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Abstract. This study investigates the application of geotechnical seismic
isolation as a feasible and effective strategy for safeguarding architectural
heritage sites against seismic hazards. Particular attention is given to the
advantages of this approach, including the preservation of structural integrity
and historical authenticity, minimal intrusion into existing constructions, and
the use of durable, long-lasting materials. The paper examines various seismic
mitigation techniques, such as the integration of isolation layers, damping
interfaces, shock-absorbing elements, and specialized foundation systems. Case
studies of successful applications in culturally valuable structures are
presented to support the practical relevance of the proposed methods. The
research further emphasizes the importance of advanced engineering solutions
in reducing seismic vulnerability, especially in tectonically active regions. A
central focus is placed on the use of soil-rubber composite layers as a seismic
isolation medium. Experimental results demonstrate a substantial reduction in
ground motion amplitudes, thereby enhancing both the resilience and service
life of protected buildings. Overall, the findings establish geotechnical seismic
isolation as a promising component of modern earthquake-resistant design,
requiring a multidisciplinary approach that accounts for engineering,
geological, and economic considerations.
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Innovative solutions of geotechnical seismic isolation with application of ground rubber
for protection ofarchitectural monuments

Introduction

The protection of architectural heritage from seismic hazards remains a critical and evolving
concern in the broader context of cultural preservation and structural resilience. Historic
structures, often characterized by unique construction techniques, rare materials, and age-related
degradation, are inherently more susceptible to damage from seismic activity. Unlike modern
buildings, these monuments typically lack standardized reinforcements or seismic-resistant
features, which amplifies their vulnerability to earthquake-induced forces. In light of the growing
frequency and intensity of seismic events in many regions of the world, there is an urgent need for
advanced engineering solutions that are both effective and respectful of the historical value of these
structures.

Among the emerging strategies addressing this issue, geotechnical seismic isolation has
proven particularly promising. This method involves the installation of subsurface energy-
dissipating systems that interrupt or attenuate seismic waves before they reach the superstructure.
By reducing the amplitude and transmission of ground vibrations, such systems effectively limit
the internal stresses experienced by heritage buildings during earthquakes. A major advantage of
geotechnical isolation is its non-intrusive nature: it does not require extensive modification to the
visible parts of a monument, thereby helping to preserve the authenticity, form, and aesthetic
integrity of historically significant architecture.

Over the past decade, various configurations of geotechnical seismic isolation have been
examined through computational modeling and laboratory experiments. These investigations have
covered a wide range of materials and structural setups. For example, Forcellini and Chiaro [1]
conducted parametric studies using the OpenSees platform to simulate the dynamic response of
gravel-rubber composite layers under cyclic loading. Their work highlighted how the inclusion of
different percentages of crumb rubber (10%, 25%, 40%) could significantly influence energy
dissipation capacity, with higher rubber content generally yielding better damping performance.

In parallel, sustainable and eco-friendly solutions have gained prominence, particularly in
the context of green construction. Several studies have explored the use of layered systems
combining gravel and recycled rubber—materials that are not only readily available but also
environmentally responsible. When placed beneath reinforced concrete foundations, these
composite layers act as passive isolation mechanisms, effectively filtering seismic energy before it
propagates upward. Empirical results from shake table tests and numerical models consistently
demonstrate that such systems contribute to a measurable reduction in peak ground acceleration,
lateral displacement, and base shear forces [2], all of which are critical parameters in maintaining
the structural safety of heritage assets.

Banovi¢ [3] conducted a series of shake-table experiments aimed at evaluating the
performance of geotechnical isolation layers under controlled seismic conditions. These
experiments specifically focused on the influence of critical parameters—such as the thickness of
the isolation layer, the degree of compaction, and the moisture content—on the seismic behavior
of overlying structures. By systematically varying these parameters and subjecting the scaled
models to different levels of peak ground acceleration (PGA), the study was able to provide detailed
insight into how these factors affect the damping characteristics and overall effectiveness of the
isolation system. The results demonstrated that optimal layer design—particularly with respect to
compaction and thickness—can significantly enhance seismic energy dissipation.
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Similarly, Jing [4] introduced an innovative multilayered seismic isolation configuration that
utilized alternating layers of sand and glass beads. This composite system aimed to leverage the
granular mechanics and frictional behavior of dissimilar materials to attenuate seismic energy
more effectively. Through scaled vibration testing, including scenarios simulating real seismic
events such as the 1940 El Centro earthquake, the proposed system was shown to perform well
under various input intensities. The multilayer arrangement helped to decouple seismic waves and
reduce transmission to the superstructure, validating the concept as a feasible seismic mitigation
technique.

In a complementary line of investigation, Zhang [5] explored the mechanical properties of
gravel-based isolation layers modified with recycled rubber particles. The study focused on how
the inclusion of rubber affects the shear modulus and damping ratio of the soil matrix. Findings
indicated that while the composite exhibited a reduction in shear stiffness, it gained enhanced
damping capabilities—a trade-off that, in seismic contexts, favors energy absorption and reduced
force transmission. This confirmed the potential of recycled materials not only as sustainable
construction components but also as effective elements in seismic protection systems.

Building upon these foundations, numerous other studies [6-11] have confirmed the
effectiveness of low-cost and accessible materials in seismic isolation. Approaches involving sand
cushions, glass-enhanced granular layers, and other geotechnically modified fills have been shown
to substantially decrease the dynamic response of structures when applied thoughtfully. Such
strategies are particularly valuable in regions with limited financial resources or where minimal
intervention is preferred due to the cultural value of heritage sites.

Geotechnical seismic isolation technologies have progressed beyond experimental
validation and are now increasingly being implemented in real-world conservation and structural
retrofitting projects. These solutions have proven their viability through successful applications in
the protection of culturally significant buildings. For instance, vibration-isolating layers were
integrated during the structural reinforcement of the Romanov Chamber in Moscow. This
intervention contributed significantly to the building’s improved seismic performance while
maintaining the integrity of its historical and architectural elements. Notably, no invasive
alterations were made to the building's original masonry or decorative components,
demonstrating the compatibility of geotechnical isolation with the requirements of heritage
conservation. Similarly, a comprehensive geotechnical isolation system was installed beneath the
Belém Tower in Lisbon, a prominent UNESCO World Heritage Site. The system included custom-
designed subsurface isolation elements that were installed with minimal disruption to the
structure. Long-term monitoring of seismic behavior following the intervention confirmed a
marked reduction in dynamic response, validating the effectiveness of this technology under field
conditions. These case studies highlight the capacity of geotechnical isolation to deliver targeted,
minimally invasive, and context-sensitive seismic protection for historically important structures.
The integration of such systems into cultural preservation efforts marks a significant step forward
in harmonizing engineering innovation with conservation ethics.

Given the increasing seismic risks faced by architectural heritage worldwide, especially in
tectonically active regions, geotechnical seismic isolation (GSI) is emerging as one of the most
adaptable and promising strategies for structural protection. Unlike traditional retrofitting
methods that often require intrusive interventions—such as reinforcement of walls, installation of
dampers, or structural bracing—GSI focuses on modifying the dynamic interaction between the
structure and its foundation soil. By implementing isolation systems below ground level, it of
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becomes possible to preserve the original facades, load-bearing components, and artistic elements
heritage buildings. This subsurface approach is especially valuable in conservation contexts where
aesthetic, historical, and material authenticity must be maintained. Furthermore, the modular and
scalable nature of GSI makes it suitable for a wide range of foundation types, soil profiles, and urban
settings, including locations with strict regulatory or spatial constraints.

Within this innovative framework, the present study investigates the performance of
engineered soil-rubber composites as a viable seismic isolation material. These composites,
produced by blending natural granular soils with rubber particulates—typically derived from
recycled automotive tires—exhibit enhanced damping properties and high energy absorption
capacity. These characteristics are critical for mitigating seismic vibrations before they reach the
building’s superstructure. The rubber inclusions confer viscoelastic behavior to the soil matrix,
enabling greater dissipation of vibrational energy through internal friction and deformation. The
goal of the research is to evaluate how effectively these materials reduce seismic impact, especially
when applied beneath foundations of heritage buildings located in seismically active zones, where
structural vulnerabilities are often pronounced.

To achieve a comprehensive assessment, the study employs a dual-method approach that
integrates experimental testing with numerical simulations. Controlled laboratory tests allow for
the observation of dynamic behavior under standardized conditions, while computational
modeling facilitates the analysis of complex soil-structure interactions and the extrapolation of
results to full-scale scenarios. Through this methodology, the study aims to validate the soil-rubber
composite as a cost-effective, sustainable, and minimally invasive alternative to conventional
seismic isolation systems. The research contributes to the growing body of literature focused on
sustainable seismic mitigation and seeks to support interdisciplinary collaboration between
geotechnical engineers, structural preservationists, and policymakers in the domain of cultural
heritage protection [12-17].

One notable recent advancement in the field of geotechnical seismic isolation (GSI) involves
the development and application of non-invasive soil modification techniques, particularly the
injection of polyurethane into subsoil layers. This innovative method is designed to enhance the
seismic performance of foundations without requiring alterations to the aboveground structure,
making it highly compatible with aging infrastructure and historically significant buildings. The
technique is especially advantageous for heritage preservation, as it minimizes physical
interference with the structure’s visible and cultural elements. In a comprehensive study by Zhang
et al. (2025), arefined approach to non-intrusive GSI was introduced, wherein carefully controlled
injections of polyurethane altered the mechanical properties of the soil, shifting the natural
vibration period of the site away from the dominant frequencies of seismic input. This strategic
decoupling effectively reduced resonance risks. The methodology was validated through a
combination of laboratory resonance column tests and nonlinear dynamic time-history analyses
using the OpenSees platform. Results confirmed a substantial decrease in seismic response,
particularly in deteriorated and corrosion-affected bridge piers. By extending the natural period of
the soil-structure system and redistributing seismic energy more evenly, this method provides
long-term protection throughout a structure’s service life. While originally developed for bridge
foundations, the underlying principles and benefits of this technique may be readily adapted to
heritage structures, offering a minimally invasive, sustainable, and lifecycle-effective seismic
mitigation solution that fully respects the constraints of conservation practice [18].
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Expanding the scope of non-intrusive GSI solutions, recent research has also explored the
use of engineered granular damping layers composed of recycled and composite materials. These
systems aim to attenuate seismic waves within the subsurface before they impact the structure.
For example, Yang et al. (2024) proposed a multi-layered soil system integrating lightweight
expanded aggregates and polymeric inclusions. Their findings, supported by shake-table
experiments and finite element simulations, showed that such configurations effectively reduce
peak ground acceleration and limit stress wave propagation through the soil column. Due to their
modularity and ease of installation, these layered damping systems are particularly suited for
deployment beneath existing foundations with minimal excavation or disruption to the
superstructure. This makes them attractive options for the seismic retrofitting of historically
sensitive buildings, where reversibility and non-invasiveness are core conservation principles [19].

In parallel, continued innovation in geotechnical seismic isolation has led to the exploration
of hybrid systems that combine soil reinforcement with layered energy-dissipating barriers. For
instance, researchers have investigated the strategic placement of geosynthetic-reinforced
granular soils with variable stiffness across depth profiles. These hybrid systems alter the
impedance profile of the soil and introduce controlled interfaces that reflect or absorb seismic
energy. The result is a delay in wave transmission and a reduction in peak ground motion intensity.
Such systems, by tailoring the mechanical impedance across layers, enable efficient control of
vibration paths without compromising the surrounding built environment. These advancements
reinforce the role of geotechnical seismic isolation as a sustainable and adaptable solution for
seismic resilience, particularly in urban zones where heritage structures coexist with modern
infrastructure and where direct structural intervention is either undesirable or restricted [20].

Taken together, these advancements underscore a growing consensus within the
engineering and conservation communities: geotechnical seismic isolation offers a compelling
balance between structural safety and cultural preservation. Whether implemented through
layered damping systems or in-situ soil modification, these techniques provide effective mitigation
of seismic forces while maintaining the physical and aesthetic integrity of heritage buildings.
Against this backdrop, the present study contributes to this evolving field by evaluating the
performance of soil-rubber composite layers as a geotechnical isolation solution. Through
carefully designed laboratory experiments and quantitative analysis of seismic response, the
research aims to demonstrate the material’s effectiveness in reducing vibrational transmission.
The outcomes are expected to inform future applications of sustainable and minimally invasive
seismic protection strategies, particularly in the context of safeguarding irreplaceable architectural
heritage.

The methodology

The application of geotechnical seismic isolation represents a scientifically grounded and
practically efficient approach to mitigating both vibrational effects and structural deformations
resulting from seismic activity. This methodology has gained increasing relevance in the field of
structural preservation, particularly when it comes to safeguarding cultural heritage buildings. In
such contexts, any intervention must carefully balance the goals of enhancing structural resilience
with the imperative to preserve historical authenticity and cultural significance. Many monuments
are constructed from age-sensitive materials or using traditional construction techniques that are
highly susceptible to damage from conventional retrofitting methods. Therefore, the selection of
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non-intrusive isolation solutions becomes not only preferable but often essential for long-term
conservation.

One of the principal advantages of geotechnical seismic isolation lies in its subsurface
implementation, which allows for the strategic placement of isolation layers beneath the
foundation or base slab without necessitating physical alteration to the existing superstructure.
This non-invasive characteristic is of paramount importance in heritage conservation efforts, as it
enables the retention of original architectural elements, including load-bearing components,
decorative facades, and interior artistic finishes that contribute significantly to the historical and
cultural value of the structure. Furthermore, the use of engineered composite materials—such as
soil-rubber mixtures formed from granular soils and recycled elastomeric particles—enhances the
durability, elasticity, and energy dissipation capacity of the isolation system. These materials are
specifically designed to perform under cyclic loading conditions typical of seismic events, ensuring
long-term functionality and reliability under both moderate and extreme seismic influences.

To rigorously assess the performance of the proposed seismic isolation strategy, a
comprehensive series of controlled laboratory experiments was undertaken. The experimental
design was centered around evaluating the dynamic response behavior of a custom-formulated
soil-rubber composite, prepared by integrating granular soil with shredded rubber particles
sourced from recycled tires. This specific composition was selected based on its advantageous
viscoelastic properties, which are known to offer significantly higher damping ratios and energy
absorption capacity compared to conventional or untreated soil matrices.

The physical test setup featured a scaled structural model placed atop a layered foundation,
with two key configurations being systematically examined: a reference model with no isolation
layer and an experimental model incorporating the composite isolation layer. Both setups were
subjected to simulated seismic excitations using a calibrated vibration platform, replicating ground
motions of varying intensity and frequency content. Key parameters, such as vibration amplitude,
acceleration response, and frequency-domain characteristics, were monitored using a network of
high-precision sensors and data acquisition systems. Figure 1 provides a schematic representation
of the experimental layout, indicating the positioning of the soil-rubber composite layer and
instrumentation used for real-time data collection.

The central objective of this investigation was to quantify the degree of vibration reduction
and energy attenuation afforded by the composite isolation layer. By systematically comparing the
seismic responses of the two configurations under identical loading conditions, the study sought
to isolate the effectiveness of the engineered material in filtering and dissipating seismic energy
before it could reach the superstructure. The collected experimental data were analyzed using both
time-domain and frequency-domain techniques to evaluate not only the damping efficiency and
deformation control characteristics of the material, but also to assess its practical viability for
deployment in actual heritage preservation projects located in active seismic regions. The results
obtained from these tests provide valuable empirical evidence supporting the adoption of
geotechnical isolation as a feasible, minimally invasive, and sustainable method for enhancing
seismic resilience in culturally significant structures.

During the laboratory testing phase, the soil-rubber composite material was prepared and
compacted using a standardized laboratory compaction method, following technical guidelines and
procedural specifications derived from the SOYUZDORNII Research Institute, which is recognized
for its protocols in geotechnical and road construction materials testing. The composite mixture
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was composed of pre-weighed proportions of granular soil and crumb rubber, ensuring
consistency in particle size distribution and homogeneity across samples.

Figure 1. Engineering composite consisting of soil and shredded rubber (ground
rubber)

To simulate realistic installation conditions and to achieve reproducible results, the
prepared material was introduced into a custom-fabricated cylindrical mold, designed specifically
for the purpose of this study. This mold differed from conventional Proctor compaction molds in
both diameter and depth, allowing for the accommodation of layered placement and measurement
instrumentation. The mold's dimensions were selected to comply with the scaling requirements of
the experiment and to facilitate observation of vertical and lateral compaction behavior.

The experimental procedure was executed in a multi-stage format to control compaction
quality and material consistency. During the initial phase, the cylindrical container—exceeding the
diameter of traditional compaction molds—was carefully set up on a vibration-isolated platform.
The composite material was then placed into the container in three to five equal lifts, each
approximately 3-5 cm thick. After each lift, the material was compacted using a mechanical
rammer, applying uniform energy across the surface to eliminate air voids and achieve targeted
density levels consistent with field conditions.

Particular attention was paid to achieving uniform compaction across the entire volume of
the sample, as inconsistencies in density could influence the dynamic response characteristics
during vibration testing. Instrumentation was embedded at designated depths to monitor
compaction progress and to collect data during subsequent seismic simulation phases. Figure 2
shows the mold assembly and the layer-wise compaction process.

This rigorous approach ensured that the physical properties of the test specimens, such as
bulk density, moisture content, and rubber dispersion, remained within predefined tolerance
limits, providing a solid foundation for reliable interpretation of the dynamic testing results.

To accurately record the dynamic behavior of the composite specimen under simulated
seismic excitation, a precision acceleration sensor of model VS 111 was employed. This sensor is
equipped with integrated electronics and operates according to the ICP (Integrated Circuit
Piezoelectric, also known as IEPE) standard, which ensures compatibility with a wide range of
signal conditioning and acquisition systems. The VS 111 model offers a sensitivity of 10 mV/g,
enabling detection of subtle changes in acceleration, and functions effectively across a broad
frequency range of 0.5 to 15,000 Hz, making it suitable for capturing both low-frequency tremors
and high-frequency components of seismic events.
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Prior to testing, the accelerometer was carefully calibrated in accordance with the
manufacturer's specifications, and its output was verified using a reference vibration source.

Figure 2. Sample compaction device made according to the typical design developed by the
Research Institute “SOYUZDORNII”

The sensor was then securely affixed to the surface of the compacted soil-rubber
composite, ensuring tight coupling and minimizing any potential signal distortion due to slippage
or misalignment during impact events.

To simulate a seismic-like event in a controlled laboratory environment, a mechanical
impact method was used. An impulsive load was generated by dropping a 450-gram steel weight
from a height of 25 centimeters directly onto the surface of the compacted specimen. This loading
technique was selected due to its simplicity, repeatability, and its ability to generate short-
duration high-energy impulses, which are representative of the transient forces observed during
the early phases of an earthquake.

The vertical impact induced a stress wave propagation through the composite layer,
triggering vibrational responses akin to those experienced during seismic excitation. By
maintaining consistent drop height and mass, it was possible to generate comparable input energy
across all test cycles, thus ensuring the repeatability and reliability of the experimental results.

The analog output from the VS 111 accelerometer, representing the real-time vibration
response of the sample, was transmitted via shielded coaxial cable to a ZET 017-U8 spectrum
analyzer. This high-precision data acquisition system is capable of capturing vibrational signals
with a frequency resolution of up to 20 kHz and features a dynamic range of 80 dB, allowing it to
detect both minor fluctuations and more significant acceleration spikes with high accuracy.

The analyzer digitized the incoming signals and recorded them over a duration of
approximately one second per impulse, which encompassed the full decay period of the induced
vibration. The recorded waveforms were then exported for further processing, including Fourier
transform analysis, peak amplitude extraction, and comparison across different specimen
configurations. Figure 3 provides a schematic overview of the instrumentation setup, highlighting
the sensor placement, impact mechanism, and signal transmission path.
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This comprehensive instrumentation and data acquisition protocol ensured high fidelity in
capturing the seismic isolation behavior of the soil-rubber composite and laid the foundation for
arobust interpretation of the isolation system's performance characteristics.

Figure 3. Zetlab program designed for vibration signal analysis

The impact of impulse vibration was assessed by analyzing the recorded peak acceleration
value.

Findings/Discussion

The results of the dynamic testing are graphically presented in Figures 4 and 5, which depict
the recorded acceleration amplitude profiles for two experimental configurations: one using
unmodified natural soil, and the other incorporating the engineered soil-rubber composite layer.
The time histories span an observation window of 0.5 seconds, which adequately captures the
initial impact event and the subsequent attenuation behavior of the materials.

In the case of the natural soil specimen, the measured peak ground acceleration (PGA)
reached a maximum value of 13.85 m/s?, indicating a relatively low damping capacity and minimal
energy dissipation following the applied impulsive load. The acceleration curve for this
configuration shows a sharp peak followed by a gradual decay, characteristic of systems with
limited internal energy absorption mechanisms. This suggests that seismic energy is more readily
transmitted through the unmodified soil medium, posing greater risk to overlying structures.

Conversely, the sample that incorporated the soil-rubber composite layer demonstrated a
markedly different response. The peak acceleration was significantly reduced to 8.75 m/s?
representing a 36.83% decrease compared to the natural soil configuration. This notable reduction
in amplitude clearly illustrates the damping effectiveness of the composite material, which absorbs
and disperses seismic energy more efficiently due to the viscoelastic behavior of the rubber
component.

The observed attenuation is attributed to several factors: (1) the increased hysteretic
damping introduced by the rubber particles, (2) the disruption of wave propagation paths through
heterogeneous interfaces within the composite, and (3) the frictional energy loss resulting from
particle movement under dynamic stress. These mechanisms act synergistically to lower the
amplitude and duration of transmitted vibrations.

Taken together, the experimental findings validate the hypothesis that soil-rubber
composites can serve as effective geotechnical seismic isolation layers, particularly in scenarios
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where traditional structural interventions are either infeasible or undesirable due to cultural
preservation constraints. The reduced acceleration response translates into lower inertial forces
acting on the foundations of heritage structures, thereby improving their seismic resilience
without compromising architectural authenticity.

Figure 4. Graph of accelerations recorded on natural soil
Figure 5 provides a comparative visualization of the peak vibrational amplitude recorded
for two different foundation materials: untreated natural soil and the soil-rubber composite
(gruntoresina).

Figure 5. Acceleration diagram obtained during the testing of ground rubber

The horizontal axis indicates the six experimental runs, while the vertical axis reflects the
maximum acceleration values (in m/s?) observed during each trial. For each configuration, the
displayed values represent the average of four individual measurements, ensuring statistical
consistency and reducing the influence of random deviations.

The results reveal a clear and consistent trend: across all six experiments, the samples
composed of natural soil demonstrated higher peak acceleration values, ranging between 13.45
and 14.3, with an average near 13.87 m/s? In contrast, the specimens containing rubber-modified
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soil exhibited significantly reduced acceleration amplitudes, falling within the 8.21 to 9.28 range,
with a mean value of approximately 8.75 m/s?.

This substantial reduction — on the order of 35-40%, depending on the experimental run
— illustrates the superior damping capacity of the composite material. The incorporation of crumb
rubber introduces viscoelastic properties into the soil matrix, which effectively transforms part of
the vibrational energy into heat and internal friction, rather than allowing it to propagate through
the medium.

Additionally, the low error margins indicated atop the bars suggest that the measurements
are both precise and repeatable, lending further credibility to the conclusion that soil-rubber
composites function as reliable seismic mitigation layers. The overall downward shift in amplitude
observed for the modified samples underscores their capacity to attenuate input motion, which is
essential for protecting structures—particularly those of historical or architectural significance—
against dynamic seismic forces.

These findings validate the use of engineered fill materials in geotechnical seismic isolation
systems, particularly in cases where traditional structural retrofitting is not feasible. By
substantially reducing vibrational transfer from the ground to the structure, such composites
contribute to enhanced seismic safety and resilience while maintaining compatibility with heritage
preservation requirements.
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Figure 6. Vibration amplitude values for natural soil and rubber-based composite

Figure 6 presents a quantitative comparison of the average peak acceleration values
recorded during six independent tests, clearly illustrating the performance difference between
natural soil and the soil-crumb rubber composite. As shown in the graph, the average peak
acceleration for samples with the composite layer was 8.75 m/s? compared to 13.85 m/s* for
untreated soil. This represents a 36.83% reduction in seismic vibration amplitude, underscoring
the composite material’s superior ability to attenuate dynamic ground motion.

Such a significant decrease in vibrational response confirms the high damping efficiency of
the soil-rubber mixture. The result can be attributed to the inherent viscoelastic behavior of the
rubber inclusions, which absorb and dissipate seismic energy through internal friction and
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hysteresis. Additionally, the heterogeneity introduced by the composite structure contributes to
scattering and diffusing wave energy, thereby reducing its impact on the overlying structure.

These findings are particularly relevant for the seismic protection of architecturally and
culturally valuable heritage sites, where minimal intervention and preservation of original
materials are paramount. The demonstrated effectiveness of the composite material provides a
compelling argument for its real-world implementation in geotechnical seismic isolation systems,
especially in scenarios where traditional retrofitting may be invasive, cost-prohibitive, or
structurally incompatible.

Furthermore, the consistency of the results across all six experiments indicates that the
material behavior is stable and reproducible, which is a crucial prerequisite for field application.
The evidence presented lays a robust foundation for future studies, including scaled physical
modeling, long-term field performance monitoring, and the optimization of material ratios for
specific soil types and seismic profiles.

In conclusion, the soil-crumb rubber composite not only enhances seismic resilience but
also represents a sustainable, cost-effective, and minimally invasive solution for protecting
vulnerable structures in seismically active regions. Its integration into modern geotechnical design
frameworks holds considerable promise for advancing earthquake-resistant construction
practices.

Conclusion

The outcomes of this experimental study provide strong evidence in support of using soil-
rubber composite materials as an effective geotechnical seismic isolation solution. The findings are
of particular importance in the context of heritage preservation, where conventional retrofitting
techniques may be either technically infeasible or undesirable due to their invasive nature. By
leveraging the damping properties of crumb rubber, the proposed approach offers a sustainable,
low-cost, and minimally disruptive alternative to enhance the seismic resilience of critical
structures.

Laboratory simulations under controlled dynamic loading revealed a consistent and
significant reduction in peak ground acceleration when soil-rubber composites were employed.
The recorded data showed that the average vibration amplitude was reduced by 36.83%, indicating
a marked improvement in energy dissipation capacity. This reduction is not only statistically
significant but also practically meaningful, as it translates into lower seismic loads transferred to
superstructures, which can mitigate structural damage and preserve serviceability during seismic
events.

From a materials science perspective, the improved performance of the composite is
attributable to the viscoelastic behavior of rubber, which introduces hysteretic damping and
internal friction mechanisms into the soil matrix. These characteristics allow the composite to
absorb and disperse seismic energy more efficiently than natural soil alone. Additionally, the
heterogeneity of the material, resulting from the presence of rubber particles, alters wave
propagation paths and increases scattering, further contributing to its attenuation capacity.

The advantages of this technique extend beyond performance metrics. The approach is also
environmentally responsible, as it encourages the reuse of waste rubber materials, such as
shredded tires, thus addressing both seismic safety and ecological concerns. Moreover, the method
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non-invasive nature means it can be implemented without altering the original design, appearance,
or materials of heritage buildings—an essential requirement in restoration and conservation
practice.

These results lay the groundwork for a new generation of foundation isolation strategies,
particularly suitable for historically valuable structures, public buildings, museums, and cultural
landmarks situated in seismic zones. However, to translate these laboratory-scale findings into
field-ready applications, further research is required. This includes:

e Long-term monitoring of full-scale systems under real seismic events;

o Evaluation of performance under varied environmental and geological conditions;

o Study of the effects of different rubber content ratios, particle sizes, and soil types;

e Development of design guidelines and standards for practitioners;

e Numerical modeling and simulation using advanced finite element tools to complement
physical testing.

In addition, interdisciplinary collaboration among civil engineers, material scientists,
seismologists, and heritage conservation specialists will be essential to develop implementation
protocols that align with both structural performance requirements and conservation ethics.

In conclusion, the integration of soil-rubber composites into seismic isolation practice
represents a technically sound, environmentally friendly, and culturally sensitive innovation. As
climate change and urbanization continue to increase the vulnerability of existing structures to
natural hazards, the need for such forward-looking and adaptable solutions becomes more urgent.
The present study not only validates the concept at the laboratory scale but also opens up a
promising avenue for future implementation and standardization within the broader field of
resilient infrastructure development.
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C.E.Huet6au!, ET.becum6aeB?, N.b. Tammyxan6etoBa *1, A.K.Tney6aeBa *1,
III.B.Tosrey6aeBa 1

1Xanvikapaawik 6i1imM 6epy kopnopayusicsl, Aamamol, Kazakcmax
2Cam6aee amviHdarbl Ka3¥T3Y, Aamamesl, Kazakcmax

Coy/ieT ecKepTKillITepiH KOPFay YIIiH pe3eHKe TONbIPAaKThI KOJIAAaHa
OTBIPBIN re0TEXHUKAJIbIK, CECMHKAJIbIK, OKLIay/IayJAblH MHHOBALUAJIBIK, IelIiMaepi

AnpgaTna. Makasnaza Ccoy/IeTTiK eCKepTKIilTepAi CeMCMHUKAJbIK acepJiepAeH KopFay
MaKCcaTblH/la TeOTeXHUKa/bIK CeMCMOOKLIay/Jay ofiCTepiH  KOJAAHy[AblH  LlelliMzaepi
KapacTblpbliaZbl. Bys TacuiZiH apThIKWbLIBIKTAPbIHA e€epeKlle Has3ap ayAapblLIFaH, aTall
aTKaHJa Tapuxyd FUMapaTTapAblH KOHCTPYKUHUSJBIK TYTACTbIFbIH CaKTay >X9HE OJIapJblH,
TYNHYCKAJIbIFbIH KOFa/ITIAY, KOHCTPYKIUAJBIK, )Kylere apajacybl 6apblHIla a3alTy, COHJAK -aK,
KOJIIaHbLJIATbIH MaTepHaAapAblH, y3aK Mep3iMJi TyYpaKTbUIbIFbl. CelicMooKuIaysiay GOMbIHILIA
HeTi3ri afjicTep MeH TeXHOJIOTHSiJIap TaJllaHfaH, COHbIH, illliHJe OKllayJaylibl KabaTTap/bl,
JeMndepsiik 3JieMeHTTepAi, aMOPTU3aLMSJIbIK >KylhesJep MeH ipretac TeCeHIlITepiH OpHATY
Tocingepi. Tapuxu- coyJeTTiK MaHbI3bl Oap HbICAaHAAPAA CEHMCMOOKILIAy/iay TeXHOJIOTUsJIapbIH
COTTI KOJIJJaHy MbICca/iZjapbl KeJTipijiireH. CeicCMUKaJIbIK 6eJICeH/IiJIiri >)KOFaphl eHipJepae MaleHU
MypaHbl CaKTay YLIiH 3aMaHayd TEeXHOJIOTUAJBIK LIelliMAepAiH, MaHbI3bLIbIFbl €peKlle aTall
eTienl.
3epTTeyAiH MaKcaTbl — IeOTEXHUKAJbIK CeMCMOOKILIAy/ayAblH CIYJEeTTIK MypaHbl CaKTayAaFbl
TUIM/I KypaJl peTiHJie KOJIAaHy MYMKIH/ITIH KepceTy. IKCIEpUMEHTTIK 3epTTey HOTHKeJiepi
KOpCeTKeHiel, OKllayJayllibl KabaT peTiHJAe TOMbIpaK IeH pe3eHKe YriHJiCiHeH TypaTbiH
KOMIO3UIUSJIBIK, MaTepHabl (IPpyHTOpe3WHa) MNaWjanaHy CeHCMUKaJbIK TepobesicTepaiH
aMIUVIMTYAACblH aMTapJblKTal TeMeHJeTyre MYMKIiHJIK 6epeni, Oy 63 Ke3eriHue
FUMapaTTap/AblH, TYPaKTbLIbIFbl MeH MaljAajiaHy CeHiMJiJiriH apTTbipajbl. [€0TeXHUKAJBIK,
cercMOoOKUIayJiay CeMCMUKaJBIK TYPAaKThI KYPbIJIbIC CaJlaCblHAAFbl 60J1alllaFbl 30p OAFbIT peTiHAE
KapacThIpbLIaJibl >K9HEe TeXHUKAJbIK, TeO0JIOTUSJIBIK >X9He 3KOHOMUKAJBIK QaKTopJap/bl
eCKepeTiH KellleH/[i KO3KapacThl Tajall eTe/|.

TyHiH ce3aep: reoTexHUKaJbIK CEWCMUKAJBIK OKllIay/jay; pe3eHKe MeH TOIbIpaKTaH
TYypaTblH KOMIIO3UT; MdJEeHM Mypa HbICAaHJAApblH KOpFay; 3epTXaHaJsblK >XaFJauJaFrbl
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3KCIIEpUMEHTTIK CbIHAKTAp; CTAHAAPTTHI TBIFbI3JAy KYPBLIFBICHI; aKCceJepoMeTp KeMeriMeH
BUOpAIMSAHbI Ta/1/jay; CECMUKAJBIK 9cep Ke3iHJeri yAey/liH, aMIIMTyAaChI.

C.E.Huet6aun!, ET.Becum6aen? , U.b.Tammyxan6etoBa*!, A.K. Tney6aeBa*1,
III.B.Tosiey6aeBal

IMexcdynapodHas ob6pazosamenvHas kopnopayusi, Aamamel, Kazaxcmat
?Kazaxckull HayuUOHa1bHbLIU UccaedosamenbCKull mexHuveckull yHugepcumem um. K. H.
Camnaesa, Aamamul, Kazaxcman

"HHOBal.ll/IOHHble pelieHusa reoTexHU4eCcKoun CGﬁCMOHBOJIﬂI.(PIPI C IIPUMEHECHHUEM
IFPYHTOPE3UHbI AJIA 3allIUThI IAMATHUKOB APXUTECKTYPbI

AHHOTanmsa. B fgaHHOW paboTe paccMaTpUBaeTCs NOTEHLUHWaJ MNPUMEHEHHUSs
re0OTEXHUYECKUX CEeMCMOU30JIUPYIOLIMX TEXHOJOTUN [AJiS 3alUThl 06bEKTOB apXUTEKTYPHOIO
HacJeusi OT pa3pylIUTeNbHBIX IOCAeJCTBUM CEHCMUYECKUX BO3ieUCTBU M. [loguépKuBaeTcs psi/
NpeuMYyLIeCTB JJAHHOTO MeTOo/a, CPe/Iu KOTOPhIX — COXpPaHEHHEe KOHCTPYKTHBHOM 11€JI0CTHOCTH
3/laHUH, 0o6ecrieyeHre UX UCTOPUYECKON Ay TEHTUYHOCTH 32 CYET MUHUMAJIBHOT'O BMellaTeJbCTBa
B CYLIECTBYIOIIME HeCyl[he CUCTEMbI, a TaKXe YCTOWYUBOCTb HCIO0Jb3yeMbIX MaTepHasioB K
JUTATEbHOM 3KCIJIyaTallMy B CJIOXKHBIX YCI0BHUSAX. OCylecTBIEH 0630p KJIKUYEBbIX HMHKEHEPHBIX
pellleHUH B 006JIaCTH CEWCMOM3O0JISILIMU, BKJIIOYAs YCTPOMCTBO aMOPTHU3UPYIOLIUX MPOCIOEK,
JeMNUPYIOIUX CI0EB, MOTJIOUIAKIINX BCTABOK U ClelhalbHbIX QYyHJAAMEHTHBIX OCHOBAaHHUM.
[IpuBeieHbl MPHUMeEPhI pealru3aluy NoA00HbIX pellleHUH Ha MaMsATHHUKAX KyJIbTYPHOT'0 3HaYEeHHUSI.
Oco60e BHMMaHHUeE y/eJIeHO 3HaYeHHI0 COBPpeMEeHHbIX MHKeHepPHbIX pa3paboTOoK /1151 MOBbILIEHUS
ceiCMHUYeCcKol 6e30MacHOCTH B PeruoHax C MOBbIIIEHHbIM PUCKOM 3eMJieTpsiceHuH. llesbio
MccieloBaHUs siBJisieTCsl 060CHOBaHHE 3 PEKTUBHOCTU re0TEXHUYECKOU CelCMOU30JISLMN KaK
Cpe/icTBa 3alUThl UCTOPUYECKHUX COOPYKEHUM. JKCIepUMeHTa/libHble JJaHHbIe MOKa3aJH, YTO
NpUMeHeHHe TPYHTOPE3UHOBBIX KOMIIO3UTOB B KadyeCTBe MPOCJOUKH CIOCOGCTBYET
3HAUYMTEJbHOMY CHIKEHUIO aMIUIMTYJ, BUOPAIMOHHBIX KoJeGaHWH, TeM CaMbIM YJydllas
YCTOMYMBOCTb M HaAEXKHOCTD 3aHU . [10406HBIN MOAX0/1 pacCMaTPHUBAETCS KaK epCleKTUBHOE
HampaBJieHWe B Pa3BUTHUM TEXHOJIOTUM CEMCMOCTOMKOrO CTPOUTENbCTBA, Tpebylollee
MEXAUCIUIUIMHAPHOTO aHa/k3a C yY6TOM HHXXEHEPHbIX, Te0JOTHYECKHX M 3KOHOMHYECKHUX
YCJ0BHUH.

KiiloueBble C/I0Ba: reoTexHUYeCKasi CEHCMOU30JIAIMs; KOMIIO3UT HAa OCHOBE PEe3WHbI U
TPYHTA; 3alldTa OO6BEKTOB KYJIbTYPHOTO Hac/JeAUsl; 3KCIepHMeHTa/lbHble MCIbITAHUS B
JIabOPATOPHBIX YCJIOBHUAX; MPUOOP JJIs1 CTaHAAPTHOIO YIJIOTHEHUS 06pa3I[0B; aHA/IM3 BUOpAU I
C UCIO0JIb30BAaHUEM aKCeJlepoOMeTpa; BeJIMYMHA KOJiebaTe/bHbIX YCKOPEHUH MPU CeHCMUYECKOM
BO3/l€MICTBUH.
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