquake-resistant construction
laboratory of the International Educational Corporation (IEC), which is designed to simulate dynamic
effects such as seismic vibrations (Figure 1).

Figure 1 — General view of three-component sensors (a) and the seismic platform (b) (author’s materials)

The seismic platform consists of a monolithic reinforced concrete foundation and a platform
for placing the building or structural model, with the foundation and platform connected by springs.
An electric motor mounted on the foundation is used to generate controlled dynamic loading.
Experiments on this seismic platform are conducted as follows: compact three-component seismic
sensors (accelerometers and seismometers) are installed and connected to the model in accordance
with the experimental objectives. The interaction of all structural components of the seismic platform

ensures three-dimensional controlled simulation of vibrations at the model placement site, closely
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approximating seismic loading conditions. A specific vibration level at the model placement site, as
well as controlled stopping of vibrations, is achieved using a control panel. Seismic vibrations are
recorded by seismic sensors connected to a computer, which processes the data using special ZET
LAB software and displays the vibrations of the site for placing the model of a building or structure,
as well as the vibrations of the models themselves in tabular or graphical form (Tuleshov et al., 2023).

Geogrid, one of the most commonly used types of geosynthetics, was selected as the reinforcing
material for the experiment. It is widely applied in construction projects where reinforcing elements
are subjected to significant tensile forces. Therefore, when designing structures reinforced with
geosynthetics, particular attention must be given to tensile strength characteristics. For this purpose,
prior to the seismic experiment, tensile strength tests of geogrid samples were performed using a
tensile testing machine installed in the IEC geotechnical laboratory (Figure 2).

Figure 2 — Tensile testing machine of the geotechnical laboratory (a) and the process of conducting a tensile test of a
geogrid sample (b) (author's materials)

As aresult of tensile strength testing of the geosynthetic material samples, the following values
were obtained:

1) the tensile strength of a single-layer geogrid sample with a width of 20 cm was 21.5 kg;

2) the tensile strength of a double-layer geogrid sample with a width of 20 cm was 48 kg.

It should be noted that the tensile strength of the double-layer geogrid exceeded the combined
strength of two single layers, which can be explained by additional friction and adhesion effects
between the layers.

The soil foundation composed of non-draining loam soil was formed in a transparent organic
glass box with dimensions of 950 x 950 x 950 mm and installed on the seismic platform. During the
first stage, the soil base was tested without reinforcement, while during the second stage,
reinforcement using geogrid was applied. During the experiment, soil level changes in the box were
recorded before and after seismic excitation at both stages in order to determine settlement induced
by dynamic loading.

A small-scale building model with dimensions of 450 x 450 mm and a height of 450 mm was
constructed for the experiment. The model was assembled from gypsum blocks measuring 80 x 55 x
25 mm, which were cast in advance using a gypsum—water mixture with a ratio of 1:2. A universal
polymer adhesive was used as the bonding mortar between the blocks. To increase loading on the
model, a rigidly fixed cover with an additional weight was installed to simulate permanent loads. The
prepared one-story building model was placed in the soil box with a shallow embedment of 15 mm.
The sensors were fixed in strict accordance with the XYZ coordinate axes.

For the experiment, the sensors were arranged as follows:

—sensors No. 1 and No. 2 — installed on the building model;
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—sensors No. 3 and No. 4 — installed on the soil foundation;

— sensor No. 5 — installed on the seismic platform;

— sensor No. 6 — installed on neutral ground.

For the first stage of the experiment, the soil foundation was formed using local loam soil and
compacted mechanically by manual tamping with a plastic hammer. The thickness of the soil layer
for the first stage was set to 200 mm. Figure 3 presents the prepared soil foundation and the small-
scale building model with installed sensors.

Figure 3 — First stage of the experiment: soil foundation and small-scale building model (a); model with attached
sensors (b) (author’s materials)

For the second stage of the experiment, the soil foundation was constructed from the same loam
soil and reinforced with two layers of geogrid. To achieve this, a 100 mm thick soil layer was
excavated, the reinforcing material was placed, and the soil was compacted using partial wetting and
manual tamping. The total soil thickness for the second stage was also set to 200 mm to ensure
comparability of settlement results. Figure 4 illustrates the geogrid installation process, the reinforced
soil foundation, and the building model with installed sensors.

Figure 4 — Second stage of the experiment: soil reinforcement using geogrid (a); model installed on reinforced soil
foundation with sensors (b) (author’s materials)
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3 RESULTS AND DISCUSSION

During the experiment, comparative testing of reinforced and unreinforced soil foundations
yielded the following results:

1) during the first stage of the experiment, measurements indicated that soil settlement after
dynamic loading simulating seismic vibrations was 9 mm, based on the average of measurements
taken from four sides of the model;

2) after soil reinforcement, settlement under a similar level of seismic excitation averaged 5
mm, also calculated as the mean value of measurements from four sides of the model.

The results of changes in settlement levels due to dynamic loading simulating seismic activity
indicate an improvement in the deformation characteristics of weak soil resulting from the inclusion
of geosynthetic material. The experimental data obtained showed that, as a result of soil reinforcement
with geogrid, the settlement of the loam subgrade decreased by a factor of 1.8. Accordingly,
reinforcement with geogrid enhanced the strength characteristics of the soil due to additional adhesion
and an increase in bearing capacity. Thus, based on the experimental results, it can be concluded that
soil deformation properties improve as a result of geosynthetic reinforcement, while strength
properties are enhanced due to the contribution of the reinforcing material to load-bearing behavior.
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Figure 5 — Accelerogram recordings for the first (a) and second (b) stages of the experiment (author’s materials)
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For further comparative analysis of the influence of soil reinforcement on changes in model
behavior during simulated seismic loading, accelerograms were recorded from seismic sensors for
both the first and second stages of the experiment. Figure 5 presents the accelerogram records
obtained during the experimental program.

Analysis of the accelerogram recordings clearly demonstrated differences in the model response
to seismic loading between the first and second stages of the experiment (Figure 5). The graphs show
that, during the first stage of the experiment, noticeable swaying of the model and soil foundation
occurred approximately 10 seconds after activation of the electric motor. In contrast, during the
second stage of the experiment, following soil reinforcement, the response of the model to seismic
excitation changed significantly, with swaying initiating only after approximately 75 seconds. Thus,
based on comparative analysis of the accelerogram records, it can be noted that the dynamic response
of the small-scale model was substantially altered after reinforcement, allowing the model to remain
stable for a considerably longer duration without loss of firm contact with the soil foundation.

For comparative analysis, a section of the graph was selected for the 95-second time interval of
the first and second stages of the experiment, which is marked with a vertical line in Figure 5 for
better perception. The dynamic loading applied to the model during this interval corresponded to
seismic vibrations of 5—6 points. It should be noted that, since the seismic platform represents an
artificial source of forced vibrations, certain limitations apply; specifically, the acceleration amplitude
is inversely proportional to the mass of the tested model.

The results obtained were also presented in tabular form, including acceleration values recorded
by each sensor, as well as a complete statistical analysis of the data, comprising minimum and
maximum acceleration values, arithmetic mean, root mean square value, and standard deviation
(Tables 1 and 2).

Table 1
Data obtained in the first stage of the experiment using the program ZET LAB (author’s materials)

Experimental values Time, Acceleration along Acceleration along Acceleration along
p sec the X-axis, m/s? the Y-axis, m/s? the Z-axis, m/s?

min value 0,000 3287 -0,500 29,268

max value 98,980 0,697 1,815 10,320

root mean square 57,726 1,667 0,862 9,740

value

standard deviation 28,870 1,302 0,731 0,307

fundamental 0,010 0,060 0,060 0,060
frequency

For further comparison of the model response under similar seismic excitation levels,
accelerogram records from both experimental stages were analyzed for identical loading conditions.
Specifically, a 95-second time interval corresponding to both stages of the experiment was selected
for analysis. During this interval, the applied dynamic loading corresponded to seismic vibrations of
5-6 points. The results demonstrate an improvement in the seismic stability of the model founded on
reinforced soil compared to the unreinforced condition. During the first stage of the experiment, the
recorded acceleration reached an average value of 7.5 m/s?, which initiated loss of firm contact
between the model and the soil foundation. Thus, it was established that, during the first stage,
simulation of seismic effects exceeding 5—6 points led to disruption of soil-structure interaction and
subsequent loss of seismic stability of the model. During the second stage of the experiment, under a
comparable seismic loading level, the average acceleration decreased by nearly 1.5 times, reaching
approximately 3 m/s?. These results confirm a reduction in soil seismicity at the model base and an
increase in the seismic stability of the small-scale building model as a result of geosynthetic
reinforcement.
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To determine and record the moment of loss of strong soil-model contact and establish the
corresponding level of dynamic impact, the duration of the second stage of the experiment was
extended to 110 seconds (Figure 6).

Figure 6 — Accelerogram recordings from the second stage of the experiment with a duration of 110 seconds
(author’s materials)

Further intensification of dynamic loading during the first stage of the experiment resulted in
complete loss of model stability. The recorded acceleration reached an average value of 9.735 m/s?,
approaching the acceleration due to gravity, which caused excessive rocking of the model and
eventual detachment from the soil foundation. Analysis of the accelerogram records showed that loss
of stability, excessive rocking, and separation of the model from the soil occurred at approximately
103 seconds after the start of the experiment, when seismic excitation levels increased to 9—10 points
(Figure 6). Thus, the experiment demonstrated that the technical solution of reinforcing the soil
foundation with geogrid is most effective at seismic intensity levels of 7-8 points, while its
effectiveness may decrease at higher seismic intensities.

Table 2
Data obtained in the first stage of the experiment using the program ZET LAB (author’s materials)

Experimental values Time, Acceleration along Acceleration along Acceleration along
p sec the X-axis, m/s? the Y-axis, m/s? the Z-axis, m/s>

min value 0,000 - 4,401 7,655 -11,307
max value 109,980 2,893 5211 11,869

root mean square 63,499 0,633 1,038 1,790

value
standard deviation 31,757 0,633 0,989 1,789
fundamental 0,010 0,020 0.013 0,022

frequency
4 CONCLUSIONS

The scientific novelty of the study is the experimental confirmation of the effectiveness of
geosynthetic reinforcement for strengthening undrained soils (loams) under construction conditions
in seismically hazardous regions. Experimental testing confirmed changes in the behavior of the soil—
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building model and an increase in its seismic resistance as a result of soil reinforcement. The seismic
resistance of the small-scale model founded on loam reinforced with geogrid corresponds to seismic
impacts with intensities of 7—8 points on the Richter scale. With further increases in seismic intensity,
this technical solution for strengthening the soil foundation becomes less effective, as it leads to high-
amplitude frequency dynamic loading and increased rocking of the model, which ultimately disrupts
stable soil-structure interaction.

Based on previous research, it can be concluded that geosynthetic reinforcement is most
effective in loose soils characterized by high deformability. The results of the experimental
investigation presented in this study confirm that the examined technical solution for soil foundation
strengthening can be effective for construction in regions with increased seismic hazard.

Analysis of the experimental results allows the following conclusions to be drawn:

1. Reinforcement of the soil foundations of buildings or structures with geosynthetic material
increases the strength and deformation properties of the soil.

2. Geosynthetic reinforcement reduces the settlement of soil foundations due to seismic impact,
compared to the settlement of unreinforced foundations under similar conditions.

3. Experimental data indicate the feasibility and effectiveness of this technical solution for
improving the seismic resistance of low-rise buildings with rigid structural designs in earthquake-
prone regions.

Thus, the use of geogrids for reinforcing foundation soils reduces settlement, increases stiffness,
and enhances the bearing capacity of the soil mass. Geosynthetic reinforcement, through improved
soil adhesion and interaction, ensures the stability of structures against overturning and sliding loads.
Experimental data indicate that the incorporation of geosynthetic materials into soil foundations
effectively reduces settlement under both static and dynamic loads, including seismic excitation.
These findings provide a strong basis to conclude that geogrid-reinforced soils improve the
operational performance of structures under various loading conditions, particularly given the
durability of geosynthetic materials.

At present, the application of geosynthetic materials in the construction industry in Kazakhstan
remains limited, primarily due to insufficient practical experience and a lack of comprehensive
research. The potential use of geosynthetics as reinforcement for the foundations of buildings and
structures to reduce seismic vulnerability has not yet been fully explored. Therefore, continued
research into the effectiveness of geosynthetic reinforcement for construction in regions with
increased seismic hazard is considered necessary to ensure enhanced seismic safety.
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