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Abstract
Geotechnical seismic isolation is a recently emerged isolation technique to prevent the damaging effects of the earthquake 
on the building structures and nonstructural components. The study analyzes the effectiveness of different materials such 
as epoxy polystyrene, polyethylene foam, coir mat, rubber mat, and coir composites as a soil isolation medium to reduce 
the seismic energy transferred, thereby reducing the dynamic response of buildings under earthquake loads. Finite element 
analysis was carried out to evaluate the soil–structure interaction (SSI) effect in low-rise reinforced concrete structures with 
raft foundations subjected to various earthquake motions. Two kinds of soil, namely soft and stiff soil, were considered based 
on their flexibility to study dynamic soil–structure interaction effects. Roof acceleration and base shear of the building and 
contact pressure distribution and settlement at raft foundation–soil interface were the parameters evaluated for the different 
soil properties. The linear elastic behavior was assumed for the integrated building–foundation–soil system. This system was 
exposed to ground motions corresponding to scaled El Centro (1940) earthquake and simulated seismic excitation, which 
corresponds to the elastic design spectrum for Zone III as per the Indian standard code (IS 1893 (Part 1): 2016). The results 
indicate that the soil isolation provided by the high stiff polyethylene foam and coir mat substantially reduced the earthquake 
energy transmission to the superstructure. It is also observed that the seismic response of the buildings and raft is dependent 
on the flexibility of underlying soil. Seismic responses increase as the soil flexibility increases. Compared to stiff soil, the 
reinforced materials are very efficient in reducing seismic responses in soft soil.

Keywords Finite element simulation · Raft foundation · Soil isolation-building system · Soil reinforcement · Soil–structure 
interaction

Introduction

Raft foundations are provided in the form of a mat rest-
ing on soil that extends over the footprint of the build-
ing, reducing the soil pressure to support the facilities by 
transferring the loads to the soil. The stability of the whole 
superstructure depends entirely on the interface between 
the soil and foundation, irrespective of the physical nature 
of the soil of the building. The soil isolation method 
strengthens the soil by incorporating vibration-isolating 

materials (geotechnical isolation) or providing vibration 
isolators in the construction (structural isolation). Geo-
technical isolation is further classified as soil isolation 
and foundation isolation. The studies derived from the 
numerical analysis have demonstrated promising results 
in using recycled rubber [1] as seismic isolation mate-
rial in the soil. Recycled rubber was used as an isolation 
medium to retain backfills provided with granular rubber 
soil mixtures,as an underground layer, it is used to miti-
gate the phenomenon of liquefaction or even as an isola-
tion layer for structures. The scrap tires are used in various 
civil engineering applications such as slope stabilization, 
vibration isolation, retaining structures, road construction, 
ground erosion control, etc. The combination of sand and 
tire shreds helps strengthen the soil, both under static and 
dynamic loads. Shear strength is a significant parameter in 
certain studies [2] at the soil–tire interface. It was depicted 
that the rubber-stabilized (reinforced with a rubber mat), 
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highly rigid substratum ballast could significantly reduce 
the settlement and degradation in the ballast.

Another soil reinforcement material used is geofoams. 
The rigid plastic foams (geofoams) used in the light-
weight filling [3, 4] for soft-ground construction, slope 
stabilization, wall or retaining wall isolation. The use of 
EPS blocks has also been extended to include geotech-
nical applications such as subbase fill materials [5–9], 
piers and bridge approach [4, 10–12], slope stabilization 
[13–17], earth retaining structures [18]. Some research-
ers have investigated the feasibility of using polyethylene 
fibers or strips in soil [11, 18, 19]. Polyethylene foam is a 
synthetic, excellent material that absorbs vibration energy 
and protects the structure. Plastic fibers and sheets are 
the major focus to improve and stabilize sandy soils, as 
fiber products are cost-competitive with other materials 
such as plastics. Polyethylene foams do not cause leaching 
problems and are not affected by chemical and biological 
degradation [20, 21].

The geotechnical base isolation system has been defined 
earlier by some researchers and the authors [8, 22–24]. They 
proposed the use of mixtures for low-cost seismic isolation 
using geosynthetics materials. The concept of geotechnical 
isolation includes a sliding mechanism with a low frictional 
coefficient by providing seismic isolation materials to dis-
sipate seismic energy before it enters the superstructures. 
From the numerical analysis carried out [25] to evaluate the 
efficacy of the seismic isolation system based on geosyn-
thetic reinforcement below the foundation, it was reported 
that the absolute acceleration at the roof level was reduced 
up to 40%. Experimental studies based on the shake table 
test have been done [25] by providing geotextiles and 
geomembranes as a base isolation system at the plinth level 
of a brick masonry building. However, the increased cost 
of geosynthetics and the growing value of biodiversity led 
researchers to concentrate more on natural resources as an 
alternative to conventional products.

Many natural materials in our surroundings can 
be used effectively for seismic isolation purposes. 
Coir is a type of natural material in the form of fibers pro-
cessed into mat  forms. Natural fibers such as coir were 
used in soil to increase their strength and decrease lique-
faction [26, 27]. The length of soil-reinforced coir fiber is 
a factor studied because the long fibers have improved the 
resistance to liquefaction by limiting the interstitial pres-
sures. The inclusion of coir fibers increases the resistance 
to liquefaction in cohesive soils. Even though the durabil-
ity of the coir material is a matter of concern, as reported 
in Maheshwari et al. [28], the durability can be improved 
by coating fibers with phenol and bitumen. Chemical treat-
ment of reinforcement material is one method to enhance 
durability and mechanical properties. The coconut fiber has 

been chemically treated with alkali and silane at different 
concentrations [29–32].

The previous studies on seismic soil isolation techniques 
realize that an analysis should be carried out using other 
forms of polyethylene, coir, and rubber materials. There are 
studies on the use of these materials, mainly in the form of 
fibers and strips. Since the length of fiber helps increase the 
isolation efficiency of the reinforcement materials, the cur-
rent study proposes reinforcing materials in their mat form. 
The literature survey observed that the EPS materials are 
used to strengthen soil behind the retaining wall, slope sta-
bilization, etc. The application of EPS foams supports the 
shallow foundation for the structures, and its suitability as 
vibration absorbers has to be examined yet. The possibil-
ity of using low to high dense and stiff material is of great 
importance to study its effectiveness to act as the isolation 
materials.

This paper proposes the application of epoxy polysty-
rene geofoam, polyethylene foam, rubber mat, and coir 
mat as vibration isolation materials in the soil. The com-
posite materials, coir–polyethylene foam, and coir–rubber 
mats are introduced in the soil to improve the service life 
of reinforced coir mat and enhance the isolation efficiency 
of strengthening material. This study also compares the 
efficacy of natural and synthetic materials in the form of 
mats within the soil as vibration absorbers by investigating 
the different seismic responses of the soil–structure system. 
The soil stiffness is considered while designing raft founda-
tions to understand the load distribution in the raft founda-
tion. Three-dimensional finite element models of integrated 
building-raft–soil systems were developed and analyzed 
with and without a mechanism of soil isolation, incorporat-
ing the flexibility of soil in the time domain.

Soil–structure interaction

The structural response to an earthquake is interconnected 
by three systems, such as structure, foundation, and soil. 
Studying the soil–structure interaction is essential when 
seismic forces significantly impact the base movement com-
pared with the free activity in the soil. Two fundamental 
approaches, namely direct method and substructure, are used 
to solve the soil–structure interaction (SSI) problems [33]. 
The direct SSI method is employed to model and analyze the 
entire soil structure in a single phase. In this study, the SSI 
method was selected wherein the soil and structure are mod-
eled together. Many recent studies [34] utilized this method 
for the SSI analysis of complex structures using powerful 
computing efficiency in most modern computers. In the 
substructure approach, the soil–structure system is divided 
into two substructures, the soil medium and the structures. 
This method is based on the principle of superposition. One 
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of the drawbacks of this method is that only linear systems 
can be analyzed. The main advantage of the direct method 
compared to the substructure method is that it can consider 
the nonlinear material behavior [35, 36].

Some studies have reported the detrimental effect of SSI 
in buildings [37–39]. But limited research has been done in 
three-dimensional SSI analysis of buildings, including foun-
dation-isolated soil systems. The current study analyses the 
different materials-reinforced and unreinforced soil–struc-
ture interaction from their seismic responses under earth-
quake loading.

Description of the problem

Studies on soil reinforcement with different materials have 
been described in the literature [1, 7, 8, 11, 24, 32, 40, 41]. 
But the application of reinforcement materials for the soil 
isolation for shallow foundations are very few. Moreover, 
the application of reinforcement materials in their mat form 
for shallow foundations is not detailed in the literature. 
Studies [42] reveal that the isolation efficiency of reinforce-
ment fibers increases with fiber length. Therefore, the con-
cept of introducing the commonly available reinforcement 
materials in their mat form is addressed in this study. The 
current investigation consists of a response evaluation of 
multistory buildings with raft foundations resting on dif-
ferent soil types and subjected to earthquake loads. The 
three-dimensional finite element model of the integrated 
building–foundation–soil system was analyzed based on the 
direct SSI method in which analysis of structure and soil 
is carried out in a single step. The resulting contact pres-
sure and settlement at the raft–soil interface and building 
seismic responses such as roof acceleration and base shear 
were assessed by incorporating the SSI effects correspond-
ing to different soil flexibility. Also, the efficacy of other 
materials as soil-isolation in reducing structural response 
is investigated.

Idealization of structure

The model studied includes four-bay five-storey RC framed 
buildings supported by the raft foundation resting on dif-
ferent soil. The bay length of building frames was 4 m, 
and the storey height is 3 m. The cross sections of the 
beams and columns were taken as 300 mm × 300 mm and 
500 mm × 500 mm, respectively. Floor and roof slabs were 
provided with a thickness of 150 mm. Based on structural 
specifications as per Indian standard codes for the design 
of reinforced concrete structures, IS 456:2000 and IS 
13920:1993, dimensioning of slabs, beams, and reinforced 
concrete structures were determined. Raft size was taken as 
18 m × 18 m with a thickness of 1 m. Apart from the dead 

load due to the self-weight of the structural elements, the 
live load on floors was 3kN/m2. The M25 grade concrete 
and Fe, 415-grade steel, was selected as the building and 
raft materials. The modulus of elasticity (Ec) for building 
and raft foundation, 25GPa, was calculated corresponding 
to M25 grade concrete using the equation,

where fck is the characteristic compressive strength of con-
crete after 28 days, the Poisson’s ratio and unit weight of 
concrete were taken as 0.15 and 25kN/m3, respectively, for 
both building and raft foundation.

The configuration of the soil–structure system is depicted 
in Fig. 1a. Finite element simulation of transient response 
was carried out on these three-dimensional field-scale 
models with and without soil-isolation mechanism. The 
soil–structure system without isolation is represented as 
'UR.'

Idealization of infinite soil

An elastic continuum finite element model was assumed to 
represent the soil for the analysis. Since soil is a semi-infinite 
medium, as per Wolf [33], the boundary should be placed 
at a distance away from the foundation laterally, where the 
static responses of the system die out. The boundaries of 
soil were placed about 4.5 times the raft width from each 
side of the foundation. The bedrock was assumed to be at 
a depth of 30 m for all models considered so that a finite 

(1)Ec = 5000
√

fck

Fig. 1  The configuration of the isolated soil-building system
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domain is considered for the analysis. The soil stratum size 
was 170 m × 170 m with a depth of 30 m (Fig. 1). Nonre-
flecting boundaries were assigned at lateral boundaries to 
represent an infinite soil stratum. The Young’s modulus and 
Poisson’s ratio of the soil were adopted corresponding to soft 
soil  (S1) ( Vs < 150 m/s) and stiff  (S2 soil (150 < Vs < 300 
as per the standards of NEHRP guidelines for the seismic 
rehabilitation of buildings from FEMA 273 [FEMA 273-
1997 and FEMA 356-2000]. The unit weight of the soil was 
taken corresponding to the flexibility of the soil. The details 
of the various soil properties used in the analysis are listed 
in Table 1.

Idealization of the isolation layer

Ground improvement with soil reinforcement is a standard 
method practiced. The addition of strengthening elements 
improves the engineering properties of soil. The reinforc-
ing materials absorb the tensile load and the shear stresses 
within the soil structure, thereby preventing shear or exces-
sive deformations. Suitable material must be chosen for the 
reinforcement so that shear stress, shear force, and lateral 
deformation of the material under the dynamic load should 
be minimum.The materials used for seismic isolation in the 
form of mats were coir mat (C), epoxy polystyrene (EPS), 
rubber mat (RU), polyethylene foam of low stiffness  (PE1), 
polyethylene foam of high stiffness  (PE2), composite of coir 
mat and rubber mat (C-RU), composite of coir mat and poly-
ethylene of high stiffness (C-PE2). The detailed properties 

of various isolation materials used in the analysis are listed 
in Table 2.

The depth of placement of reinforcement plays a vital role 
in reducing the seismic responses under dynamic loads. An 
optimum depth helps to intercept the shear zone as much 
as possible and induces optimum lateral retention of the 
deformed zone under the raft foundation. The reinforcement 
mats were placed at an optimum depth of 1 m for EPS geo-
foam, polyethylene foam, and rubber mat. For natural mate-
rials such as coir mat, coir–rubber, and coir–polyethylene 
composite, the depth of placement was taken as 2 m to be 
secured against external sources of degradation and weather-
ing. All the reinforcement mats provided were 2 m thickness 
having a planar dimension of 20 m × 20 m, which covers the 
bottom area of the raft foundation with 1 m extensions in all 
four directions. Coir composites were modeled with each 
layer of composite materials having a thickness of 0.5 m 
provided at top and bottom sandwiched with 1 m of coir 
mat in the middle to get an adequate total thickness of 2 m.

Finite element modeling of the building–raft–soil 
system

The integrated building–raft–soil system was analyzed by 
the finite element method using ANSYS software, assuming 
its linear elastic behavior. The building frame was modeled 
using a two-node linear beam element, i.e., BEAM188. The 
soil stratum was discretized with eight-node linear brick 
reduced integration element, i.e., SOLID 185. It is a first-
order element with linear interpolation in each direction, 
and it is suitable for convergence in contact analysis. Soil 
medium was discretized with solid elements of size in the 
order of 0.5, 1, 2.5, 5, and 10 m along the lateral direction 
with fine mesh near the structure, which gradually increases 
to a coarser mesh away from the structure. Raft foundation 
was also discretized with eight-node linear brick reduced 
integration elements as that of soil. Raft volume was dis-
cretized with elements of size 1 m. As the reinforcement 
materials used for isolation undergo bending under load, it 

Table 1  Properties of soil

Soil type Description of 
soil

Shear wave 
velocity, Vs 
(m/s)

Poisson's ratio Unit 
weight 
(kN/
m3)

S1 Soft soil 120 0.4 16
S2 Stiff soil 270 0.35 18

Table 2  Properties of building 
components and isolation 
materials

Specification Dimension Young’s Modulus 
of elasticity (MPa)

Poisson’s ratio Unit weight 
(ɣd), (kN/
m3)

RC Beam (B × D × L) 0.3 m × 0.3 m × 4m 25 ×  103 0.15 25
RC Column (B × D × L) 0.5 m × 0.5 m × 3 m 25 ×  103 0.15 25
Raft foundation (B × D × L) 18 m × 18 m × 1 m 25 ×  103 0.15 25
Rubber mat (B × W) 20 m × 20 m 100 0.49 15
Coir mat (B × W) 20 m × 20 m 4100 0.3 15
EPS geofoam (B × W) 20 m × 20 m 22 0.1 0.22
Polyethylene  foam1 (B × W) 20 m × 20 m 150 0.2 4
Polyethylene  foam2 (B × W) 20 m × 20 m 900 0.2 4



Innovative Infrastructure Solutions (2023) 8:217 

1 3

Page 5 of 17 217

was modeled with 3D finite strain 190, SOLSH190 element 
having very low bending stiffness. Soil isolation mats were 
meshed with 0.5 m size. Nonreflective boundaries on the 
lateral boundary surfaces of the soil media were assigned to 
represent the infinite soil medium. The lateral sides of the 
soil were modeled with viscous boundaries so that the non-
reflecting effect under dynamic loading can be represented. 
COMBIN 14 elements were used for viscous boundary, and 
proper damping and stiffness values corresponding to the 
soil were assigned. The soil stratum base was set as fixed so 
that any motion and moments would be prevented. Three-
dimensional finite element modeling of the whole build-
ing–raft–soil system was generated using the ANSYS soft-
ware and is shown in Fig. 2. Altogether, 34,299 nodes and 
29,409 elements, including 6400 solid shell reinforcement 
elements, were used for the model. CONTACT and TAR-
GET elements were used to model the interface of soil and 
isolation materials. The interface between the underneath 
soil and isolation materials formulated with a coefficient of 
friction values. The coir mat coefficient [40, 43] and rubber 
mat were given as 0.5, and for EPS [44, 45] and polyethylene 
foam, it was given as 0.7.

Methodology

The time history analysis of the integrated soil–structure 
system was carried out with ground motion corresponding 
to the longitudinal component of the Imperial Valley earth-
quake at El-Centro (1940) with modified peak ground accel-
eration (PGA) of 0.3 g as well as simulated seismic excita-
tion corresponding to Zone III as per IS 1893:2016 with 
PGA of 0.1 g. The input motions corresponding to modified 
El Centro ground motion and simulated ground motion cor-
responding to the Zone III design spectra of IS 1893 (2016) 
are designated as El Centro and IS input motion. The input 

ground motions were chosen based on the availability of 
high-amplitude frequency content that matches the natural 
frequency of the soil–structure system. The resonance effect 
demonstrates the highest seismic response in the super-
structure under the ground excitations. The FFT analysis 
shows that the peak value of Fourier amplitude occurs at 
a frequency range of 1.1–1.4 Hz for the El Centro and IS 
input motion. Table 3 lists the natural frequencies of the 
soil–structure systems considered for the analysis. The natu-
ral frequency of soil–structure systems considered for soft 
soil obtained from the modal analysis was almost the same, 
and it was increased for stiff soil. The total duration of the 
ground motion was taken as 30 s for the El-Centro earth-
quake and bracketed duration of 17.81 s for the IS input 
motion. The acceleration time history plot of input ground 
motions and corresponding FFT is shown in Fig. 3. These 
two ground motions were applied in the global X direction 
of the soil–structure model in ANSYS. Five-storey build-
ings, as described in Sect. 3.3, were considered for the tran-
sient analysis.

Fig. 2  Finite element model of the building–raft–soil system in ANSYS Software a Isometric view, b Cross-sectional view for the reinforced 
soil–structure model, c Fixed-base model

Table 3  Natural frequencies of the soil–structure system

Isolation mat Natural frequency of soil–structure 
model (Hz)

Soft soil Stiff soil

EPS 1.1212 1.3336
RU 1.1212 1.3529
PE1 1.1212 1.3533
PE2 1.1212 1.3621
C 1.1212 1.3656
C-RU 1.1212 1.3622
C-PE2 1.1212 1.3617
UR 1.1212 1.3590
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The integrated building–soil system with and without 
soil isolation mechanism was studied by incorporating the 
soil reinforcement with different isolation materials. Case 
1 and Case 2 are defined to group the isolation materi-
als. The materials used in case 1 represent EPS, RU,  PE1, 
and  PE2 mats. The coir mat and its composites such as 
C, C-RU, and C-PE2 mats are re-referred to as Case 2 
materials. Both reinforced and unreinforced soil models 
were analyzed under seismic load for models resting on 
the two different types of soil. Comparative analysis of 
seismic responses of buildings founded in isolated and 
conventional soil stratum would provide isolation perfor-
mance of the material. Contact pressure distribution at the 
soil–raft interface was studied for traditional and isolated 
cases of models. The slip deformation of the reinforcement 
and the soil was found to be a critical parameter from the 
dynamic response of the geosynthetic–soil interface dur-
ing harmonic excitation [22].

A nondimensional factor, reduction factor (RFs) to 
express the reduction in the settlement below the raft 
under earthquake excitations is introduced as.

where
Su: Settlement of the raft foundation on unreinforced 

soil model.
Sr: Settlement of the raft foundation on reinforced soil 

model.
Contact pressure reduction below the raft foundation 

also has been expressed in terms of reduction factor, i.e., 
(RFc) (Eq. 3).

where
Cpu: Contact pressure developed below the raft founda-

tion on unreinforced soil.
Cpr: Contact pressure developed below the raft founda-

tion on reinforced soil.

(2)RFs =
Su

Sr

(3)RFc =
Cpu

Cpr
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The isolation efficiency of reinforced mats has been 
defined as follows;

where
Seismic response (u): Seismic response of the unrein-

forced soil–structure system.
Seismic response (r): Seismic response of the reinforced 

soil–structure system.
Thus, the higher the reduction factor, a higher the isola-

tion effect and higher the isolation efficiency (Eq. 4) for the 
particular reinforcement mat in the soil stratum.

Seismic building responses such as roof acceleration and 
base shear were evaluated to study the isolation performance 
of reinforcement materials in the soil. Seismic base shear is 
the highest lateral force exerted during the seismic event on 
the building at its base. Here, the seismic base shear of the 
building resting on different isolation mat-reinforced soil 
stratum has been represented in terms of the total weight of 
the building as the base shear ratio (Eq. 5).

F': Base shear ratio of building.
F: Shear force at the base of the building.
W:Total weight of the building.

Validation

The finite element program 'ANSYS' is used to analyze the 
soil–structure system. The numerical model of soil–struc-
ture system carried out by Nanda et al. [25] in ABAQUS 
software is validated in this study by using ANSYS. The 
isolation scheme uses a high-strength nonwoven geotex-
tile–geomembrane [ultrahigh molecular weight polyethylene 
(UHMWPE)] interface. Three-dimensional buildings G + 1, 
G + 2, and G + 3 one-bay moment-resisting RC frames are 
considered to estimate seismic response at the roof level 
with and without isolation mechanism (Fig. 1b). The Typar 
3601 geotextile and 6.4 mm thick UHMWPE interfaces are 
simulated with a dynamic friction coefficient of 0.07. A 

(4)
Isolation efficiency of reinforced mats

=
Seismic response(u) − Seismic response(r)

Seismic response(u)

(5)F� =
F

W

friction coefficient of 0.3 is also formulated for the inter-
face between the underlying soil and the UHMWPE. The 
soil and raft foundation discretized with eight linear brick 
node reduced integration element, i.e., hourglass control 
(C3D8R). Two-node linear beam element in surface, i.e., 
B31, is used to model the buildings.

The results obtained from the numerical analysis of the 
model using ANSYS software are compared with the out-
comes of Nanda et al. [25]. The validated model results are 
in good agreement with the numerical work reported, as 
shown in Table 4. Peak absolute acceleration values at the 
roof level for conventional G + 2 and G + 3 buildings from 
the ANSYS software results match obtained from the paper 
with a slight variation of 1.8 and 2.1%, respectively. But the 
absolute peak values for the isolated buildings were varied 
by 1 and 0.5%, respectively.

Results and discussion

The seismic responses of the soil–structure system ana-
lyzed and findings were compared to select the best isola-
tion material.

Effect of soil flexibility

Soil–structure interaction effects on the seismic response 
of structures depend mainly on soil flexibility [46, 47]. 
Two types of soils, namely  S1 and  S2 representing soft and 
stiff soil, were considered to identify the effect of SSI. It is 
observed from the analysis that the natural frequency of the 
SSI system (Table 3) was lower than the natural frequency 
of the fixed-base structure (1.96 Hz), and about 43% reduc-
tion in natural frequency was noticed when the underlying 
soil was soft.

For fixed-base models and buildings, which rest on 
the soft and stiff soil stratum, the effect of SSI on seismic 
responses in terms of roof acceleration was analyzed. Fig-
ure 4 indicates that seismic responses increase as soil flex-
ibility increases. The roof acceleration of the building is 
increased by about 70 and 33%, respectively, in soft and 
stiff conventional soil base supported system, compared to 
the fixed-base system subjected to El Centro input motion. 
Therefore, SSI has a significant role in the seismic behavior 

Table 4  Comparison between 
absolute roof response analysis 
results from ANSYS and 
ABAQUS software

Building Earthquake Peak absolute acceleration at roof 
level (g) ABAQUS

Peak absolute acceleration at roof 
level (g) ANSYS

Conventional 
building

Isolated building Conventional 
building

Isolated building

G + 2 El Centro 2.224 1.457 2.182 1.756
G + 3 El Centro 2.074 1.215 2.029 1.221
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of structures. Since the seismic responses shown by build-
ing resting on soft and stiff soil are higher than that on a 
fixed base, seismic soil isolation is addressed. The following 
section compares the seismic responses of different mats 
reinforced soil–structure systems.

Absolute roof acceleration of building

Roof acceleration response of the five-storey building was 
evaluated for the cases of unreinforced and reinforced soil 
base. The isolation capacity of case 1 and case 2 soil rein-
forcing materials were compared by incorporating the soil 
flexibility (Fig. 5). The percentage reduction in roof acceler-
ation of buildings on various mats reinforced soil compared 
to unreinforced soil is evaluated. Figure 6 shows the time 
history of acceleration for soil–structure system reinforced 
with coir mat in soft and stiff soil excited under El Centro 
and IS input motions.

From the proposed study of soft soil strengthened with 
mats of case 1 material, such as EPS, RU,  PE1, and  PE2 
mats, respectively, subjected to El Centro input motion, a 
reduction of 2.6, 9.8, 15.1, and 23% in the roof acceleration 
is observed (Fig. 5a). The roof acceleration does not reduce 
with the EPS mat reinforced soil base. In comparison with 
low stiff polyethylene  (PE1), a high stiff polyethylene mat 
 (PE2) reinforced soil system shows about 1.6 times higher 
percentage reduction in roof acceleration (Fig. 5a).

In stiff soil, the reinforced mats do not show a notice-
able reduction in roof acceleration than soft soil. EPS 
mat reinforcement in stiff soil exhibits improved perfor-
mance, around 3% reduction, than any other isolation mats 
(Fig. 5b). In screening the high-frequency dynamic source 
besides turbo generators, turbines, etc., continuous EPS 
geofoam was more efficient. For comparatively more stiff 

soil deposition, EPS geofoam works well [27]. In reduc-
ing roof acceleration of buildings resting on stiff soil, the 
efficacy of low stiff and high stiff polyethylene mat rein-
forcement does not vary significantly. The rubber mat does 
not contribute to the same at all (Fig. 5).

The soil–structure system, in which the soil is rein-
forced with mats of case 1 materials, excited under IS 
input motion, is analyzed. The reduction in building roof 
acceleration is achieved with all the reinforcement mats. 
The percentage reduction in roof acceleration obtained for 
building resting on the soft soil is in the range of 2–9% 
with reinforcement of  all the isolation mats (Fig. 5c). 
Compared with low stiff polyethylene  (PE1), a high 
stiff polyethylene mat  (PE2) reinforced soil system shows 
about two times higher percentage reduction in roof accel-
eration. In stiff soil, the reduction of 5% in roof accelera-
tion is observed with reinforcement of  PE1 and  PE2 mats 
only (Fig. 5d).

From the analysis of soft soil reinforced with mats of 
case 2 materials, it is observed that the roof acceleration is 
reduced by about two to eight times more than that observed 
from soft soil reinforced with the mats of case 1 material 
EPS, RU, and  PE1. Combining two highly stiff materials 
resulted in a better composite mat, C-PE2, which signifi-
cantly reduces the seismic response. The peak roof accel-
eration response of the building on coir mat and C-PE2 mat 
strengthened soil is decreased by 19 and 22%, respectively, 
compared to the unreinforced soil (Fig. 5c). And this reduc-
tion is 18% with C-RU mat reinforcement. The coir mat 
reinforced soil stratum shows only 2.2% isolation efficiency 
to reduce roof acceleration in stiff soil.

Under the IS input motion, the roof acceleration response 
of the soil–structure system in which the soft soil is strength-
ened by mats of case 2 materials is analyzed. The percentage 

Fig. 4  Time history of absolute roof acceleration in building with a fixed base and building on a soft  (S1) and b stiff soil  (S2)
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reduction of 6.4, 6.8, and 6.9%, respectively, is observed 
in C-RU, C, and C-PE2 mat enhanced soil base (Fig. 5c). 
In stiff soil, roof acceleration is reduced with the reinforce-
ment of all the case 2 materials, but the reduction is not 
significant, i.e., less than 5% (Fig. 5d).

Absolute roof acceleration response of a five-storey build-
ing-isolated soil system excited under two different input 
motions, incorporating the soil flexibility is evaluated. The 
observed roof acceleration responses under input motions 
of El Centro are more advantageous than that with IS input 
motion, as El Centro motions have high peak acceleration 
amplitudes compared to IS input motion (peak ground accel-
eration of El Centro and IS input motion is 0.3 and 0.1 g, 
respectively). This roof acceleration response in buildings 
resting on stiff soil is lower than in soft soil as the stiff soil 
has lower amplification than soft soil. It is also observed that 
isolation materials work better in soft soil than in stiff soil to 
mitigate seismic response. A highly stiff polyethylene mat 
shows around 23–33% more isolation efficiency than the 

coir mat in reducing the roof acceleration of the building 
(Fig. 5a–d).

It is not technically feasible to have highly stiff polyethyl-
ene material as a soil reinforcement material for a 2 m thick-
ness; however, composite of coir mat and polyethylene is 
practically possible. With advantage for isolation purposes, 
the composite of coir mat and polyethylene foam may also 
act as a suitable drainage medium (Table 5).

High stiff polyethylene has been chosen to make a com-
posite with a coir mat since the high stiff polyethylene mat 
shows around two times more isolation efficiency than low 
stiff polyethylene foam. The rubber mat gives better isola-
tion efficiency and works as a good composite with the coir 
mat. It is a combination of low and high stiff synthetic and 
natural materials having the same density. Generally, isola-
tion materials and pile foundations are practiced to mitigate 
the seismic response of multistorey buildings. For example, 
rubber mixed in the form of tire chips in the sand for 5 m 
thickness and piles to isolate seismic responses showed an 
isolation efficiency of around 40% for roof acceleration in 

Fig. 5  Roof acceleration for soil reinforced with different isolation mats a El Centro-soft soil b El Centro-stiff soil c IS-soft soil d IS-stiff soil
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five-storey buildings [36]. But in this proposed study, the 
reinforcement of isolation mats only with 2 m thickness 
reduces the roof acceleration response of the building sig-
nificantly with a maximum reduction factor of 23% (Fig. 5).

Seismic base shear of building

The base shear ratio variation (base shear divided by the 
weight of building) obtained by considering the fixed 
base and incorporating the three-dimensional soil–struc-
ture interaction (SSI) effect is examined. The isolated 
soil–structure system analyzed and compared the iso-
lation efficiency of reinforced mats to reduce this base 
shear. The base shear ratio is noted and represented in 
terms of the total weight of the superstructure (Fig. 7). It 
is observed here that the seismic base shear is more than 
the fixed-base condition when the SSI effects are taken 
into consideration (Table 6) [48]. With an increase in soil 
flexibility, the seismic base shear is increased. Isolation 
mats show a noticeable reduction in soft soil than in stiff 
soil. Same results were observed from the previous results 
also. When the soil is soft to medium, the response is sig-
nificantly higher than that of the bridge with a fixed tower 

Fig. 6  Roof acceleration time history plot of the soil–structure system for unreinforced and reinforced cases of  S1 and  S2 type soil with coir mat 
under a El Centro-soft soil b El Centro-stiff soil c IS-soft soil d IS-stiff soil

Table 5  Fourier amplitude and specific energy density corresponding 
to the natural frequency of the soil–structure system with isolation

Earthquake Fourier amplitude Specific 
energy density 
 (m2/s)Soft soil 

(1.12 Hz)
Stiff soil(1.35 Hz)

El Centro 0.974 1.443 0.199
IS 0.471 0.543 0.052



Innovative Infrastructure Solutions (2023) 8:217 

1 3

Page 11 of 17 217

base. The impact of SSI decreases with increasing soil 
stratum stiffness. Ignoring SSI for short structures sup-
ported by shallow foundations may actually underestimate 
the seismic response, which may be increased due to the 
period elongation and corresponding increase in spectral 
response of the fundamental mode, as demonstrated by a 
recent study by Dutta et al. [49] and Raychowdhury [50].

It is seen that the soil condition has a pronounced 
effect on building base shear response. From the analy-
sis of soil reinforced with mats of case 2 materials, a 
maximum of 23 and 20% reduction in the base shear value 
is observed with  PE2 mat and C-PE2 mat reinforcement 
in soft soil. Stiff soil condition produces less base shear 
in buildings. Only below 10% reduction in base shear is 
observed while reinforcing stiff soil with all the isola-
tion mats under El Centro input motions (Fig. 7). Since 
the base shear directly depends on the input earthquake 
amplitude, the base shear observed in the soil–structure 
system subjected to El Centro motions is seen to be higher 
than that observed with IS input motions.

Total and differential Settlement of raft foundation

The settlement of the raft foundation should be as uniform 
as possible, and it should be within permissible limits too. 
Therefore, it is essential to avoid differential settlement 
rather than to maintain a uniform overall settlement of the 
structure. The settlement at the soil–raft foundation inter-
face is noted, and settlements are observed to differ over 
the length of the raft. In the middle, the vertical settlement 
is very small and increased to the edge of the raft founda-
tion. Since the soil–structure system was laterally subjected 
to earthquake excitations, raft sliding is highly probable. 
The settlement is found to be dependent on soil flexibility. 
That is, the settlement of the raft foundation increases with 
the increase in soil flexibility and the result matches with 
the previous results [51–53]. It is seen that soil deforma-
tion is significantly less in stiff soil since the raft foundation 
behaves as rigid while interacting with stiff soil.

The total permissible settlement and differential settle-
ment for raft foundation in the sand are 0.075 m and 0.0021L' 
for RCC structures according to IS 1904-1978, where L'-
center to center distance between columns in meters. It 
is found from the static analysis of the soft soil–structure 
system that the settlement (82 mm) (Fig. 8b) exceeds the 
permissible value specified in the code, and the soil must, 
therefore, be reinforced with a particular variety of isola-
tion materials to enable the structures to be adequately sup-
ported from earthquake loads. The raft–soil interface is an 
important area where energy is transferred from earthquake 
motions in the soil stratum to the superstructure. This makes 
the settlement at the interface a very critical parameter to be 
evaluated before and after the soil improvements. Figure 8c, 
d shows the contour plot of the total settlement observed in 
unreinforced and C-PE2 mat reinforced soil cases while it is 
excited under EL Centro input motion. At two points with a 
distance of L', the settlement observed on the edge of the raft 
foundation at a particular time when it gives the maximum 
value of settlement during the whole earthquake motion is 
noted, and their difference is considered as the differential 
settlement of the raft foundation.

Among the case 1 materials, the  PE2 mat reinforced soil 
system shows 62.7% isolation efficiency to reduce the dif-
ferential settlement in soft soil under El Centro input motion 
(Table 7). It marks the highest reduction in the differential 
settlement.  PE2 mat performs about two times better over 
 PE1 mat for the same. The isolation efficiency of reinforce-
ment mats in reducing the settlement at the raft–soil inter-
face is represented in terms of reduction factor (RFs) in 
Fig. 9 (where 'L'-length of the raft foundation). The deflec-
tion of the raft foundation is not significantly reduced by 
reinforcing with EPS mat in soft soil. High-stiff reinforce-
ment materials reduce the seismic response of the building 
in soil [7]. Under IS input motion, a maximum reduction 

Fig. 7  Seismic base shear ratio of building on reinforced soil with 
various mats

Table 6  Base shear ratio for buildings on a fixed base and flexible 
base conditions

Earthquake Base shear ratio (`F')

Fixed base Flexible base without 
isolation

Soft soil Stiff soil

E l Centro 0.046 0.18 0.06
IS 0.015 0.10 0.03
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factor of 1.49 and 2.37 is obtained for the soft soil rein-
forced with  PE1 and  PE2 mats (Fig. 9c). In stiff soil, neither 
EPS nor RU mat reinforcement could reduce the settlement 
significantly when the SSI system is subjected to both the 
input motions.

From the study of soil strengthened with mats of case 2 
materials, the C-PE2 mat reinforced soft and stiff soil con-
siderably reduces the differential settlement at the raft edges 
by about 50.1 and 42.5%, respectively, from unreinforced 
soil when it is excited under El Centro motions. The settle-
ment is seen to be higher on the edges of the raft since the 
input motion has been applied to the soil structural system 
laterally. From the analysis carried out to study the efficacy 
of isolation mats to reduce the differential settlement of raft 

foundation, it is concluded that differential settlement val-
ues seen for various isolated SSI systems analyzed under 
two different earthquake excitations were within permissible 
limits as per the code. The reinforcing mats give good RFs 
values for the soil–structure system excited under El Centro 
input motions compared to IS input motions.  PE2 and C-PE2 
mats are found to be more effective in reducing differential 
settlement of the raft foundation.

Contact pressure distribution at raft–soil interface

In the SSI system with different mat reinforced cases, the 
contact pressure distribution below the raft foundation is 
analyzed by considering soil flexibility. From the response of 

Fig. 8  Settlement of raft foundation resting on soft soil under static 
loading a along the length of raft foundation on the unreinforced soil 
b cross section of the unreinforced soil–structure system c rubber 

reinforced soil–structure system d coir reinforced soil–structure sys-
tem; Settlement in soft soil under El Centro motions

Table 7  Percentage reduction 
in differential settlement of raft 
foundation

Soil type Input motion Percentage reduction in differential settlement of raft foundation (%)

EPS RU PE1 PE2 C C-RU C-PE2

Soft El Centro 12 27.2 35.8 62.7 46.6 44.1 50.1
IS 5 25.2 32.6 58.5 40.7 39 39.9

Stiff El Centro 10 16 30 43.2 42.1 41.1 42.5
IS 4.5 11 20 37.4 37 36.6 30
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the soil foundation interface on the application of dynamic 
load, it is noticed that the contact pressure distribution on the 
edge of the soil foundation is higher and decreasing toward 
the center.

Soil reinforcement reduces the contact pressure develop-
ment under earthquake loads at the raft–soil interface. The 
decrease in contact pressure in terms of the reduction factor 
is shown in Fig. 7 for reinforced soil from that of unrein-
forced soil system, where 'L'-length of the raft foundation. 
Among case 1 materials,  PE1 and  PE2 mat reinforcement 
in soft soil subjected to El Centro input motion show 37.7 
and 49% isolation efficiency in reducing the contact pres-
sure.  PE2 mat reinforcement in soft soil significantly reduced 
the contact pressure across the raft base with a maximum 
reduction factor of 1.96 (Fig. 10a). Rubber mat could act 

as good isolation material by reducing pressure distribu-
tion with a reduction factor of 1.3, i.e., about 22% reduction 
compared to unreinforced soft soil. EPS geofoam material 
is not efficient in reducing the differential settlement, but 
this reinforcement in soft soil reduces the contact pressure 
at the raft–soil interface. With EPS mat reinforcement in 
soft soil, around a 15% reduction in contact pressure from 
unreinforced soil is observed.

The pressure development under dynamic loads is influ-
enced by soil flexibility. Stiff soil has high density and mod-
ulus of elasticity values. The findings show that the inten-
sity of contact pressure is increased with an increase in the 
stiffness of the soil. Contact pressure developed beneath the 
raft base is 51.67% in the stiff soil than that of soft soil in 
the unreinforced soil–structure system. A contact pressure 

Fig. 9  Reduction factor for vertical settlement along the length of the raft foundation under a El Centro-soft soil b El Centro-stiff soil c IS-soft 
soil d IS-stiff soil
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reduction factor (RFc) of 1.12 and 1.53 is seen in stiff soils, 
respectively, with  PE1 and  PE2 mat reinforcement. A notice-
able reduction in the pressure development below the raft 
foundation is not observed with the stiff soil enhanced by 
the RU mat.

Contact pressure developed below the raft foundation 
under IS input motion is examined. Under El Centro input 
motions, reinforced mats show higher isolation efficiency 
than under IS input motions. The maximum reduction in 
contact pressure is with  PE2 mat reinforcement in soft soil 
with an RFc of 1.2 and stiff soil with an RFc of 1.4 (Fig. 10c, 
d).

For soft soil reinforced with the mats of case 2 materials, 
excited under El Centro input motion, coir mat strengthened 
soft soil show a maximum RFc value among case 2 mate-
rials, which is about 2.1 (Fig. 10a). A reduction factor of 
about 1.9 is observed from C-RU, and C-PE2 mats enhanced 
soft soil. All the isolation mats impart their influence in 
efficiently reducing the seismic responses. The coir mat 

reinforcement reduced the contact pressure nearly equally 
in soft and stiff soils by about 44–53%.

For the soil–structure system subjected to IS input 
motions, a maximum of 22 and 36% pressure reduction is 
observed below the raft foundation with coir mat reinforce-
ment in soft and stiff soil, respectively. The current study 
inferred from the analysis of contact pressure induced at 
the raft–soil interface that the SSI effect is negligible for 
buildings built on stiff soil, but it increases with increased 
soil flexibility. Earlier studies also show the same results 
that with the increase in stiffness of soil contact pressure 
increase [54–58].

Conclusion

The current numerical analysis investigates the seismic isola-
tion effect of the reinforcement mats placed in the soil below 
the raft foundation as an isolation medium. The efficacy of 

Fig. 10  Reduction factor for contact pressure distribution along the length of the raft foundation under a El Centro-soft soil b El Centro-stiff soil 
c IS-soft soil d IS-stiff soil
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the isolation mats to mitigate the seismic response of the raft 
foundation and the superstructure is evaluated with paramet-
ric studies by transient analysis of three-dimensional finite 
element models of the soil–structure system in ANSYS. 
From the research carried out on the SSI system with and 
without reinforcement, the following conclusions are drawn:

• The seismic response of buildings is expressed in terms 
of maximum response of roof acceleration and base 
shear, and that of raft foundation is represented in terms 
of maximum response of total and differential settlement 
and contact pressure.

• As soil flexibility increases, seismic responses increase. 
The natural frequency of the SSI system is lower than the 
natural frequency of the fixed-base structure (1.96 Hz), 
and about 43% reduction in natural frequency was 
noticed when the underlying soil was soft. The roof 
acceleration of the building is increased by about 70 and 
33%, respectively, in soft and stiff soil base supported 
system, compared to the fixed-base system subjected to 
El Centro input motion (Fig. 4).

• The reinforcement of soft soil by the isolation mats effec-
tively reduces seismic responses of building and raft 
foundation compared with the reinforcement done with 
stiff soil. And these materials are found to be performing 
well under input earthquake motion of higher amplitude.

• A maximum reduction in the building roof acceleration 
and base shear is observed about 23 and 23% by rein-
forcing soft soil with C-PE2 and  PE2 mats. Base shear is 
higher for buildings resting on a flexible base compared 
to fixed-base conditions.

• The  PE2 and C-PE2 mats used as soil reinforcement mate-
rials effectively reduce the differential settlement of raft 
foundation compared to the other isolation materials. The 
 PE2 and C-PE2 mats used result in an isolation efficiency 
of 62.7 and 50.1%, respectively. The maximum reduc-
tion factor (RFs) of 2.4–2.7 was observed for  PE2 mat 
reinforcement in soft soil and about 1.8 for coir mat and 
its composites in stiff soil. This reduces the total raft set-
tlement.

• The maximum reduction in contact pressure induced at 
the raft–soil interface is found to be about 49 and 53% 
when the soft soil is reinforced with  PE2 mat and coir mat 
materials respectively.

• It is inferred from this proposed study, the performance 
analysis of the isolation mats; coir mat with its compos-
ites, and high stiff polyethylene  (PE2) mat act as good 
isolation mats under both the input motions with PGA 
0.1 g and 0.3 g. The use of the coir products as isolation 
medium in the soil will be economically beneficial as it 
is a natural way of isolating the soil domain than standard 
isolation methods. The coir mat composited with  PE2 mat 
improves the durability of the coir mat by protecting it 

from biodegradation and also act as a suitable drainage 
medium. Therefore, from the analysis, it is suggested to 
reinforce the soil with the C-PE2 composite mat as a seis-
mic isolation medium.
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