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Abstract: This work discusses seismic isolation technologies and analyses the concept of
geotechnical seismic isolation (GSI) system, which is characterized by new principles of operation,
using geomaterial with modified properties to reduce inertial seismic loads on buildings and
structures. The aim of the study is to develop a geotechnical seismic isolation system in the form of
vertical barriers, with different geometrical characteristics, using rubber-soil mixture (RSM). The
novelty of the work consists in determination of effective constructive and technical solutions of
vertical seismic barriers from RSM, which are characterized by reliability in providing seismic
isolation of construction objects. Soil and superstructure interactions are modeled in Plaxis software,
using the Northridge earthquake accelerogram. The results confirm the positive impact of using
RSM as an effective material for GSI vertical barriers. The present numerical and experimental
results show that the GSI system using RSM can significantly reduce the seismic hazard. The results
of computational-experimental modeling will become a research, analytical and design basis for the
development of new ways to ensure earthquake resistance of construction objects.

Keywords: earthquake; seismic; ground dynamics; response spectrum; barriers; geotechnical
seismic isolation; rubber-soil mixture; damping

1. Introduction

The recent earthquake in Gaziantep and Sehitkamil, Turkey in 2023 reminded us of the
destructive power of earthquakes. Underground tremors of magnitude 7.8 killed more than 50
thousand people and destroyed more than 160 thousand buildings. According to the United Nations,
1.5 million people are homeless.

According to available data on damage caused by earthquakes in the past, almost all of the
damage to people was caused by building collapse. The main cause of human casualties is the
collapse of multi-storey residential buildings. Such a disaster has made us look back, reassess the
earthquake resistance and safety of existing buildings, which are characterized by high vulnerability,
in terms of their resilience.

Nowadays, high-tech typical support isolators such as rubber bearings, pendulum friction
bearings, elastomeric bearings, lead-rubber bearings and dampers are often used in civil engineering
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practice. However, the alternative methods and means of seismic protection and seismic isolation,
which reduce the intensity of seismic loads, developed to date, do not find their application due to
the complexity of structural solutions and technology of their device.

Modern earthquake-resistant buildings equipped with various active seismic protection systems
provide a high level of seismic resistance, allowing buildings and structures to withstand earthquakes
of design intensity in many cases. At the same time, it is not uncommon for critical long objects with
seismic protection systems to be destroyed, especially those exposed to Rayleigh surface waves, the
main component of the seismic wave. This forces the development of alternative seismic protection
methods that reduce the effects of exposure in the built-up areas. Such methods include the seismic
barrier method. The basic idea of seismic barriers is to protect the area occupied by a building or
group of buildings from seismic waves. The need for protection against surface seismic waves is
confirmed by numerous examples of foundation structures failing due to significant bending
vibrations associated with the passage of Rayleigh waves. Depending on the nature of seismic waves
most likely to occur in a particular region, different types of seismic barriers can be proposed to
increase the earthquake resistance of buildings and structures or a group of buildings and structures
from collapse and even damage.

Therefore, the development of new technologies of seismic protection and seismic isolation,
characterized by new principles of action, better modified properties of geomaterial, to reduce inertial
seismic loads on buildings and structures, are a task of paramount importance.

Discussions regarding a simple and reliable seismic isolation system concept, known as
geotechnical seismic isolation (GSI) system, have attracted attention in recent years as a cost-effective
design alternative to the traditional base isolation system [1,2]. The term GSI was originally
introduced by Tsang [3] in the last decade to refer to a unique layer under the building foundation
designed to dissipate seismic energy. Seismic isolation in the GSI system is achieved by using
engineered soils with high damping properties and low shear modulus surrounding the building
foundation at a limited depth [4-8]. The main advantage of this method is that partial energy
dissipation occurs within the soil itself before the seismic wave reaches the foundation and
superstructure [9,10]. Recently, research on GSI methods has been gradually extended to seismic
protection of bridge structure and pile-supported bridge piers [11,12]. The GSI system placed
vertically between the retaining wall and the backfill soil as a seismic buffer system acts as a
protective layer with high flexibility and energy absorption capacity, and prevents soil liquefaction
[13,14].

The basic idea of GSI is to improve the foundation soil in such a way that the seismic energy is
partially dissipated within the GSI before being transmitted to the structure [15-19]. Among other
materials proposed to improve subgrade soils, gravel-rubber mixtures (GRMs) have attracted
considerable research attention due to their good static and dynamic properties: low specific gravity,
wide range of elastic properties, low shear modulus and high damping (similar) [20-23]. In addition,
their use has immediate advantages over waste tyres, the disposal of which has become a major
environmental issue worldwide in recent years.

This paper presents the effectiveness of vertical seismic barriers consisting of rubber-soil mixture
(RSM) on the seismic response of reinforced concrete moment-resisting frames, which are considered
typical for frame buildings. designed according to Kazakhstan seismic standards similar to Euro
Code 8 [24]. The frame structures and underlying soil profiles are modeled as a single system with
direct consideration of soil-structure interaction phenomena. As for the mixture of rubber and soil,
the rubber content is 30% by weight and its mechanical properties were determined by experiments
carried out at the Laboratory of Soil Dynamics and Geotechnical Seismic Engineering of Aristotle
University of Thessaloniki [25,26]. Dynamic analyses of soil-structure systems are performed
considering the variation of RSM layer thickness, inlet traffic characteristics and building height. The
effects of RSM layers were investigated in terms of foundation-level acceleration, base shear force,
maximum interstory drift, foundation deformation, and soil stress distribution beneath the
foundation of the structure. Analyses of theoretical and experimental studies show that the GSI
system has the potential to significantly reduce seismic hazard.
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The aim of the study is to develop a geotechnical seismic isolation system in the form of vertical
barriers, with different geometrical characteristics (thickness, height, location from the building),
using RSM (rubber-soil mixture). The novelty of the work consists in determination of effective
constructive and technical solutions of vertical seismic barriers from RSM, which are characterized
by reliability in providing seismic isolation of construction objects.

The proposed system of geotechnical seismic isolation also allows to control the behavior of
structures of existing buildings under seismic effects and minimize the risk of their destruction.
Devices of this system are aimed at solving practical problems oriented on existing construction
technologies with the use of modified soil-composite materials.

The developed methodology of design and creation of geotechnical seismic isolation system, the
results of computational and experimental modeling of seismic isolation system efficiency
assessment, will become a research, analytical and design basis for the development of new ways to
ensure seismic resistance of construction objects.

The results of feasibility study of organizational and technological reliability of the system
device in construction and operational periods, will allow the application of this system in increasing
the preservation and protection of architectural monuments.

Based on the numerical modeling carried out, screen-barrier shapes, their geometric parameters,
dimensions, material of the damping screen-barrier, and its location relative to the building will be
developed.

2. Materials and Methods

In this paper, a nonlinear dynamic transient analysis is performed on a two-dimensional finite
element model of the soil-foundation-building system in the PLAXIS software package to determine
the optimum fill size of vertical barriers using RSM. The PLAXIS programme is a specialized two-
dimensional computer program based on the finite element method, which is used to calculate the
deformation and stability of various geotechnical objects. The input of geometry of soil layers,
structure, loads and boundary conditions is based on CAD drawing procedures that provide detailed
and accurate modeling of the real situation.

The reinforced concrete frame of the buildings is modeled in accordance with Code of Rules of
the Republic of Kazakhstan Euro Norms 1992 (CR RK EN) [27]. Static loads on the design scheme
were taken according to CR RK 1991 (CR RK - Code of Rules of the Republic of Kazakhstan) [28].

The soil is modeled in two dimensions with two degrees of freedom using a four-node plane
deformation formulation of a bilinear isoperimetric quadrilateral element [29]. Regarding the
dimensions of the soil profiles, the depth is assumed to be 30 m and the width differs for the three
frame models to allow for free-field conditions and “quasi-transparency” at the profile boundaries.
In this case, the width of the ground profile is defined as 120 for a high-rise building, respectively.
The grid geometry is based on the concept of allowing transverse wave propagation at or below a
certain frequency, which will place the optimum number within the length of the selected transverse
wave. Figure 1 shows the GSI calculation diagram for a 9 storey building, space frame system.
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Figure 1. Calculation scheme of the GSI system.

The calculation scheme of the GSI system is modeled by finite element method for a depth of 30m
and a width of 120m (Figure 2).

Figure 2. Calculation scheme of the GSI system in PLAXIS.

Extensive research has been carried out to investigate the fundamental engineering properties
of RSM such as shear strength, elastic modulus and Poisson's ratio (for example Edil and Bosscher,
1994). The density values of sand and RSM with 75% bulk rubber (abbreviated as RSM 75) selected
for finite element modeling are 17.4 and 9.5 kN/m? respectively. Considering the fact that Poisson's
ratio has little effect on the results, different values for different materials were considered irrelevant
and a Poisson's ratio value of 0.3 was chosen.

The dynamic properties of RSM have been investigated by Feng and Sutter (2000). The
maximum values of shear modulus (Gmax) (at very small shear strains (10~ - 103 %)) adopted for sand
and RSM 75 are 222 and 7.5 MPa, respectively. The strain-dependent G/Gmax ratio (shear modulus
degradation) and damping ratio are shown in Figure 3. As can be seen from the graph of dependence
of shear modulus on the amplitude of shear strains (Figure 3a) sand with rubber addition shows a
decrease in shear modulus at small strains. And also the damping curve (Figure 3b) shows the
improvement of damping index with increasing percentage of rubber content. Large uncertainty in
estimating the dynamic properties of soil materials is unavoidable, so a tolerance of about plus or
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minus 10% is allowed when modeling the degradation of shear modulus and attenuation in Tsang
(2008).
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Figure 3. Shear modulus curves (a) and damping curves (taken from Tsang 2008) as a function of
shear strain amplitude (b).

The dynamic properties of soils are well known for their significant dependence on shear
deformation of soils. The Plaxis computer programme used in this study uses a commonly used
equivalent linear method in which the nonlinear characteristics of soils can be captured using two
strain-compatible material parameters, namely secant shear modulus G and damping coefficient .

We take RSM (Tsang 2008) as the reference material, which is shown in Table 1.

Table 1. Physical and mechanical properties of RSM and soil.

Name Specific weight Modulus of elasticity Poisson
RSM 75% 19.5 7.5 MPA 0.3
Pebble soil 20.0 60 MPA 0.3

The soil profile and foundation are modeled by solid finite elements, and the oscillator is
modeled as a linear-elastic beam element with a concentrated mass at the top. A damping factor of
5% is considered and damping proportional to mass and stiffness is used. The input motion is applied
at the base of the model in the form of time acceleration diagrams representing the moving rock.

In SSI systems, it is common for the sway component of structural motion to dominate the
response when the rigid superstructure is standing on “normal ground” (Bolisetti and Whittaker,
2015).

For the purpose of earthquake strength modeling, we use the parameters of the accelerograms

of the destructive Kobe (Japan, 1994) and Northridge (California, 1995) earthquakes presented in
Table 2.

Table 2. Earthquake tremor data used in the parametric study.

Name Kobe Northridge
Date of the earthquake 01.17.1994 01.17.1995
Magnitude 6.9 6.7

Peak horizontal acceleration 2.0 3.0
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3. Results and Discussions

For calculation we use accelerogram of Northridge earthquake in amplitude-frequency
parameters typical for destructive earthquakes (Figure 4). The accelerogram of Northridge
earthquakes, is characterized by several high amplitude and high frequency parameters.

Each of these time diagrams is normalized relative to the maximum absolute acceleration of the
control model, which used pebble soil as the base material.
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Figure 4. Accelerogram of the Northridge earthquake (1995).

In order to determine effective structural and technical solutions for vertical seismic barriers
made of RSM, computational and experimental modeling of the effect of the thickness, depth of the
barrier, its distance from the building, on the dynamic behavior of buildings was carried out. The
final result of the computational-experimental modeling is the indices of horizontal accelerations and
the response spectrum to the upper points of the building.

3.1. Effect of Barrier Thickness

Comparison of the results of the response spectrum (Figure 5) of the building without a barrier
and with the use of a RSM barrier shows the effect of the barrier on the horizontal accelerations at the
roof level of the building. It was found that the values of RSM layer thicknesses from 1 to 3 m on the
percentage reduction of peak horizontal roof accelerations from 37 to 65 %, respectively. The
efficiency is probably due to the much larger amount of energy absorbed by the thicker barrier
thickness.

Experiments also found that as the thickness of the RSM layer increases from 3 to 5 m, the value
of peak horizontal accelerations at the top point of the building decreases up to 73 %. This is probably
due to the wavelength of the oscillation. According to experts, if the wavelength is larger than the
barrier width, some of the wave energy passes through the barrier and the barrier efficiency decreases
[33]. This effect is also due to wave energy dissipation.
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Figure 5. Spectrum of horizontal acceleration reactions of the top point of the building without and
with RSM barrier as a function of barrier thickness.

The results of horizontal accelerations of the top point of the building without barrier and with
barriers of different thicknesses showed good parametric data for determining the derivation of
barrier design parameters (Figure 6).

At a barrier thickness of 1 m (Figure 6a), the values of horizontal accelerations of the top point
of the building without a barrier and with a barrier made of RSM are practically insignificant. While
the acceleration for a building without a barrier is 0.241g, the acceleration for a building with an RSM
barrier is 0.233g. The reduction in acceleration is 4 %.

While a barrier thickness of 3 m (Figure 6b) reduces the acceleration of the top point of the
building to 0.212g, a barrier thickness of 5 m (Figure 6c) reduces the acceleration of the top point of
the building to 0.050 g, which is a 60% reduction.
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Figure 6. Time normalised horizontal accelerations of the top point of the building obtained from the

parametric study as a function of the thickness of the RSM barrier.

As can be seen from the graph of horizontal acceleration dynamics as a function of barrier thickness
(Figure 7), the thickness parameters significantly affect the effectiveness of the geotechnical seismic
isolation system. It is important to note that the results obtained were the most sensitive to the change
in the thickness of the RSM, which is in agreement with the results obtained earlier in [30-32].
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Horizontal acceleration, m/c2

Without barrier t=1m t=3m t=5m

Dependence on thickness
—Northridge

Figure 7. Graph of horizontal acceleration dynamics as a function of barrier thickness.
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3.2. Effect of Barrier Depth

The design and engineering of RSM barriers were considered to determine the effectiveness of
the depth or height of vertical seismic barriers on the degree of reduction of earthquake input motion.
The extent to which the input motion amplification is reduced during an earthquake also depends on
the depth of the RSM barrier. A numerical analysis was carried out to obtain the effective barrier
height and the RSM barrier depth was varied between 5m, 10m, 15m. As can be seen from the
horizontal acceleration response spectrum (Figure 8), the acceleration values for the GSI system
decrease with increasing barrier depth up to 15 m, which indicates a sufficiently high effect of
reflection and absorption of energy of wave processes.
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Figure 8. Spectrum of horizontal acceleration reactions of the top point of the building without and
with the RSM barrier as a function of the barrier depth. .

According to experts, the effectiveness of seismic isolation is also observed when the depth of
the barrier increases. The results of the RSM barrier experiment showed that for the barrier depth of
5m (Figure 9a) the acceleration reduction is 0.195 g, while for the barrier of 10m (Figure 9b) the
acceleration reduction is 0.057 g. When the barrier depth is increased from 10 m to 15 m, no significant
difference in soil structure interaction (SSI)+GSI period is observed (Figures 9b and 9c). The results
show that the value of reduction of horizontal accelerations of the top point of the building with a
15m deep barrier is 60%, which indicates the effectiveness of the GSI system from RSM.
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Figure 9. Normalised time values of the horizontal accelerations of the top point of the building
obtained from the parametric study as a function of the depth of the RSM barrier.
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Figure 10. Graph of horizontal acceleration dynamics as a function of barrier depth.

As can be seen from the graph of the dynamics of horizontal accelerations dependence on the
depth of the barrier (Figure 10), the lowest decrease is observed when using a barrier depth of 5 m,
intermediate results are obtained at a depth of 10 m, and the best results are obtained when using a
depth of 15 m. Typical reduction values in these cases are 5-30%, 10-40%, 15-45%, respectively. This
follows from the fact that the 15 m depth is the most ductile of the three depths and has the greatest
propensity for large inelastic deformations. As a result, it reaches its shear strength faster, dissipates


https://doi.org/10.20944/preprints202407.2495.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 31 July 2024 d0i:10.20944/preprints202407.2495.v1

11

more energy during an earthquake, and provides greater seismic isolation capacity for the entire
system. The decrease in the base period becomes more significant as the barrier depth increases from
10 m to 15 m.

3.3. Effect of Distance from the Building

The degree of reduction in earthquake input motion was considered in terms of the location of
seismic barriers from the RSM away from the building. The acceleration reduction at the level of the
top point of the building obtained in the RSM barrier located at different distances of 5m, 10m, 15m
from the building is shown in Figure 11.

The results of the analysis of the horizontal acceleration response spectrum of the top point of
the building without and with the RSM barrier show an increase in acceleration at larger barrier
locations from the building. As shown in Figure 12a, when the barrier is placed at a distance of 5 m,
we have an acceleration reduction value of 0.05 g, which corresponds to a reduction efficiency of 60%.
So, the smaller the distance from the building, the more acceleration reduction is achieved at the level
of the top point of the building.

When the barrier is located further away from the building, a reduction in the reduction effect
of up to 40% is observed (Figures 12 b,c).
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Figure 11. Spectrum of horizontal acceleration reactions of the top point of the building without
barrier and with RSM barrier as a function of barrier distance.
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Figure 12. Normalised time histories of the horizontal accelerations of the top point of the building
obtained from the parametric study as a function of the RSM distance of the barrier.

Figure 13 shows that a significant reduction in acceleration reaches approximately 60% at a
distance of 5 m from the building, 40% at a distance of 10 m, and 30% at a distance of 15 m from the
building.
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Figure 13. Graph of the dynamics of horizontal accelerations as a function of the distance of the barrier
from the building.

The location of the barrier away from the building has a significant effect on reducing horizontal
accelerations at the top point of the building. The distance of 5 m from the building, established by
the experiments, showed the effectiveness of the GSI system as seismic isolation. When the distance
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increases up to 15 m, the seismic isolation efficiency decreases due to the possible penetration of
seismic waves from below the barrier [34].

The method of geotechnical seismic isolation in the form of vertical barriers made of RSM is
based on the existing soil piling technology. The depth of the barrier is achieved by drilling a borehole
to the design grade and packing the RSM to the required density. The width of the barrier is created
by installing several rows of rubber-soil piles to a specified thickness. The use of industrial waste
greatly reduces the cost of geotechnical seismic isolation technology.

4. Conclusions

The results of the study highlight the favorable effect of using RSM as a vertical barrier material
on the response of structures under dynamic loads. As a result of numerical studies, it was found
that the thickness, height, distance between the barrier and the building are the main factors
determining the damping performance and the degree of reduction of earthquake input motion.

Structural and technical solutions of vertical seismic barriers on RSM are characterized by
reliability in providing seismic isolation of objects of existing buildings from the impact of seismic
forces and the manufacturability of their construction during construction and operational periods.
Vertical seismic barriers made of geomaterials with 75% rubber content reduces horizontal
accelerations by 60% at the selected optimum thickness, height and RSM spacing around the building.

The results of the study contribute to the substantiation of methodology and scientific and
technical efficiency of geotechnical seismic isolation as a simple and reliable system, an economically
favorable design alternative to the traditional seismic isolation system.

The developed system of geotechnical seismic isolation, the results of computational and
experimental modeling will become a research, analytical and design basis for the development of
new ways of ensuring seismic resistance of construction objects.
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