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Abstract

Seismic isolation is a technique that has been adopted worldwide to protect building
structures, non-structural components, and content from the damaging effects of
earthquake-induced ground shaking. Geotechnical seismic isolation is a kind of isolation
technique that has recently emerged as a possible solution to reduce the effects of
earthquakes. The present research investigates the effectiveness of different materials such
as natural material (coir mat), elastomeric material (rubber mat) and polymer material
(epoxy polystyrene, polyethylene foam) as a medium for soil isolation to limit seismic
energy transfer and thus the dynamic response of buildings. Finite element analysis is
carried out on low-rise reinforced concrete buildings, resting on raft foundation over
reinforced soil subjected to various earthquake motions. Two kinds of soil, namely soft and
stiff soil, are considered based on their flexibility to study the dynamic soil-structure
interaction (DSSI) effects. The linear elastic as well as non-linear inelastic behavior have
been assumed for the analysis of the integrated building-foundation-soil system. The
nonlinear analysis is carried out by incorporating the material non-linearity in the soil and
isolation materials. The response of SSI system subjected to ground motions corresponding
to the elastic design spectrum for Zone 111 as per the IS code, El Centro earthquake (1940),
Northridge earthquake (1994) and Chi-Chi earthquake (1999) is analysed. The results
indicate that soil isolation provided by the coir mat substantially reduces the earthquake
energy transmission to the superstructure compared to other isolation mats. The optimum
values for the depth of embedment, width and thickness of the coir mat were analysed and
identified as B/18, B and B/36 respectively from the parametric analysis of the soil-
structure system, where, B is the width of foundation. The coir composites such as coir-
rubber and coir-polymer foam are proposed to increase the durability of the coir mat by

preventing coir mat from biodegradation.

Further, a pore water pressure analysis of soil bed also has been carried out in Cyclic
1D software and PLAXIS 3D software to study the efficacy of these materials to reduce



the excess pore water pressure generated in soil under earthquake loading. The isolation
efficiency of reinforcement materials in reducing the excess pore water pressure generated
in soil under different earthquake motions obtained is 75-82%, 71-80% and 67-72% with
coir, coir-polymer and coir-rubber composites respectively. Among various isolation mats,
the coir mat and coir-polymer foam composite mat are recommended as the efficient

soilisolation medium, especially at soft soil sites.

Keywords: Finite element simulation, soil reinforcement, raft-foundation, seismic soil

isolation-building system, soil-structure interaction, pore water pressure analysis
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Chapter 1

INTRODUCTION

1.1 SEISMIC ISOLATION SYSTEMS

A seismic isolation system is defined as a flexible or sliding interface placed between
a structure and its foundation to decouple horizontal ground motions from horizontal
structure motions, hence limiting earthquake damage to the structure and its contents (Fig
1.1). Various mechanisms for seismic isolation, such as rollersand sand layers, have been

developed over the past century.

Acceleration and displacement response
at each floor becomes almost the same

\

\

! I
| |
I |
i
[_3:- |
| I
E_ |

Isolator

Ground movement

Figure 1.1 Schematic description of a seismic isolation system (Ho 2011)

Rubber material has been employed as an isolation device over the last few decades.
Laminated rubber bearings (Fig. 1.2) are presently the most widely used system due to the

strength necessary in the vertical direction to support the full weight of the structure.
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Another form of seismic isolation approach is a sliding system (Fig. 1.2), such as the
friction-pendulum system, which limits the transfer of shear across the isolation interface.
Because of the considerable implementation costs, these basic isolation approaches are no

w only used in structures with critical or expensive contents.

Attachment Plates

Lead Plug Stiffening Plates

Rubber Layers

Figure 1.2 A typical laminated rubber bearing (Ho 2011)

1.2 CLASSIFICATION OF SEISMIC ISOLATION SYSTEMS

The seismic isolation devices that are installed in buildings are typically energy
dissipation mechanisms. The devices can be classified in two ways: according to their
position in the building or according to their working principles. Isolators can be classified
into two kinds based on their location in the building. These are external and internal
isolators. External devices are positioned outside the building and are typically inserted
into the foundations. The mechanisms that dissipate energy are the internal type devices.
All response control systems are classed as active or passive based on their functioning

principles.



1.2.1 Passive Control Systems

Passive control systems do not need extra energy to work and are merely activated by
earthquake motion. The system is intended to dissipate a major percentage of the seismic
energy in unique components. There are two types of passive control systems as below:

Seismic Isolation Systems

These systems decouple ground motion and prevent the structure from earthquake
energy absorption. The entire superstructure should be supported by discrete isolators, with
seismic energy released by their sliding (along with damping for some specialised devices).
The superstructures isolated by this system function more like rigid bodies. An example of
using mechanical devices for seismic isolation is shown in Fig. 1.3(a).

(a) (b)

Figure 1.3 Seismic isolation by (a) mechanical devices (b) hydraulic dampers (Ho
2011)

Passive Energy Dissipation Systems

This type of system provides additional damping to the structure, reducing the
structural responses under earthquake vibrations significantly. This can be achieved by
using viscous dampers such as visco-elastic dampers, hydraulic dampers, or lead extrusion
systems, as well as hysteretic dampers such as metallic yielding or shape-memory alloy
devices. When this method is deployed, deformations concentrated in the energy

3



dissipation equipment will dampen much of the earthquake energy. The illustration in Fig.
1.3(b) depicts a structure isolated by hydraulic dampers.

1.2.2 Active Control Systems

This type of system protects the structure against the destructive impacts of
earthquakes by exerting forces on the structure to counter-balance the earthquake-induced
forces. These are "active" systems as they require an energy supply and computer-
controlled actuators to operate customised braces and/or tuned mass dampers. This
approach was used in the construction of Taiwan's Taipeil01, one of the world's highest
skyscrapers. A schematic explanation for the application of active control system is
shown in Fig. 1.4(a), along with a representation of the weight employed to counter -

balance the earthquake-induced forces in Fig. 1.4(b).

gn%!F{E[“r |
LTI ELEE [
A

(a) (b)

Figure 1.4 (a) Active systemused in Taipei 101 (b) Golden Globe of Taipei 101 (Ho
2011)

1.3 NEW SEISMIC ISOLATION METHODS

In past few years, novel seismic isolation methods have been presented in which the
flexible or sliding interface comes into direct contact with geological sediments and the
isolation mechanism is primarily based on geotechnics. There are two distinct but



promising approaches. Smooth synthetic liners have been suggested beneath foundations
or between soil layers to dissipate seismic energy through sliding (Yegian and Catan 2004;
Yegian and Kadakal 2004), and rubber-soil mixes (RSM) have been proposed around
building foundations to absorb seismic energy and perform a function similar to that of a
cushion (Tsang 2007). The low cost of these seismic isolation methods may benefit
countries where resources and technology are insufficient to mitigate earthquakes using

well-developed but costly procedures.

1.4 SIGNIFICANCE OF THE PRESENT WORK

Finding high-quality alternative geomaterials is a difficult task in geotechnical
engineering. Non-traditional lightweight materials are the solution in such cases. The geo-
materials used inthis study for the soil isolation technique are polymer foam, natural rubber

mat coir mat and composites of coir mat.
1.4.1 Tyre chips

Tyre usage has increased significantly in recent decades as the number of
automobiles has increased drastically. Since the disposal of scrap tyres has become a
serious matter, finding an effective way to reuse these discarded scrap tyres has become a
difficult task. Tyre chips commonly range insize from 25mm x 50mm to 100mm x 450mm,
with 50mm x 75mm being the most common. Many academics have explored the index
and engineering properties of tyre chips, and study in this subject is still ongoing. However,
the work of Tatlisoz et al. (1998), among others, provides more in-depth and fundamental
knowledge about the engineering properties of tyre chips-soil mixes for a variety of mixing
ratios. The compression characteristic of tyre chips-soil mixes under cyclic loading for
seismic isolation is the most important result given in the cited article. Because of their
high porosity and rubber content, they claim that tyre chips are extremely compressive.
The majority of plastic deformation occurs during the first cycle of cyclic loading, and the
rate of plastic strain accumulation decreases with each load cycle without a substantial
change in the ultimate strain corresponding to the ultimate stress. Tsang (2011) proposes

5



an earthquake mitigation strategy that includes the use of rubber-soil mixes (RSM)
provided around the foundation of low-to-medium-rise buildings to dissipate seismic
energy and function as a cushion. A variety of numerical simulations using various
recorded ground motions have shown that the proposed method is valid. The performance
indicators such as peak and RMS values of the horizontal acceleration at the roof and
foundation, as well as the first-floor inter-story drift were examined. On average, a 40-60%
reduction in seismic response was obtained, and the findings were demonstrated to be
particularly sensitive to variations in RSM layer thickness (Tsang 2011). The new idea of
soil isolation is to reinforce the rubber mat as a vibration isolation material by considering

the benefits of rubber shown by the previous studies.

(a) (b)

Figure 1.5 (a) Polyethylene foam (b) Tyre Chips

The combination of sand and tyre chips helps strengthen the soil, both under static
and dynamic loads. Shear strength is a significant parameter in certain studies (Tatlisoz et
al. 1998) at the soil-tyre interface. The research on the compressive strength of tyre chips
(Pincus et al. 1994) reveals that it is very compressible because of the porosity and rubber
content. Further, rubber has been used as mats under railway embankment ballast for
isolation (Indraratna etal. 1998). They observed that the rubber-stabilized (reinforced with
a rubber mat), highly rigid substratum ballast can significantly reduce the settlement and

degradation in the ballast. A reduction of 5-10% in the lateral plastic strain and a reduction



of 10-20% in the vertical plastic strain is observed in this study (Indraratna et al. 1998).
Due to its high damping efficiency, the mat of rubber substantially absorbs the vibration

energy to protect the structure above it.
1.4.2 Polyethylene Foam

Several researchers have investigated the feasibility of the use of polyethylene fibers
or strips in soil (Orman 1994; Abu-Hejleh et al. 2000; Piva et al. 2014; Meguid and Khan
2019). Polyethylene is made up of extremely long chains of ethylene, which all align in the
same direction and derives strength largely from the length of each molecule (chain). The
extremely long polymer chains enable load transfer by strengthening intermolecular
interactions. Polyethylene fibers are manufactured in a gel spinning process. The high
molecular weight gives polyethylene a unique combination of high impact strength, low
coefficient of friction, and abrasion resistance. The results of a building model placed on a
polyethylene liner demonstrate the proper capacity of the liner to act as an energy-
absorbing medium, with which the seismic response of building can be significantly
reduced (Narjabadifam and Chavoshi 2018).

1.4.3 Epoxy Polystyrene Geofoam

Rather than replacing soil fill, the goal of epoxy polystyrene (EPS) geofoam is to
overcome technical issues. The block weight ranges from 0.11 kN/m? to 0.40 kN/m3. When
compared to traditional fill materials in geotechnical engineering, its density is very
less (approximately 100 times less) (Fig. 1.6). Geofoam has a lifespan of 70 to 100 years.
Clay or silt has a bearing capacity equal to the compressive strength of EPS, that is 100
kPa. The use of EPS saves overall construction costs since it is simple to handle during
construction, frequently without the need for special equipment, and is not affected by
weather conditions. Furthermore, EPS geofoam can be easily cut and moulded on the work
place, controlling work requirements. Manufacturers and suppliers of EPS geofoam can be
found all around, mostly in North America. Expanded polystyrene is produced in two

stages using a moulded bead method. To fulfil the needs of particular works, EPS geofoam



is manufactured in blocks that may be carved into a number of shapes and sizes, as well as
arange of compressive resistances. It can be produced as a material to offer the appropriate
compressive resistance. The density of EPS geofoam is adjusted during the manufacturing
process, giving itan excellent, ultra-lightweight fill material that considerably lowers stress
on supporting subgrade layer. The smaller load can help to prevent settlements and increase
stability against bearing and slope failures. The physical property criteria of EPS Geofoam
are specified in ASTM D6817.

The application of geofoam in various construction activities is in high demand in
India due to the rapid development of the construction sector and the ongoing need for eco-

friendly and cost-effective building materials.

@ (b)

Figure 1.6 (a) EPS geofoam (b) Coir mat

1.4.4 Coir Mat

Coir is a natural fibre also known as coconut fibre, made from a coconut's husk and
is used to make a variety of products, including brushes, mattresses, doormats, and floor
mats. The fibrous layer coir is present between hard interior shell and its outer covering of
coir. Brown coir (produced from ripe coconut) is also used in upholstery padding, sacking,
and horticulture. White coir is extracted from unripe coconuts and used to make finer
brushes, string, rope, and fishing nets. Coir characteristics are less affected by

wet conditions than those of other rigid fibers. Since coconut fibre is a natural source,
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several researchers have been studying it. Furthermore, coconut debris is discarded in
landfills, causing environmental issues because this substance, although natural, takes time
to decompose. Natural fibres, such as coconut fibers, have become industrially appealing
because to its low cost, wide availability, and desired mechanical characteristics for
particular applications, such as panels, ceilings, partition boards, and automobile

components.

The total global coir fibre production is approximately 250,000 tonnes. The coir fibre
sector is very important in several poor countries. In India, mostly the coastal region of
Kerala state, 60% of the entire world supply of white coir fibre is produced. Sri Lanka
accounts for 36% of global brown fibre output. Over 50% of the coir fibre produced around
the world each year is used in the countries of origin, primarily India. Every year, India
and Sri Lanka manufacture 90% of the world coir production. Sri Lanka continues to be

the world's leading exporter of coir fibre and coir fiber-based products.

The current study intends to utilise the abovementioned materials as seismic isolators
to reduce seismic energy transferred to the superstructure. The background and concepts

of geotechnical soil isolation techniques will be presented in the following sections.

1.5 ORGANIZATION OF THESIS

The research outcome of the set objectives with the overall content is presented into

eight chapters of the thesis. The content of each chapter is described as follows:

Chapter 1: This chapter gives general introduction and a brief overview of the different

types of seismic isolation techniques existing in detail.

Chapter 2: A brief summary of literature focusing on research carried out related to soil
isolation techniques for multistorey buildings is presented. An attempt has been made to
identify the improvements made in isolation materials adopted for the soil isolation and

study of isolation efficiency of soil reinforcement materials to reduce the seismic response



of buildings through the years. The research gaps have been identified. The research
objectives are listed here.

Chapter 3: This chapter deals with the methodology followed in the study towards the
fulfillment of the objectives set forth. It gives the details of the idealization of the soil-

structure models and the analysis carried out.

Chapter 4: The chapter discusses various parameters affecting the placement of coir mat in

soil by considering four-bay five storey buildings.

Chapter 5: Linear analysis of the soil-structure system is carried out and explained in this

chapter.
Chapter 6: This chapter is devoted to nonlinear analysis of soil-structure system.

Chapter 7: This chapter explains the studies carried out on pore water pressure generated
in soil under seismic loading as well as the seismic responses of building from the analysis
carriedout in PLAXIS software.

Chapter 8: This chapter summarizes main outcomes of this research. The significant
conclusions are listed, highlighting the importance of consideration of natural material for

soil isolation.
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Chapter 2

LITERATURE REVIEW

2.1 INTRODUCTION

While conducting a detailed literature survey regarding the soil isolation techniques,
itis found that different materials like tyre chips, geosynthetics, etc are used as vibration-
isolating materials. Initially, researchers (Yegian et al. 1995; Yegian and Catan 2004)
examined the benefit of using a geosynthetic reinforced soil isolation device to lower
seismic responses of the superstructure. Yegian and Lahlaf (1994) investigated the
dynamic shear strength property of nonwoven geotextile and geomembrane materials.
Dynamic friction coefficients at the geomembrane and soil interfaces were also analyzed
by Yegian and Lahlaf (1994). An experimental test on synthetic materials interfaces while
those placed below the foundation to act as foundation isolation was performed by Yegian
and Kadakal (2004). And from the information collected from the literature survey, it is
possible to conclude that the existing materials like rubber chips, polymer foam and
geosynthetics as well as the newly introduced material coir mat have a common character
I.e., good vibration damping capacity. This chapter deals with an overview of the major
research work carried out in this particular area where the detail of materials used in the
previous studies, the analysis of the main parameters, findings obtained and finally the gap

in literature is also added.

2.2 EFFECT OF SOIL ISOLATION ON SEISMIC RESPONSES

Soil isolation is a method of strengthening the soil with certain vibration-isolating
materials (geotechnical isolation) or providing vibration isolators in the construction
(structural isolation). The beginning and early improvement of seismic isolation have been

given by researchers (Makris and Chang 2000). Different soil isolation materials in
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different forms were used for soil isolation techniques. The scrap tyres are good isolation
materials used in numerous civil engineering applications such as slope stabilization,

vibration isolation, retaining structures, road construction, ground erosion control, etc.
2.2.1 Isolation Using Geosynthetic Materials

The basic strategies of isolation with particular emphasis and a summary of other
innovations developed worldwide for structural mitigation of earthquake forces were
reported in 'the state of the art review of base structure isolation systems' (Negusseyio
2008). The geotechnical base isolation system has been defined earlier by some researchers
(Guler and Enunlu 2009; Nanda et al. 2012; Patil and Reddy 2012; Srilatha et al. 2016;
Kolathayar 2019). They proposed the use of mixtures for low-cost seismic isolation by
means of geosynthetic materials. Several soil reinforcement studies with geosynthetics for
static and dynamic loads were reported (Nanda et al. 2017; Kou and Shukla 2019). The
concept of geotechnical isolation includes a sliding mechanism with a low frictional
coefficient by providing seismic isolation materials to dissipate seismic energy before it
enters the superstructures. From the numerical analysis carried out (Nanda et al. 2017) to
evaluate the efficacy of the seismic isolation system based on geosynthetic reinforcement
below the foundation, it was reported that the absolute acceleration at roof level was
reduced by up to 40%. The experimental studies by the shake table test have also been done
(Nanda et al. 2017) by providing geotextiles and geomembranes as a base isolation system
at the plinth level of a brick masonry building.

2.2.2 Isolation Using Tyres

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 mitigate the
phenomenon of liquefaction or even asan isolation layer for structures. The studies derived
from the numerical analysis have demonstrated promising results in using recycled rubber

(Tsang 2007) as seismic isolation material in the soil.
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Sand/rubber mixtures (SRMs) and gravel/rubber mixtures (GRMs) provide
potentially vibration-attenuation material for the mitigation of earthquake loads in
infrastructures. The scrap tyres are used in different civil engineering applications like
slope stabilization, vibration isolation, retaining structures, road construction, ground
erosion control, etc. The combination of sand and tyre shreds helps strengthen the soil, both
under static and dynamic loads. Further, rubber has been used as mats under railway
embankment ballast for isolation (Nimbalkar and Indraratna 2016; Navaratnarajah and
Indraratna 2017; Indraratna et al. 2019). It was revealed that due to its high damping
efficiency, the mat of rubber would substantially absorb the vibration energy to protect the

structure above it.
2.2.3 Isolation using Geofoams

Another soil reinforcement material used is geofoam. Epoxy Polystyrene (EPS) is a
kind of geofoam having lightweight closed plastic cell foam used by Norwein engineers in
1965 as a thermally insulating material and was later used in 1972 to provide lightweight
fill material for EPS blocks on the embankment built on soft soil. Plastic fibers and sheets
are the major focus to improve and stabilize sandy soils, as fibre products are cost-
competitive with other materials. The rigid plastic geofoams were used in the lightweight
filling (Elragi 2006; Horvath 2008a, b) for soft-ground construction, slope stabilization,
and wall or retaining walls isolation. Geofoams are also used for sub-grade isolation and
foundational isolation for roads and runway applications. A thorough understanding of the
compression and shear behavior of the geofoam blocks, as well as the shear strength of the
interface, is required for the successful design of composite systems like embankments and
bridge approaches. At the New York State Route 23A site, using geofoam to minimize the
driving power of a slope was effective in stabilizing the slope (Jutkofsky et al. 2000). Since
the treatment was completed in 1996, no slope movement has occurred. To allow for
thermally-induced motions of the bridge superstructure without impacting the backfill, a
thin compressible material was incorporated between the reinforced backfill and the

integral bridge abutment wall. By January 2000, this construction was providing smooth
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rides with no evidence of occurring normal bridge bump problem (Abu-Hejleh et al. 2000).
The shear strength and sand ductility increased when waste HDPE strips added to subgrade
soil (Choudhary et al. 2010; Shao et al. 2014). The effectiveness of the addition of high-
density polyethylene strips to a subgrade soil of the pavement was examined. Waste HDPE
strips added to soil in appropriate amounts significantly improved the strength and
deformation behavior of subgrade soils. The angle of interface friction increases
consistently as the density of geofoam material increased (Meguid and Khan 2019).
Geofoam absorbs vibration energy and protects the structure when it was placed along with
the sub-base fill materials (Aab et al. 2019; Moghaddas Tafreshi et al. 2021). However,
the increased cost of these materials and the growing value of biodiversity led researchers

to concentrate more on natural resources as an alternative to conventional products.
2.2.4 Isolation Using Coirs

Many natural materials in our surroundings can be used for seismic isolation
purposes. Coir is atype of natural material in the form of fibers processed into mat forms.
Coir is a fibrous coconut cover with a length of 50-350 mm approximately, and coir
contains tannin, pectin, cellulose and a high amount of lignin. As the lignin content in the
coir fibre is high, itis long-lasting compared to other fibers such as jute, sisal, etc. Coir is
available in the form of fibers as well as a mat in industries. Even though geosynthetics
can stabilize the soil, the coir fibre is used to do it because of various advantages; with a
higher coefficient of friction between soil and coir fibre, acne enhances soil reinforcement
more efficiently than other reinforcement materials (Ghavami et al. 1999). Basic research
in the application of coir as a reinforcement material began in the 1990s. Natural fibers
such as coir were used in soil to increase their strength and decrease
liquefaction (Boominathan and Hari. 2002; Keramatikerman et al. 2017). The coir fibre
was more efficient at higher shear strains, where the shear modulus (G) is increased
significantly by its contribution. However, the durability of the coir material is a concern.
The durability can be improved by coating fibers with phenol and bitumen. Chemical

treatment of reinforcement material is one method to enhance durability and mechanical
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properties. Solani sand reinforced with a geogrid sheet, geosynthetic fibre, and natural coir
fibre was tested for liquefaction resistance (Maheshwari et al. 2012). At 0.1g acceleration,
a sand sample reinforced with 0.75 percent coir fibre increased its liquefaction resistance
by 91%. The coconut fibre has been chemically treated with alkali and silane at different
concentrations (Haqgue et al. 2012; Munirah Abdullah and Ahmad 2012; Kumar and Gupta
2016). They made composites of coir by reinforcing coir with polypropylene (PP) and
polyethylene (PE). Chemical treatment increased the physical, mechanical, and thermal
qualities of the manufactured components. Higher fibre loading resulted in improved
mechanical properties of the resultant composites, while PP composites had better
properties than PE composites. At the end of dynamic loading, there is a chance of stiffness
degradation, but it is only about 30%, and stiffness remains the same after that (Perdana
and Jamasri 2016). Coir fibre has 4-5 times the stiffness value of existing natural fibers
such as sisal, bamboo, and so on. As a result, with this higher stiffness value already in
place, the fibre can be used safely for seismic isolation in soil. The length of soil reinforced
coir fibre is a factor studied because the long fibers have improved the resistance to
liquefaction by limiting the interstitial pressures (Systra et al. 2016; Yang et al. 2016; Elif
Orakoglu et al. 2017; Leng et al. 2017; Fardad Amini and Noorzad 2018; Karakan et al.
2018; Ziaie Moayed and Alibolandi 2018; Su et al. 2021; Talamkhani and Naeini 2021;
Zwawi 2021). The inclusion of coir fibers increases the resistance to liquefaction in
cohesive soils. The dynamic properties such as shear modulus and the damping efficiency
of randomly distributed coir fiber-reinforced sand have been investigated (Talamkhani and
Naeini 2021). The damping ratio increases as shear strain increases and decreased

normalized shear modulus.

Furthermore, the location at which the isolation mats reinforce the soil,is a
significant factor that affects the total efficiency to isolate the ground motion effects on
structures. Studies on soil reinforcement using geosynthetic materials show that the
different ways of reinforcing the same quantity of material cause different
structural behavior. Researchers (Dash et al. 2004; Tafreshi and Dawson 2010; Pivaet al.
2014; Srilatha et al. 2016; Solomon et al. 2017) indicated that the analysis of the placement
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of geosynthetic materials in the soil is essential from the perspective of productivity and
economy. The study on geocell enhanced soil reported a depth of placement of 1/10 times
the base width, which shows the maximum performance to increase the bearing pressure
of soil (Dash et al. 2004). From the experiment on circular footings, an optimum placement
depth of geogrid was obtained as 1/20 times the foundation width. It is reported that the
improvement factors were increased significantly for an embedment depth of 0-B/4 from
the foundation base (Piva et al. 2014) in geogrid reinforced soil. The variation in
embedment depth values observed by different researchers may be due to the difference in
soil form and the properties of reinforcing materials. 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. However, considering the amount of
researchinthis area, very little evidence has been found in the parametric study of applying
natural resources as soil isolation systems. The present research focuses on the parametric
study on isolation mat in soil such as depth of placement, thickness and width and to obtain

its optimum values for an effective reinforcement of soil.
2.2.5 Durability of Isolation Materials

In addition to the soil strengthening technique and the reinforcement location method
mentioned above, the study of the durability of the material is also a significant factor to
be considered. The experiments were conducted to study the effect of chemical treatment
on fibers such as coconut, sisal, jute, and hibiscus cannabinus to analyze the tensile
resistance and durability of natural fibers (Ramakrishna and Sundararajan 2005). Coconut
fibers are 4-6 times more sustainable than other fibers and are used for; slope stabilization
in railway embankments, protection of waterways, reinforcement of rural unpaved roads,
sub-basis layer on highways, land reclamation, and the filtration in road drains, etc. (Ali
2010). Chemical treatment is a primary method for improving the longevity and
mechanical characteristics of natural fibers. Coir was treated in a different medium such as
alkalized, acidic, and neutral with benzene diazonium salt (Haque et al. 2012); as

chemically processed, the hydrophilic groups in cellulose coir fibre were converted to

16



hydrophobic groups, which increases the durability of coir material. The water absorption
capacity of coir fibre was between 130% and 180% better compared to other natural fibers
and lasted for ten years (Hejazi et al. 2012). The earlier studies regarding the durability of
coir fibre under dynamic load show that at the end of dynamic loading, there was a chance
of degradation in the stiffness of the coir fibre, but that was around 30%, and after that
stiffness remains the same (Perdana and Jamasri 2016). The coir fibre has 4-5 times the
stiffness value compared to the existing natural fibers like sisal, bamboo, etc. Therefore,
due to this higher value of stiffness, the fibre can be used safely for seismic isolation in
soil. From these existing studies on the coir fibre, the idea of combining the coir material
with other reinforcement-isolation material is developed. Geomembranes are good
reinforcement materials that have proven higher isolation efficiency in earlier studies
(Srilatha et al. 2016; Nguyen and Indraratna 2017; Moghaddas Tafreshi et al. 2021).

Also, polyethylene foam and rubber materials act as good isolation materials
(Tatlisoz et al. 1998; Zarnani and Bathurst 2005; Elragi 2006; Tsang 2007). Therefore, the
current work uses geomembrane, rubber and polyethylene foam as composite materials for
the coir. The reinforced and unreinforced soil-structure models are developed by the finite
element method; the seismic responses and the isolation efficiency of coir mat and coir

composite mats are analyzed in detail.
2.2.6 Effects of Isolation Materials on Pore Water Pressure

An increase in excess pore water pressure causes liquefaction in soil. With its
potential for damage, the high incidence of liquefaction during earthquakes is the main
subject of earthquake engineering study. Some relevant papers summarized state-of-the-
art discussions on liquefaction (Martin, P P; Seed 1982; Seed 1987; Sharma et al. 2018).
The ASCE Specialist Session on "Liquefaction Problems in Geotechnical Engineering"”
addressed some of these articles. It is widely accepted that cyclic loading of the soil and
the movement of seismic waves are the sources of the accumulation of pore water pressure
in saturated sandy soil; when they are subjected to cyclic shear loading, the sandy soil

compress and settles.
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Pore pressures are the quantities that relate to the stress in the pores of the material.
The pores in soil are usually filled with a mixture of water and air. Pore water pressure is
the water pressure in pores of soil consisting of steady-state pore pressure and excess pore
pressure. Excess pore water pressure results from undrained behavior and is affected by
stress changes due to loading or unloading, sudden hydraulic condition changes, and
consolidation. The shear stress on the soil would increase as there is an increase in the
applied load until the maximum load at which the soil fails. This self-adjusting
phenomenon is called stress mobilization. The amount of shear stress mobilized to resist
the stress developed by the applied stress is called shear strength. Therefore, the term
mobilized shear strength represents the stress that we use from the maximum available
shear strength (mobilized shear strength=applied shear stress). From the analysis,
mobilized shear strength is studied for unreinforced and reinforced soil cases. Soil
reinforcement by isolation mats increase the mobilized shear strength since the shear stress
passed to the soil-foundation interface reduces when a layer of isolation mats is placed at
1m below the foundation. Therefore, reduced shear stress/applied stress only reaches the

soil-foundation interface.
2.2.7 Effects of 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 compared 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 (Wolf and Song 2002). Many recent
studies (Makris and Chang 2000) were utilized this method for the SSI analysis of complex
structures using powerful computing efficiency in most modern computers. The direct SSI
method is employed to model and analyze the entire soil structure in a single phase. 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 of

the drawbacks of this method is that only linear systems can be analyzed. The main
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advantage of the direct method also compared to the substructure method is that it can
consider the nonlinear material behavior (Santoni etal. 2001; Majumder and Ghosh 2016).
In this study, the SSI method was selected wherein the soil and structure are modeled
together.

Many researchers have conducted raft foundation analysis by finite element methods
(Shihada et al. 2012). The finite element method is found to be more accurate in the study
of the design of raft foundations in loose sand (SaadEldinand El-Helloty 2014; Bhavikatti
and Cholekar 2017). The type of soil in which the raft foundation rests has significance in
its settlement behavior. Generally, there is a common design practice for dynamic loading,
inwhich it is assumed that the building is fixed at its base. Still, in reality, the soil medium
allows movement to some extent due to its property to deform. Buildings experience
different earthquake loads and comply with diversity in the forms of soil conditions such

as dense, medium, and soft soil.

Seismic waves can be affected by different soil properties when it passes the soil
layer (Wang and Hao 2002). Lateral deflection in buildings varies with the change in soil
property and zone increments (Bajaj et al. 2013). It was observed that the soil-structure
interaction has an important effect on the structural responses due to flexibility in the soil.
With the increase in soil flexibility, the importance of SSI becomes prominent. Therefore,
in the current study the isolation efficiency of coir mat and coir composites are analyzed
both in soft and stiff soil under different input motions. Three-dimensional finite element
models of integrated building-raft-soil systems are developed and analyzed with and
without a mechanism of soil isolation, incorporating the rigid and flexible bases of raft
foundation. This study also aims to create a 3D-FE numerical model (in PLAXIS software)
for simulating the performance of an isolation mat reinforced soil-structure system under
different earthquake loading conditions to study the efficiency of coir mat, polymer foam,
and rubber mat to isolate the pore water pressure generated in soil.
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2.3 LITERATURE SUMMARY

From the literature survey, it is observed that different materials have been adopted
for the soil reinforcement techniques in the previous studies. But the reinforcement
materials that can act as isolation materials in soil for the absorption of earthquake energy
for shallow foundations are not much discussed. Isolation materials were used in different
civil engineering applications. The polymer materials especially epoxy polystyrene are
used to strengthen the soil behind the retaining wall, slope stabilization, etc. When
specified and properly installed, epoxy polystyrene is a long-lasting and permanent
material. It will be effective for the period of any application, with no deficiency impacts
expected over a 100-year life span. And since EPS is inert, it will not leachinto underlying
soil or underground water when buried. Another reason why EPS is an excellent material
for construction is that it does not provide nutrients to insects, vermin, fungi, or bacteria.
Because of the closed cell structure, the mechanical and thermal properties of EPS are
unchanged by humidity and water absorption is kept to a minimum. EPS is simple to use,
lightweight, waterproof, and has good cushioning properties. Lightweight construction
materials have the advantage of being very easy to transport and are usually more

environmental friendly than other heavier materials.

The application of polymer foams supports the shallow foundation for the structures,
and its suitability as vibration absorbers has to be examined yet. The possibility of using
low to high dense and stiff material is of great importance to study its effectiveness to act
as isolation materials. From the previous studies on seismic soil isolation techniques it is
realized that an analysis should be carried out using other forms of polymer foam, 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 fibre helps to increase the isolation efficiency of the
reinforcement materials, the current study proposes the application of reinforcing materials
in their mat form. From the literature, it is observed that coir mats and coir composite mats
are not used as the isolation material insoil for isolating the seismic response of multistorey

structures and reducing the liquefaction in soil. There are so many studies existing to
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increase the durability of fibers by treating them chemically. Combining the coir mat with
other isolation mats is a novel technique introduced in the present study for better seismic

response in RC buildings.

2.4 RESEARCH GAPS IDENTIFIED

¢+ Some studies have reported the detrimental effect of SSI on buildings. But, limited
research has been done on three-dimensional SSI analysis of buildings, including
foundation-isolated soil systems.

% The increased cost of the conventional materials and the growing value of
biodiversity open a way to concentrate more on natural resources as an alternative to
conventional products.

+¢+ There are studies on the use of these materials, mainly inthe form of fibers and strips.
Since, the length of fibre helps increase the isolation efficiency of the reinforcement
materials, there is a scope of doing research on effectiveness of isolation materials
when those are applied in their mat form.

+¢» There has been few research on the use of isolation materials to reduce pore water

pressure development in soil under seismic loads.

2.5 OBJECTIVES

(a) To study the seismic response of a building frame supported on raft foundation
resting on a shallow depth of soil by numerical analysis and to investigate the
parameters affecting the placement of isolation mat in soil

(b) To analyse the effectiveness of coir mat, polymer foams, rubber mat and coir
composites as a seismic vibration damper incorporating soil flexibility using linear
and nonlinear analysis of reinforced soil-structure system.

(c) To study the efficiency of coir mat, polymer foam and rubber mat to isolate the

excess pore water pressure generated in soil under the earthquake loading.
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Chapter 3

METHODOLOGY

3.1 DESCRIPTION OF THE PROBLEM

Studies on soil reinforcement with different materials are described in the literature
(K.K.Babu 2007; Samia Sultana Mir et al. 2008; Tsang 2011; Aab et al, 2019; Moghaddas
Tafreshi et al, 2021). The application of reinforcement materials for the soil isolation for
shallow foundations is very few. Moreover, the application of reinforcement materials in
their mat form for shallow foundations is not detailed in the literature. Studies (Talamkhani
and Naeini 2021) reveal that the isolation efficiency of reinforcement fibers increases with
the increase in the length of the fibre. Therefore, the concept 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 multi-story buildings with raft
foundations resting on different soil types and exposed to earthquake loads (Fig 3.1). 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 ina single step. The seismic responses such as roof acceleration, roof deflection,
interstorey drift, base shear ratio and shear force of building were assessed by incorporating
the different base conditions for raft foundation. Also, the efficacy of soil isolation

materials in reducing structural response was investigated.

The efficacy of different isolation materials in the form of mats are identified based
on various parameters. A detailed parametric analysis of coir mat was carried out. Coir mat
was placed in the soil below the foundation for different widths, depths and thicknesses.
The optimum values for the parameters were identified. PLAXIS 3D software was used to
analyze the pore water pressure generated in the soil under the seismic loading. Different

seismic responses were also analyzed for the soil reinforcement cases. The materials used
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and how the finite element method was used to model and analysze different soil-structure
system for reinforced soil cases in different software are explained in this chapter.

3.2 PARAMETRIC STUDIES ON PLACEMENT OF COIR MAT IN SOIL

The parametric analysis on the placement of coir in soil was carried out with a four
bay five storey building and the parameters were standardized by considering the width of
the raft foundation (B) as the reference (Fig. 3.1). Various parameters studied for coir mat
reinforced soil-structure system are listed in Table 3.1. Dimensions and the properties of
the materials od soil-structure system used for the numerical analysis are listed in Table
3.2, 3.3 and 3.4. The building-reinforced soil system was subjected to a dynamic seismic
load corresponding to the recorded accelerogram of the EL Centro earthquake (1940) with
a scaled-down PGA of 0.3g. Soft soil was considered for the parametric analysis. The

properties of soft soil are shown in Table 3.2.
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() rigid base structure model

Figure 3.1 Configuration of the soil-structure system

Table 3. 1 Details of parametric study on placement of coir mat

Parameters

Dimension (B: Width

of raft foundation)
Depth of embedment of coir mat (z)

B B
18’ 9’ 45’ 225
Width of coir mat (w) B B B B
"0.6°0.450.3
Thickness of coir mat (t) B B BB
36’18°12°9

3.3 LINEAR AND NONLINEAR ANALYSIS OF ISOLATED SOIL-STRUCTURE
SYSTEM

Linear and nonlinear properties of soil and isolation materials were considered for
the analysis of the soil-structure system.

3.3.1 Idealization of Structure

Four-bay five-storey RC framed buildings supported by the raft foundation resting
on soft and stiff soil were considered for the analysis. The bay length of building frames

was taken as 4m, and the storey height was taken as 3m. Based on structural requirements
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in accordance with Indian standard codes for designing reinforced concrete structures, 1S
456:2000 and 1S 13920: 2016 (IS 1993, 2016), dimensioning of beams and columns of
reinforced concrete structures were determined (Table 3.3). Raft size was taken as 18m x
18m with a thickness of 1m. The live load on floors was taken as 3kN/m? in addition to the
dead load caused by the self-weight of the structural elements. M25-grade concrete and Fe
415-grade steel were 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,

E c = 5000+/fck (3.1)
where, fck is the characteristic compressive strength of concrete after 28 days

The unit weight and Poisson's ratio of concrete were taken as 25kN/m3 and 0.15

respectively, for both building and raft foundation.

The configuration of the soil-structure system is represented in Fig. 3.1(a) and Fig.
3.1(b). On these three-dimensional finite element models of field-scale models, transient
analysis was performed with and without soil-isolation mechanism. The soil-structure

system without isolation material is represented as 'UR.'
3.3.2 Idealization of Infinite Soil

To represent the soil, an inelastic continuum finite element model was assumed for
the seismic analysis. Since soil is a semi-infinite medium, the boundary should be placed
at a distance away from the foundation laterally, where the static responses of the system
die out. The lateral edges of the finite soil stratum were placed about 4.5 times the width
of raft from the center of the foundation. The bedrock was considered at a depth of 30m
for all models considered so that a finite domain was considered for the analysis.
Underneath the foundation, the soil was assumed as a single homogeneous stratum of size
170mx170m with a depth of 30m (Fig. 3.1(a)). Non-reflecting boundaries were assigned
at lateral boundaries to represent an infinite soil stratum. The Young's modulus and
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Poisson's ratio of the soil were adopted corresponding to the standards of NEHRP
guidelines for the seismic rehabilitation of buildings from FEMA 274 (1997). The details
of the various soil properties used for the linear analysis to study the effect of soil flexibility
of soil-structure system are listed in Table 3.2. For the nonlinear analysis of isolated soil-

structure system, only soft soil was considered as given in Table 3.4.

Table 3. 2 Properties of soil for linear analysis to study the effect of soil flexibility

Soil  Description Shear wave Poisson's Unit
type of soil velocity ratio weight(kN/m3)
Vs (m/s)
S, Soft soil 120 0.4 16
S Stiff soil 270 0.35 18

In the viscous boundaries given, P-wave damping and shear wave damping are the
two dash pots given per unit area of the boundary. Damping coefficients for the dashpots

were given from the expressions below:

Cp=pVpA 3.2)
Cs =pVsA
Where, Vs and Vp are the shear wave and perpendicular wave velocities, respectively.
Cp is the damping coefficient for perpendicular wave, Cs is damping coefficient for shear

wave, p- mass density of the soil system (Table 3.2). A is the area of the element on which

the wave component acts.
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Table 3. 3 Properties of building components and isolation materials for linear

analysis
Specification Dimension (m)  Modulus Poisson's  Unit
of ratio weight
Elasticity (KN/m?)
(MPa)
RC Beam (bxdxl) 0.3x0.3x4 25x103 0.15 25
RC Column (bxdxl) 0.5x0.5x3 25x103 0.15 25
Raft foundation (BxBxD) 18x18x1 25x10° 0.15 25
Rubber mat (WxW) 20x20 100 0.49 15
Coir mat(WxW) 20x20 4100 0.3 15
Polymer Foampgr (WxXW) 20x20 150 0.2 4
Polymer Foampez (WXW 20x20 900 0.2 4
Polymer Foamees (WxW) 20x20 22 0.1 0.22

3.3.4 Idealization of Isolation Layer

The effect of soil reinforcement materials as isolation medium in reducing the
seismic response of the structure wass evaluated in this study. Ground improvement with
soil reinforcement is a standard method practiced. The addition of strengthening elements
improves the engineering properties of soil stratum. The reinforcing materials absorb the
tensile load and the shear stresses within the soil structure, preventing shear or excessive
deformations. Suitable material must be chosen for the soil reinforcement so that seismic

responses of the soil-structure system under the dynamic load should be minimum.
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Table 3. 4 Properties of soil and reinforcement materials for nonlinear analysis

Specifica Dimension Linear Nonlinear
tion (BXxW) (Isotropic hardening)
m
(m) Young's Poisson’  Unit Yield Tangen  Damping
Modulus s weight  stress t ratio
of ratio (ya) (MPa) modulu
Elasticit (KN/m?) s (MPa)
y
(MPa)
Soft soil  170x170 65 0.4 16 0.3 30 0.05
Rubber  20x20 100 0.49 10 25 2 0.5
mat
Coir mat  20x20 4100 0.3 15 30 500 0.093
Polymer  20x20 22 0.1 0.22 0.3 5 0.7
foam
(PE3)

The materials used for seismic isolation in the form of mats were coir mat, polymer
foam, and rubber mat (Fig. 3.2). Three different polymer foams were used in which PE;,
PE, and PEj3 respectively are polyethylene with lower elastic modulus, polyethylene with
higher elastic modulus and polystyrene foam. Polystyrene (Epoxy polystyrene) is selected
for the nonlinear analysis as well as the pore water pressure analysis. The details of the
properties of various isolation materials used in the analysis are listed in Table 3.4 (ASTM
D7180; ASTM D6817 / D6817M-17, 2017; D5321, 2019; Fischer-Cripps, 2004). The

depth of placement of reinforcement plays a vital role in reducing the seismic responses
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under dynamic loads. An ideal 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 B/18m, which is obtained from
the parametric study as per section 3.2. All the reinforcement mats provided were of a
planar dimension of 20m x 20m which covers the bottom area of the raft foundation with

1m extensions in all four sides.
3.3.5 Damping

Damping in soil happens under all types of vibrations. Damping plays an important
role in the dynamic soil-structure interaction. The primary causes of material damping in
soils are by two processes: (1) frictional damping among soil particles (known as internal
damping) and (2) fluid-particle interaction and pore fluid motion. The viscous damping is
frequency-dependent. There is frequency independent damping, i.e., constant material
damping. The isolation mats used in this study were modeled by inputting their frequency-
independent damping ratio (Table 3.4) (Rocco et al., 2012; Ge & Rice, 2018).

3.3.6 Finite Element Modeling of The Soil-Structure Systemin ANSYS

The integrated soil-structure system was analyzed by the finite element method using
ANSYS software, assuming nonlinear inelastic behavior of soil and isolation materials
(Table 3.4). 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. Itis a first-order element with linear interpolation for
each direction that is suited for contact analysis convergence. Soil medium was discretized
with solid elements of size in the order of 0.5m, 1m, 2.5m, 5m, and 10m along the lateral
direction with fine mesh near the structure, which gradually increases to a coarser mesh
away from the structure. Raft foundation also was discretized with SOLID 185 elements
as soil with elements of size Im. A 3D finite strain element, SOLSH190 element that
has very low bending elastic modulus was employed to incorporate the bending of

isolation materials under load. Soil isolation mats were meshed with 0.5m size. The
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isolation materials were numerically modeled by creating a node-node connection between
the soil and isolation material surfaces. The interface between the surrounding soil and the
isolation materials was formulated with coefficients of friction values. The coefficient of
friction between soil and rubber mat was assumed as 0.5, and the coefficient of polymer
foam was taken as 0.3. The damping ratio of polymer foam is in the 0.6-0.7 range. The
damping ratio of the rubber is in the range of 0.01 to 0.5, depending upon its structure
(Thomas 2014). Non-reflective boundaries on the lateral boundary surfaces of the soil
media were assigned to represent the infinite soil medium. COMBIN 14 elements were
used for a viscous boundary, and proper damping and elastic modulus values corresponding
to the soil were assigned.

(a) (b)

(c) (d)
Figure 3.2 Photographic view of; (a) coir mat (b) rubber mat (c) polyethylene foam

and (d) polystyrene foam
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The soil stratum base was set as fixed so that any motion and moments would be
prevented. The entire three dimensional building-raft-soil system was modelled using the
ANSYS software and is shown in Fig. 3.1(b). Altogether 34299 nodes and 29409 elements
which include 1600 solid shell reinforcement elements, were used for the model.

CONTACT and TARGET elements were used to model the interface of soil and
isolation materials. The interface between the underneath soil and isolation materials is
formulated with coefficient of friction values. The friction value of isolation material can
be varied depending on the type of soil matrix in which it is reinforced and the internal
angle of friction at the mat-soil interface. The current study uses the minimum value of
friction at the coir mat interface and soil modeled using CONTA and TARGET elements.
The coefficient of friction for coir mat (Rajeswari J S 2019, Babu K K 2007) and rubber

mat were assumed as 0.5, and for polymer foam, it was assumed as 0.7.
3.3.7 Seismic Analysis

The time history analysis of the integrated soil-structure system was carried out with
four different ground motions (corresponding to the elastic design spectrum for Zone Il as
per the Indian standard code (IS 1893 (Part 1): 2016), the Northridge earthquake on January
in the San Fernando Valley (1994), the longitudinal component of the Imperial Valley
earthquake at El-Centro (1940) and the Chi-Chi (Taiwan) earthquake (1999)) with
modified peak ground acceleration (PGA) of 0.3g. The input motions corresponding to
modified IS, Northridge, El Centro and Chi-Chi ground motions are designated as EQ-1,
EQ-2, EQ-3, and EQ-4 input motions. The recorded accelerogram data were collected from
PEER Strong Motion Database. The input ground motions were chosen based on the
availability of peak amplitude-frequency content that matches the natural frequency of the
soil-structure system. The resonance effect demonstrates the highest seismic response in
the superstructure under the ground excitations. The FFT analysis shows that the peak
value of Fourier amplitude occurs at a frequency range of 1.1Hz to 1.21Hz for the input
motions. Fourier amplitude and specific energy density corresponding to the natural

frequency of the reinforced soil-structure system are shown in Table 3.5. The total duration
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of the ground motion was taken as 30sec for the EI-Centro earthquake, bracketed duration
of 17.81sec for IS input motion, 25sec for the Northridge input motion and 12.56 sec for
Chi-Chi input motion. The accelerationtime history plot of input ground motions is shown
in Fig. 3.3. These four ground motions were applied in the global X direction of the soil-

structure model in ANSYS.
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Figure 3.3 Input acceleration time history of (a) IS (EQ-1) (b) Northridge (EQ-2) (c)
El Centro (EQ-3) and (d) Chi-chi (EQ-4) earthquake motions
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Table 3. 5 Fourier amplitude and specific energy density of input motion

Input motion Fourier Specific energy

amplitude density (m?/s)

Indian Standard (EQ-1) 0.252 0.4726
Northridge (EQ-2) 0.219 0.2110
El Centro (EQ-3) 0.11642 0.1805
Chi-chi (EQ-4) 0.0657 0.0522

The integrated building-soil system with and without soil isolation mechanism was
analysed by incorporating the soil reinforcement with different isolation materials within
the soil. Comparative analysis of seismic responses of buildings placed in isolated and
conventional soil stratum would provide an idea of the isolation performance of the

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

[solation efficiency of reinforced mats

seismicresponse (u) — seismic response (r) X100

seismic response (u)
(3.3)

where,

Seismic response(u): Seismic response of the unreinforced soil-structure system

Seismic response(r): Seismic response of the reinforced soil-structure system
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Thus, higher the reduction factor obtained in the results means a higher isolation
effect and higher isolation efficiency (Eg. 3.3) 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 inthe soil. Seismic base shear
isthe highest lateral force exerted during the seismic event on the building at its base. Here,
the seismic base shear of the building resting on soil reinforced with different isolation
mats has been represented in terms of the total weight of the building as the base shear ratio
(Eq. 3.4).

F=r (3.4)

where,

F': Base shear ratio of building

F : Shear force at the base of the building
W: Total weight of the building

A non-dimensional quantity, an improvement factor (IF) isintroduced to quantify the
isolation efficiency of reinforcement materials in reducing the seismic response of building
(Eq. 3.5). It isidentical to the bearing capacity ratio (BCR), which have previously clarified
by Guido et al. (1986).

SR;

Ty (3.5)

where, SRc, and SRi are the seismic response of conventional and isolated soil-
structure systems respectively.
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3.4 FINITE ELEMENT MODELING OF THE SOIL-STRUCTURE SYSTEM IN
PLAXIS 3D

The numerical simulation using the finite element method enables modeling the
complicated nonlinear soil behavior and different interface conditions with varying
geometries and soil characteristics. PLAXIS 3D was used for the numerical analysis of
excess pore water pressure (Pexess) generation in the three-dimensional soil-structure
system (Fig. 3.1(a,b)). The soil in the FE model was represented by the built-in 10-node
tetrahedral elements used to incorporate the stress-strain behavior. This element type offers
second-order displacement interpolation. Furthermore, built-in 10-node tetrahedral
elements retains the geometry preferred in 3D mesh creation. Hardening soil model was
used to model soil and isolation materials. Input parameters of soft soil used are shown in
Table 3.2. To demonstrate correctload distribution and deflection patterns, the soil bed was
extended 3.5 times raft width laterally and 1.5 times raft width downwards. The isolation
mat was placed at the foundation and soil interface to function as absorbers and relieve the
vibration energy transfer to the structure. Isolation mats were also modeled using the
hardening soil model. Isolation mats are provided for a dimension of 20mx20mx0.5m
which covers the bottom area of the raft foundation with 1m extensions in all four
directions and placed at 1m below the raft foundation. Coir composites were modeled with
each layer of composite materials having a thickness of 0.5m provided at the top and
bottom sandwiched with 0.5m of coir mat in the middle to get an adequate total thickness
of 1.5m. The base of the soil stratum was prevented from movement, while the lateral
boundaries were absorbent boundaries. Coir and its composites such as coir mat (C), coir-
polymer foam(C-PEy), and coir-rubber (C-RU) mats were used as isolation materials in the

pore water pressure analysis (Table 3.3).

A prescribed displacement at the bottom boundary was used to simulate the
earthquake. To absorb outgoing waves, absorbent boundary conditions were imposed at
the distant vertical limits. The typical absorbent boundaries for models were created at the

left-edge, right-edge and bottom borders. While analyzing, the absorbent borders reduce
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the box effect. The actual accelerogram of earthquakes in standard SMC format (Strong
Motion CD-ROM) was used for the input motion and it was applied as a horizontal
prescribed displacement to the bottom boundary. The peak ground acceleration in the
accelerograms is 0.3g. Table 3.6 shows the Fourier amplitude and specific energy density
corresponding to the natural frequency of the reinforced soil-structure system. The seismic
study was done in two stages: first with the plastic analysis, followed by dynamic analysis.

The dynamic analysis time interval was chosen as 15s.
3.4.1 Calculation of Pore Water Pressure

Total stresses (o) are the sum of effective stresses (¢’) and active pore pressures
(Pactive)

6 =0+ Pactive (3-6)

The active pore pressure is calculated by multiplying the effective saturation (Ses) by the

pore water pressure (Pw).
Pactive = Seff . Pw (3-7)

When the degree of saturation is less than unity, which is usually the case when the water
level rises above the phreatic level, pore water pressure differs from active pressure. Pactive

and Py, are generally equal when the water level is below the phreatic level.

As an alternative to the pore water pressure (Pw), the groundwater head (hy) can be viewed

as:
hW = Z'PW /XW (38)

Where z is the vertical coordinate and ¥w is the unit weight of water. In the pore

water pressure, a further distinction is made between steady-state pore pressure (Psteady) and
excess pore pressure (Pexcess)-
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Pw = I:)steady +Pexcess (39)

Where, steady-state pore pressure is the steady-state or long-term part of pore

pressure.

Excess pore pressure is the result of undrained behavior and is affected by stress
changes due to loading or loading, a sudden change in hydraulic conditions and

consolidation.
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Chapter 4

PARAMETRIC STUDIES ON THE PLACEMENT OF ISOLATION
MATERIAL IN SOIL

4.1 PARAMETRIC STUDY ON PLACEMENT OF COIR MAT

Different parameters regarding the placement of coir mat in soil are studied and
discussed in the following section. Fig. 3.1(a) and Fig. 3.1(b) shows the finite element
models simulated in ANSYS for the cases with and without the soil-isolation mechanism.
Conventional and isolated soil cases are modelled and analyzed to study the effect of the
soil-isolation mechanism to attenuate the seismic responses of buildings for varrying
parameters of placement of coir mat in soil. The optimum values of the parameters such as
the depth of embedment, width and thickness of the coir mat for the effective reinforcement

of soil have been analysed (Fig. 3.1(c,d)).
4.1.1 Depth of Embedment of Coir Mat

In the soil strengthening technique, the embedment depth of the reinforcement mat
is observed as a key influencing parameter from the literature. It plays a significant role in
reducing the seismic reactions of buildings. An appropriate depth is needed to intercept the
shear zone and to maximize the lateral retention of the deformation zone underneath the
raft foundation. The greater thickness of soil above the reinforcement layer results in
increased settlement (Vinod et al. 2009). In this study, the coir mat with thickness of B/9
was positioned at various depths from the base of the raft foundation. For a range of B/18
to B/2.25 depth of embedment of coir mat below the foundation in soil, dynamic analysis
of the soil-structure system was carried out to have a quantitative assessment of the extent
of soil isolation, where ‘B’ is the width of the raft foundation. It is observed from the

analysis that with an increase in the depth below the base of the raft foundation, the roof
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acceleration responses of the building were reduced marginally. Fig. 4.1(a) indicates the
variation in roof acceleration response of building resting on soft soil reinforced by coir
mat. The reduction in roof acceleration amplitude is maximized when the material is
located at B/18 depth from the base of the raft foundation. The coir mat positioned directly
below the raft foundation shows a higher amplitude of roof acceleration than that placed at
a level of B/18 depth. Adequate overload pressure obtained by an embedment depth of
B/18 is required to improve the optimum frictional resistance at the coir mat and soil
interface. By placing the coir mat at B/18 depth, around 30% reduction in the roof
acceleration is obtained as compared to unreinforced soil. And, it is around 28% when the
coir mat is placed directly below the foundation. The effectiveness of reinforcement as a
vibration isolation mechanism is expressed by an acceleration amplitude reduction factor
(aARF) (Fig. 4.1(b)). The acceleration amplitude reduction factor is defined as the ratio of
the roof acceleration amplitude observed from the unreinforced soil to the reinforced soil.
This reduction factor is the parameter used earlier to study about the analysis of the geogrid
strengthened sand bed (Majumder and Ghosh 2015). The value of an amplitude reduction
factor is maximum for effective vibration screening. The aARF value shown in Fig. 4.1(b)
corresponding to the depth of coir mat such as B/18, B/9, B/4.5 and B/2.25 are 1.39, 1.41,
1.33, 1.14 and 1.03 respectively. This variation in aARF value with the depth of
embedment indicates that the seismic response is dependent on the location at which the
isolation materials are placed in the soil. The seismic response in the building resting on a
strengthened soil bed decreaseswhen the reinforcement depth increases from 0 to
B/2.25 compared to the responses of the unreinforced soil system. It is observed that the

isolation effect vanishes if the mat is placed below B/2.25 depth.
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Figure 4.1 The effectof variation in the depth of embedment of coir mat

In addition to the roof acceleration, the inter-storey drift of the buildings
corresponding to the change in depth of embedment of the coir mat below the foundation
isalso examined (Fig. 4.1(c)). The unreinforced soil-structure system shows an inter-storey
drift of 4.4-10.2mm from top to bottom storey of the building. An inter-storey drift value
of 2.2-6.4mm is observed with the coir mat placed at B/18 depth. The inter-storey drift in
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the building is reduced around 57% to 4% from unreinforced soil when the depth of
embedment value varied from B/18-B/2.25. The inter-storey drift in buildings resting on
reinforced soil decreases with the increase in embedment depth of coir mat from B/18-
B/2.25. An optimum depth of B/18 is needed to obtain a maximum reduced seismic
response in buildings, which gives a minimum inter-storey drifts in the building. No
beneficial effect in reducing the seismic response is observed at a depth of B/2.25 and
further. From the seismic reactions interms of roof accelerationand inter-storey drift value
of the building analyzed, it is inferred that the depth of placement of the coir mat is needed

at least B/18 from the raft foundation.
4.1.2 Width of Coir mat

The maximum roof acceleration response from the dynamic analysis of the soil-
structure system is examined to study the effect of the width of the coir mat in the soil
reinforcement technique. It is observed that peak roof acceleration decreases as the width
of coir mat increase up to B/0.45 (Fig. 4.2(a)). But, no substantial decrease inacceleration
is observed after a further rise in coir mat width beyond B/0.45. For roof acceleration, a
percentage reduction of 12% is observed with a coir width of B/0.6 and 16% with a coir
width of B/0.45 and B/0.3, compared to that with a coir mat of thickness B. The limiting
value of the coir mat width, which gives the maximum reduced seismic response in the

building, is obtained as B/0.45 in this analysis.

The interstorey drift between the floors of the buildings with variation in the width
of the coir mat is studied (Fig. 4.2(b)). The drift value of 2.1- 6.3 mm from the top to bottom
of the building was observed when the coir mat is reinforced in the soil for a width of B.
For the cases of soil reinforced with coir mat of width B, B/0.6, B/0.45 and B/0.3, a
maximum of 53% reduction in the inter-storey drift of building is observed with a coir mat
of width B/0.45 as compared to unreinforced soil case. When the width is changed to B/0.3
from B, the drift in the building is not substantially varied. It is observed that the isolation

effect vanishes if the mat is placed for a width beyond B/0.45.
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It is inferred from the results that the effective frictional interaction of the coir mat
with the soil is achieved with a portion of this mat that lies in the pressure zone, laterally
beneath the foundation. Provision of coir mat laterally beyond this zone will not impart in
the isolation mechanism. A previous study in the literature, shown an effective width 2.5B
obtained from the experiments on sand bed reinforced with geotextiles (Guido et al. 1986).
The bearing capacity obtained by the provision of geocells was not substantially enhanced
beyond 4B (Dash et al. 2004). In the current analysis, the findings drawn from the seismic

responses in the building show an optimum coir width of B/0.45 around the raft base.
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Figure 4.2 The effectof variation in the width of embedment of coir mat

4.1.3 Thickness of Coir Mat

The study on the effect of coir mat thickness on the seismic response was carried out
on the isolated soil-structure system. The roof acceleration of the building is decreased with
the increase in coir mat thickness. The acceleration response in building under seismic
excitation is reduced with the coir mat thickness of B/36, B/18, B/12, and B/9, compared

to the unreinforced soil base (Fig. 4.3(a)). A maximum of around 25% reduction in the
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roof acceleration is achieved by reinforcing the coir mat in soft soil with a thickness of B/9
as compared to the unreinforced soil. Varying the thickness of the coir mat from B/36 to
B/12 show only a slight change in the response of roof acceleration. The results
demonstrate that the provision of coir mat having a thickness from B/12 to B/9 have an

almost constant value of roof acceleration response in the building as shown in Fig. 4.3(a).
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Figure 4.3 The effectof variation in the thickness of embedment of coir mat

The study on the effect of variation in the thickness of coir mat on inter-storey drift
of building is carried out. The reinforcement of soil by the coir mat having thickness B/36
shows a building drift of 2.8-7.1mm, whereas, with the coir mat of thickness B/9, an inter-
storey drift of 2.1-6.3mm is observed in the building (Fig. 4.3(b)). The reinforcement of
the coir mat shows a maximum of around 37% reduction in the building drift for the
thickness of B/9 in soil, and a reduction of 30% is observed with B/36 thick coir mat. An
increase in thickness of the coir mat from B/36 does not show a considerable variation in
reducing the inter-storey drift. i.e., the optimum thickness is observed as B/36, at which
the seismic responses, including inter-storey drift, are reduced to a permissible limit. The
buckling of the coir mat can probably be attributed to a certain thickness. Similar findings
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in the studies of soil reinforcement with geosynthetics were reported (Dash et al. 2001;
Tafreshi and Dawson 2010).

4.2 SUMMARY

The optimum values of the parameters such as the depth of embedment, width and
thickness of the coir mat for the effective reinforcement of soil have been analysed. A
minimum depth requirement of B/18 was identified for reinforcing the soft soil by the coir
mat below the raft foundation. Also, it is observed that the isolation effect vanishes if the
mat is placed below B/2.25 depth. The findings drawn from the seismic responses in the
building show an optimum coir width of B and an optimum thickness of B/36 around
the raft base, beyond which no significant change inseismic responses is noticed.
Interstorey drift observed in the parametric analysis indicates that the drift value of an
unreinforced soil model exceeds its code value limits. Hence, the reinforcement of soil by

the coir mat can effectively reduce the inter-storey drift of unreinforced soil.
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Chapter 5

EFFECT OF SOIL FLEXIBILITY ON ISOLATED SOIL-
STRUCTURE SYSTEM

5.1 GENERAL

The seismic responses of the soil-structure system with and without isolation
materials were analyzed and findings were compared for the selection of the best isolation
material. Linear properties of soil as well as isolation materials were used for the analysis.
Different seismic responses such as, roof acceleration, roof deflection, contact pressure at
soil-raft interface, raft settlement and seismic base shear were studied. The linear behavior
of soil-structure system under different earthquake motions incorporating the flexibility of
soil is explained in this chapter.

5.2 EFFECT OF SOIL FLEXIBILITY

Soil-structure interaction effects on the seismic response of structures depend mainly
on soil flexibility. Two types of soils, namely Siand S; representing soft soil and stiff soil,
were considered to identify the effect of SSI (Table 3.2). It is observed from the modal
analysis that the natural frequency of the SSI system is lower than the natural frequency of
fixed base structure (1.96Hz) and about 43% reduction in natural frequency is noticed when

the underlying soil is soft (Table 5.1).

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 is analyzed. Fig.
5.1 indicates that seismic responses increase as soil flexibility increases. The roof
acceleration of building is increased by about 70% and 33% respectively in soft and stiff
soil base supported systems, compared to the fixed base system subjected to El Centro
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input motion. SSI, therefore, has a significant role in the seismic behavior of structures.
Since the seismic responses shown by buildings resting on soft and stiff soil are seen to be
higher, seismic soil isolation is addressed. The following section compares the seismic
responses of different mats reinforced soil-structure systems.

Table 5.1 Natural frequencies of the soil-structure system

Natural frequency of

Cases of Study Isolation Mat soil-structure model (Hz)
Soft soil Stiff soil
RU 1.1212 1.3529
PE: 1.1212 1.3533
Case | PE> 1.1212 1.3621
PEs 1.1212 1.3336
C 1.1212 1.3656
C-RU 1.1212 1.3622
Case Il C-PE; 1.1212 1.3617
UR 1.1212 1.3590

5.2.1 Roof Acceleration of Building

Roof acceleration of the five-storey building is evaluated for the cases of
unreinforced and reinforced soil base. The isolation capacity of case | and case Il materials
is compared by incorporating the soil flexibility. The percentage reduction in roof
acceleration of buildings on soil reinforced by various isolation mats from that of

unreinforced soil is evaluated.

49



From the study of soft soil strengthened with mats of Case | material, such as PEs,
RU, PE; and PE; mats respectively, subjected to EI Centro input motion, a reduction of
2.6%, 9.8%, 15.1%, and 23% in the roof acceleration is observed (Fig. 5.2(a)). The roof
acceleration does not reduce with the PEs; mat reinforced soil base. Among the materials
analyzed for its isolation efficiency in reducing roof acceleration, the rubber mat shows
medium performance with a 9.8% reduction from unreinforced soil. In comparison with
low stiff polyethylene (PEi), a high stiff polyethylene mat (PE;) reinforced soil system
shows about 1.6 times higher percentage reduction in roof acceleration.

30] , — Fixed base

Fixed base

Roof acceleration (m/s?)
Roof acceleration (m/s?)

0 5 10 15 20 25 30
Time (Sec) Time (Sec)
(a) (b)

Figure 5.1 Time history of roof acceleration in building with fixed base and building
on (a) soft soil (S1) and (b) stiff soil (Sz)
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In stiff soil, the reinforced mats do not show a noticeable isolation efficiency in
reducing the roof accelerationas compared to soft soil (Fig. 5.2(b)). The stiff soil reinforced
by PEzmat exhibits improved performance. In the screening of the high-frequency dynamic
source besides turbo generators, turbines, etc., continuous polystyrene foam (PEs) is found
more efficient (Keramatikerman et al. 2017). For comparatively more stiff soil deposition,
PEs works well. In reducing roof acceleration of buildings resting on stiff soil, the efficacy
of low stiff and high stiff polyethylene mat reinforcement does not vary significantly. The

rubber mat does not contribute to the same at all.

The soil-structure system, in which the soil reinforced with mats of Case | materials,
excited under IS input motion was analyzed. The reduction in building roof accelerationis
achieved with all reinforcement mats. The percentage reduction in roof acceleration
obtained for buildings resting on the soft soil is in the range of 2%-9% by the soil
reinforcement with all the isolation mats (Fig. 5.2(c)). In comparison with low stiff
polyethylene (PE1), a high stiff polyethylene mat (PE,) reinforced soil system shows about
two times higher percentage reduction in roof acceleration. In stiff soil, the reduction in
roof acceleration is observed with PE; and PE; mats only and which is about 5% (Fig.
5.2(d)).

From the analysis of soft soil reinforced with mats of Case Il materials, it is observed
that the roof acceleration is reduced by about two to eight times more compared to that
observed from soft soil reinforced with the mats of Case | material such as mats of rubber
and polymer foams. The combination of two materials having higher elastic modulus
resulted in a better composite mat, C-PE,, which reduces the seismic response significantly.
The peak roof acceleration of the building on coir mat and C-PE; mat strengthened soil is
decreased by 19% and 22% respectively as compared to the unreinforced soil. And this
reduction 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.
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Figure 5.3 Roof acceleration time history plot of the soil-structure system for
unreinforced and reinforced cases of S; and S; type soil with coir mat

Under the IS input motion, the roof accelerationresponse of the soil-structure system
in which the soft soil is strengthened by mats of Case Il materials was analyzed. The
percentage reduction of 6.4%, 6.8%, and 6.9% respectively is observed in soil base

enhanced by C-RU, C, and C-PE; mats (Fig. 5.2(c)). In stiff soil also, roof acceleration is
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reduced with the reinforcement of all the Case Il materials but, the reduction is not
significant i.e., less than 5% (Fig. 5.2(d)). The roof acceleration time history plot of the
soil-structure system for unreinforced and reinforced cases of S; and S; type soil reinforced
with coir mat are shiwn in Fig. 5.3.

Roof acceleration response of five-storey building-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 greater than that with IS
input motion because, ElI Centro motions have high peak acceleration amplitudes in the
frequency content in the FFT of earthquake motion which matches with the fundamental
frequency of soil-structure system compared to IS input motion. It is also seen that
isolation materials work better in soft soil than in stiff soil to mitigate seismic responses.
A highly stiff polyethylene mat shows around 23%-33% more isolation efficiency than the
coir mat in reducing the roof acceleration of the building. It is not technically feasible to
have highly stiff polyethylene material as a soil reinforcement material for a 2m thickness,
however composite of coir mat and polyethylene is practically possible. Not only for the
isolation purpose, the composite of coir mat and polyethylene foam may also act as a good
drainage medium. High stiff polyethylene has been chosen to make a composite with coir
mat since the high stiff polyethylene mat shows around two times more isolation efficiency
compared to low stiff polyethylene foam. The rubber mat gives better isolation efficiency
and works as a good composite with the coir mat. It is a combination of synthetic and
natural materials having lower and higher elastic modulus respectively. The acceleration
response shown by the soil strengthened with coir mat is between that observed from the
soil improved by C-RU and C-PE, mats (Fig. 5.2). Generally, isolation materials along
with the pile foundations are practiced to mitigate the seismic response of multi storey
buildings. For example, rubber mixed in the form of tyre chips in sand for 5m
thickness along with piles to isolate seismic responses had shown an isolation efficiency
of around 40% for roof acceleration in five-storey buildings (Munirah Abdullah and

Ahmad 2012; Nanda et al. 2017). But in the current study, only the reinforcement of
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isolation mats itself without pile reduces the roof acceleration response of the building
significantly with a maximum percentage reduction of 23%.

5.2.2 Contact Pressure at Raft-Soil Interface

In the SSI system with soil reinforced by various mat cases, the contact pressure
distribution below the raft foundation was analyzed by considering soil flexibility. From
the response of the soil foundation interface onthe applicationof dynamic load, itis noticed
that the contact pressure distribution on the edge of the soil foundation is higher and
decreasing towards the center.

Soil reinforcement reduces the contact pressure development under earthquake loads
at the raft-soil interface. The decrease in contact pressure in terms of reduction factor is
shown in Fig. 5.4 for reinforced soil from that of unreinforced soil system, where 'L'- length

of the raft foundation.

Among Case | materials, PE; and PE; in soft soil show 37.7%, and 42.2% isolation
efficiency in reducing the contact pressure when subjected to El Centro input motion. PE;
mat reinforcement in soft soil significantly reduced the contact pressure across the raft base
with a maximum reduction factor of 1.73 (Fig. 5.4(a)). Rubber mat could act as good
isolation material by reducing pressure distribution with a reduction factor of 1.3 i.e., about
22% reduction compared to unreinforced soft soil. PE3 mat is found to be not efficient in
reducing the differential settlement, but this reinforcement in soft soil reduces lateral slip
as well as the contact pressure at the raft-soil interface. With PEs mat in soft soil, a 15%

reduction in contact pressure from unreinforced soil is observed.

The pressure development under dynamic loads s influenced by soil flexibility. Stiff
soil has high density and modulus of elasticity values. The findings show that the intensity
of contact pressure isincreased 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 reduction factor (RFc) of 1.12 and
1.53 is seenin stiff soils, respectively when reinforced with PE; and PE; mats. A noticeable
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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 motion, reinforced mats show higher isolation efficiency
than under IS input motions. The maximum reduction in contact pressure is found to be

with PE; mat in soft soil with an RFc of 1.2 and in stiff soil with an RFc of 1.4 (Fig.
5.4(c),(d)).

For soft soil reinforced with the mats of Case Il materials, excited under El Centro
input motion, soft soil strengthened by coir mat show a maximum RFc value among Case
Il materials, which is about 1.9 (Fig. 5.4(a)). The reduction factor of 1.71 and 1.72 is
observed from C-RU and C-PE; mats enhanced soft soil. All the isolation mats impart their
influence in efficiently reducing the seismic responses. The soil reinforcement by coir mat

reduced the contact pressure nearly equally in both soft and stiff soils by about 46%.
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5.2.3 Total and Differential Settlement at Soil-Raft Foundation Interface

The settlement of the raft foundation should be as uniform as possible and it
should be within permissible limits too. Therefore, it is important to avoid differential
settlement rather than to maintain a uniform overall settlement of the structure. The
settlement at the soil-raft foundation interface 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 foundation. Since the soil-structure system is 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 raft foundations
decreases with the increase in soil flexibility. It is seen that soil deformation is very less

in stiff soil since the raft foundation performs rigidly when interacts with stiff soil.

The permissible total settlement and differential settlement for raft foundation in
the sand is 0.075m and 0.0021L for RCC structures according to IS 1904-1978 where,
| is the center to center distance between columns in meters. It is found from the static
analysis of the soft soil-structure system that the settlement (82mm) exceeds the
permissible value given in the code and the soil must, therefore, be reinforced with a
certain variety of isolation materials to enable the structures to resist the earthquake
forces (Table 5.2). 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.

Among Case | materials, the PE,; mat shows 62.7% isolation efficiency to reduce
the differential settlement in soft soil under El Centro input motion (Table 5.2). It marks
the highest reduction in the differential settlement. PE, mat performs about two times
better over PE; mat for the same. The isolation efficiency of reinforcement mats in
reducing the settlement at the raft-soil interface is represented in terms of reduction
factors (RFs) in Fig. 5.6. The deflection of the raft foundation is not significantly
reduced by reinforcing with PE3 mat in soft soil. The seismic response of the building

is decreased by high-stiff reinforcement materials in the soil.
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Table 5.2 Percentage reduction in differential settlement of raft foundation

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

PE3 RU PE; PE; C C- C-PE;

RU
Soft El 12 27.2 35.8 62.7 46.6 441 50.1
Centro
IS 5 25.2 32.6 58.5 40.7 39 39.9
Stiff  El 10 16 30 43.2 421 411 425
Centro
IS 45 11 20 37.4 37 366 30

Under IS input motion, a maximum reduction factor of 1.49 and 2.37 are obtained
for the soft soil reinforced with PE1 and PE; mats (Fig. 5.6(c)). In stiff soil, neither PE3
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 Il materials, the soft and
stiff soil strengthened by C-PE, mat considerably reduces the differential settlement at
the raft edges by about 50.1% and 42.5% respectively from unreinforced soil when it
is excited under EI Centro motions. The settlement 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 foundations, it is concluded that differential settlement
values seen for various isolated SSI systems analyzed under two different earthquake
excitations are within permissible limits as per the code. The reinforcing mats show
good RFs for soil-structure system excited under El Centro input motions compared to
IS input motions. PE, and C-PE, mats are found to be more effective in reducing
differential settlement of the raft foundation.
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Figure 5.6  Reduction factor for total settlement along the length of raft
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IS-stiff soil.

5.2.4 Seismic Base Shear of Building

The variation in the base shear ratio (base shear divided by the weight of the
building) is examined by considering the fixed base condition as well as incorporating
the three-dimensional soil-structure interaction effect (Table 5.3). The isolated soil-
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structure system is also analyzed and compared the isolation efficiency of reinforced
mats to reduce the base shear of building. The base shear ratio is noted and represented
in terms of the total weight of superstructure (Fig. 5.7). It is observed that the seismic
base shear is more than the fixed base condition when the SSI effects are taken into
consideration. 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.

It is seen that the soil condition has a pronounced effect on building base shear
response. From the analysis of soil reinforced with isolation materials, a maximum of
23% and 22% reduction in the base shear value is observed with PE; mat and C-PE;
mat reinforcement insoft 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 isolation mats and excited under EI Centro input motions (Fig. 5.7).

Table 5.3 Base shear ratio for buildings on a fixed base and flexible base

Earthquake Base shear ratio (F)
Fixed base Flexible base without isolation
Soft soil Stiff soil
El Centro 0.046 0.18 0.06
IS 0.015 0.10 0.03
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Figure 5.7 Seismic base shear of building on reinforced soil with various isolation
mats

5.3 SUMMARY

The seismic response of buildings analysed from the linear analysis of SSI models
is expressed in terms of roof acceleration and base shear, and that of raft foundation is
represented in terms of total and differential settlement and contact pressure. Results
show that as soil flexibility increases, seismic responses increase gradually. The natural
frequency of the SSI system is lower than the natural frequency of the fixed base
structure (1.96Hz), and about a 43% reduction in natural frequency is noticed when the
underlying soil is soft. The roof acceleration of the building is increased in soft and stiff
soil base supported systems by about 70% and 33% respectively, compared to the fixed
base system subjected to El Centro input motion. The reinforcement of soft soil by the
isolation mats effectively reduces seismic responses of building and raft foundations as
compared with the reinforcement done in stiff soil. A maximum reduction in the
building roof acceleration and base shear is observed as 22% and 23% by reinforcing
soft soil with C-PE; and PE, mats. The PE; and C-PE, mats used as soil reinforcement
materials effectively reduce the differential settlement of raft foundations compared to
the other isolation materials. The PE, and C-PE, mats used resulted in an isolation

efficiency of 62.7% and 50.1%, respectively. The maximum settlement reduction factor
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(RFs) of 2.4 - 2.7 in soft soil is observed by reinforcing soil with PE, mat and about 1.8
in stiff soil by coir mat and its composites. The maximum reduction in contact pressure
induced at the raft-soil interface is found to be 49% and 53% when the soft soil is
reinforced with PE; mat and coir mat materials respectively.
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Chapter 6

NONLINEAR ANALYSIS OF ISOLATED SOIL-STRUCTURE
SYSTEM

6.1 GENERAL

The results from the soil-structure system (Fig. 3.4) analyzed by incorporating
the linear properties of soil and isolation materials were discussed in the previous
chapter. But, the soil and isolation materials can behave nonlinearly under dynamic
loads. Therefore, itis important to conduct the nonlinear analysis also as a part of this
research work. Rubber mat (RU), coir mat (C) and polymer foam (Epoxy polystyrene,
PEs) were considered for the nonlinear analysis of soil-structure system excited under
EQ-1, EQ-2, EQ-3 and EQ-4 earthquake loads (Table 3.5). The seismic responses of
the same soil-structure system (Fig. 3.4) were analyzed by incorporating the material

nonlinearity and the findings were compared to select the best isolation material.

6.2 ROOF ACCELERATION AND ROOF DEFLECTION OF BUILDING

The roof acceleration response of the five-storey building was evaluated for the
cases of unreinforced and reinforced soil base. Absolute roof acceleration was found to
be reduced by the introduction of reinforcement materials in soil. Slip deformation of
the isolation mats dissipates the energy of seismic excitations. The reduction in seismic
response of building by this mechanism is expressed by comparing the slip deformation
values of isolation materials (Fig. 6.1(a)). The coir mat shows higher deformation under
all the input motions than other isolation mats, which means the seismic isolation by
the slip deformation mechanism is found better by reinforcing soil with the coir mat.
The isolation capacity of reinforcement materials is plotted (Fig. 6.1(b)). The
percentage reduction in roof acceleration of buildings resting on soil reinforced with
various mats compared to unreinforced soil was evaluated. Fig. 6.2 shows the time

history of roof acceleration for coir reinforced soil-structure system excited under EQ-
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1, EQ-2, EQ-3, and EQ-4 input motions. Maximum reduction in roof acceleration

response is observed under EQ-3 input motion.

The study of soil strengthened with mats of coir, polymer foam and rubber
respectively shows a maximum reduction of 34%, 30%, and 27% in the roof
acceleration when subjected to EQ-3 input motion (Fig. 6.1(b)). Since the coir mat
shows a considerable slip deformation among the isolation mats, roof acceleration is
reduced by reinforcing the soil with the coir mat. The observed roof acceleration
responses under input motion of EQ-1 are more significant than those with EQ-2, EQ-
3 and EQ-4 input motions, as EQ-1 input motions have higher specific energy
density than other input motions (Peak ground acceleration of all the input motions is
0.3g). Among the materials analyzed as the soil isolation material, it is found that the
coir mat performs better over the rubber mat and polymer foam in reducing the roof
acceleration response under dynamic loading. And the isolation efficiency of
reinforcement materials is observed to be higher when the soil-structure system is
subjected to El Centro input motion than other input motions. The main reason is that
the frequency content of EI Centro motions wchich matches with the fundamental

frequency of soil-structure system is abundant.

Roof deflection response from the dynamic analysis of buildings is studied. It is
observed that a maximum of 32% reduction in the roof deflection is observed by the
reinforcement of soil with coir mat under EQ-3 input ground motion (Fig. 6.1(c)).
Rubber mat and polymer foam show a maximum of 28% and 23% reduction under EQ-
3 input motion. Performance-wise, isolation materials are suitable in the order of coir
mat, polymer foam, and rubber mat to reduce the seismic responses. Building resting
on fixed base conditions shows significantly fewer seismic responses in the building
roof than when the soil-structure interaction is considered (Fig. 6.2, 6.3). Compared to
the rigid base of the building, the roof acceleration and deflection of the structure are
observed three times and ten times more in the building resting on an unreinforced soil
bed. Therefore, it is clear from the results that the result of seismic responses in the
building will be underestimated when the building is considered with rigid base

conditions.
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Generally, reinforcement materials and pile foundations are practiced to mitigate
the seismic response of multi-storey buildings. For example, rubber was mixed in the
form of tyre chips in the sand for 5m thick sand along with the piles to isolate seismic
responses which showed an isolation efficiency of around 40% for roof accelerationin
five-storey buildings. But in the current study, only the reinforcement of isolation mats
with 0.5m thickness reduces the roof acceleration response of the building significantly

with a maximum reduction of 34%.
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6.3 INTERSTOREY DRIFT OF BUILDING

The interstorey drifts of the building resting on raft foundation having different
base conditions were analysed under different earthquake motions (Fig. 6.4). Lateral
deflection of the storey level increases with an increase in the height of the building,
but the interstorey drift decreases with the height of the building i. e, the difference in
lateral deflection of each nearest storey level decreases when the height of the building

increases. Unreinforced soil shows an interstorey drift of 14, 5, 4 and 11 times more
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compared to the rigid base case in the first storey level under EQ-1, EQ-2, EQ-3 and
EQ-4 earthquakes respectively. While the reinforced and unreinforced cases of soil are
compared, it is observed that soil reinforcement with isolation mats reduces the
intertsorey drifts in the building. Coir mat reinforced soil base shows a higher
percentage reduction in interstorey drift among the isolation mats under all the
earthquake motions. The maximum reduction observed is 40%, 43%, 50% and 44%, in
the interstorey drift at the fifth storey level of the building under EQ-1, EQ-2, EQ-3 and
EQ-4 earthquakes, respectively (Fig. 6.4).
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6.4 SEISMIC BASE SHEAR OF BUILDING

The variation in the base shear ratio (base shear divided by the weight of the
building) obtained by considering the fixed base and incorporating the three-
dimensional soil-structure interaction (SSI) effect was examined (Fig. 6.5).
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Figure 6.5 (a) Seismic base shear ratio of building on soil reinforced with various
mats (b) Percentage reduction in the seismic base shear ratio (c) percentage

reduction in seismic shear force of building on reinforced soil with various mats
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The isolation efficiency of reinforcement mats to reduce the base shear in the
isolated soil-structure system was also analyzed and compared. The base shear ratio is
noted and represented in terms of total weight of the superstructure (Eq. 3.4) (Fig.
6.5(a)). It is observed that the seismic base shear is more than the fixed base condition

when the SSI effects are taken into consideration (Fig. 6.5(a)).

It is seen from the analysis of soil reinforced with isolation mats that the
reinforcement of soil by coir mat shows a maximum of 24% isolation efficiency when
excited under EQ-3 input motion (Fig. 6.5(b)). The base shear observed in the soil-
structure system subjected to EQ-1 input motions is higher than that observed with other

input motions.

6.5 SHEAR FORCE OF BUILDING

In the SSI system for different cases of soil reinforcement, the shear force in the
building was analyzed for different earthquake input motions. From the response of the
structure by the application of dynamic load, the isolation efficiency of different
reinforcement materials to reduce the seismic shear force is evaluated and represented
in Fig. 6.5(c). The shear force in building at each storey level of building under rigid,
unreinforced soil and isolation mat-reinforced soil base conditions are analysed and
shown in Fig. 6.6. The shear force decreases with the increase in storey level for all the
cases of the model considered. The importance of incorporating the soil-structure
interaction and soil reinforcement by isolation mats is clear from the graph. It is
observed that the seismic base shear ismore than the fixed base condition when the SSI
effects are taken into consideration and also the soil reinforcement reduces the seismic

shear force in buildings under different earthquake loads.
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The isolation efficiency of coir mat, polymer foam and rubber mat to reduce the
seismic shear in building under EQ-3 input motion obtained at the fifth level of the
building are 26%, 24%, 23% and that obtained at ground level are 23%, 21%, and 19%
(Fig. 6.5(c)). Isolation mats show a good percentage reduction in seismic shear force
under EQ-3 than other input motions since the low frequency contents of EQ-3 input
motion is abundant, and the frequency of the SSI system is also low. The maximum

reduction in shear force is obtained in the building by the reinforcement of soil with

73



coir mat. The maximum shear force observed in the building is higher under EQ-1 input
motion (Fig. 6.6). The shear force-time history plot of the building for the unreinforced

and coir mat reinforced soil base under various input motions is shown in Fig. 6.7.
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Figure 6.7 Shear force-time history plot of the building for the unreinforced and
coir mat reinforced soil base under (a) EQ-1 (b) EQ-2 (c) EQ-3 (d) EQ-4 input
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6.6 SUMMARY

The seismic responses such as roof acceleration, roof deflection, interstorey drift,
base shear and shear force in building are studied from the nonlinear analysis of the
isolated soil-structure system. A maximum reduction in the building roof acceleration
is obtained as 34% by reinforcing soft soil with a coir mat when subjected to EI Centro
input motions and is 32% in reducing the roof deflection. A 50% reduction in the
interstorey drift is obtained by the reinforcement of soil with the coir mat under the El
Centro input motion. Base shear is higher for buildings resting on a flexible base
compared to fixed base conditions. Seismic base shear is best reduced with coir mat
reinforcement in soft soil, which is 23%. The maximum isolation efficiency of the coir
mat obtained is 26% to reduce the seismic shear in the building and which is under EQ-
3 input motion. The peak amplitudes are more in IS input motion than other ground
motions. Therefore, seismic responses such as roof acceleration, roof deflection,
interstorey drift, seismic base shear, and shear force in the building are found higher
under IS input motions compared to other input motions. From the analysis of different
input motions to the soil-structure system, it can be seen that with the increase in the
specific energy density of earthquake motion, the soil-structure responses increase.
But, due to the abundant lower frequencies available in the El Centro input motion
compared to other input motions, the isolation efficiency of reinforcement materials is

higher when the soil-structure system is subjected to EI Centro input motion.
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Chapter 7

PORE WATER PRESSURE ANALYSIS

7.1 GENERAL

Soil and structures are frequently exposed to both static and dynamic stresses. If
the loads are high, they cause significant damage to soil and superstructures during
earthquakes. The dynamic analysis allows the investigation of the impacts of vibrations
in the soil. Vibrations in soil causes liquefaction when the excess pore water pressure
in soil increases. Therefore, the reinforced cases of soil were analyzed by studying the
excess pore pressure developed in soil and compared it with the unreinforced soil to
understand the efficiency of isolation materials in reducing the liquefying tendency of
soil. One-dimensional FEM software Cyclic 1D and three-dimensional FEM software
PLAXIS 3D were used to investigate the development of pore water pressure. The
natural material, coir mat (C) and its composites with, polystyrene (C-PEs) and rubber
mat (C-RU) were used as the isolation materials to study the isolation efficiency in

effectively reducing the excess pore water pressure in soil under earthquake loads.

7.2 MODELLING IN CYCLIC 1D

The modeling of soil for liquefaction analysis was performed using FEM. Cyclic
1D is a nonlinear Finite Element program for one-dimensional (1D) lateral dynamic
site-response simulations. The program works in the time domain, allowing for linear
and nonlinear studies of soil (Hughes 1987). Incremental plasticity models simulate
nonlinearity to qualify for permanent modeling deformation and generation of

hysteretic damping.

The depth of the soil bed modeled was 30m. Input parameters were assigned
corresponding to the engineering properties of soft soil and isolation materials as shown
in Table 3.3. In Cyclic 1D, a finite element mesh composed of elements of 0.25m size

was used to discretize the soil domain. The coir mat was modeled by assigning coir
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material properties for 0.5 m thick elements at 1 m below ground level. Coir composites
are modeled with 0.5m thick coir mat sandwiched by 0.5m thick polystyrene foam/
rubber mat to form C-PE; and C-RU composites. A simple model of soft soil with and
without isolation mat inclusion was analyzed. At a depth of 30 m below ground level,
rigid bedrock has been defined. Earthquake motion corresponding to EI Centro (1940)

and Northridge (1994) earthquakes were used as the input motion for seismic analysis.
7.2.2 Pore Water Pressure Analysis in Cyclic 1D

Dynamic analysis of soil model was carried out in Cyclic 1D software by using
in-built earthquake acceleration data, ElI Centro (1940) and Northridge (1994) input
motions. From the study, change inexcess pore water pressure was analyzed for various
soil depths below the ground. The soil becomes liquefiable when the excess pore
pressure increases beyond a threshold necessitating the importance of mitigation of
liquefaction. For this the natural material coir and its composites such as C-PEz and C-
RU mats were considered as the isolation materials in soil to reduce the excess pore
water pressure. The change in pore water pressure by the soil reinforcement with coir
mat for the entire depth of soil is studied and shown in Fig. 7.1. Among the isolation
materials analyzed, C-PEs performs with excellent features by significantly reducing
the excess pore water pressure generated beneath the foundation. A maximum of 93%
reduction is obtained by the reinforcement of soil with C-PEz mat under EI Centro input
motion and it is 88% under Northridge motion. Since, the polystyrene material is
impermeable and provided at the top and bottom of the coir mat in C-PE; composite,
the composite material shows very good efficiency in reducing the pore water pressure
development in soil compared to the coir mat alone. Excess pore water pressure
increased with an increase in soil depth below the foundation. For both reinforced and
unreinforced soil cases, the excess pore water pressure-time history obtained under El
Centro and Northridge earthquake motions is shown in Fig. 7.2 and Fig. 7.3. Fig. 7.4
shows the percentage reduction in excess pore pressure in the soil domain near the
ground surface for unreinforced and reinforced soil (soil reinforcement with C, C-PEs
and C-RU) under El Centro and Northridge input motion. The excess pore water
pressure near the ground surface is noted both for reinforced and unreinforced cases of

soil conditions and the percentage reduction is obtained by using Egn 3.3. The excess
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pore water pressure increases when the duration of earthquake increases. But, after a

particular duration, pore water pressure becomes constant.
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Figure 7.1 Variation in excess pore water pressure with the depth of soil domain
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Figure 7.3 Excess pore pressure-time history plot of the soil domain at different

depths below the ground levelunder Northridge input motion
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7.3 PORE WATER PRESSURE ANALYSIS IN PLAXIS 3D

The pore water pressure generated, mobilised shear strength, shear strain and
effective stress in soil under the seismic motions of the soil-structure system were
analysed. The efficacy of isolation materials to reduce this excess pore water pressure
generated in soil was also investigated.

7.3.1 Excess Pore Water Pressure in Soil (Pexcess)

The soil in which significant pore water pressure is generated on a change in load
is the most likely to liquefy. Excess pore water pressure in soil for both reinforced and
unreinforced cases of soil was analyzed for different input motions. Pexcess Was noted
beneath the raft foundation for unreinforced and reinforced soil. With the increase in
time, pore pressure is observed to be increased for all reinforced cases of soil. The
reduction in Pexess in soil under EQ-1, EQ-2, EQ-3, and EQ-4 earthquake motions
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obtained with the reinforcement by C mat is 76%, 75%, 82% & 81.5%, respectively,
by C-PEs mat is 72%, 71%, 77% & 79.3% respectively and by C-RU mat is 67%, 70%,
72% & 72% respectively (Fig. 7.5). Among the isolation mats reinforced in soil, the
coir mat reduces the Peyess in soil considerably. Since, there is a chance for water to
flow through the entire length of the coir mat when the coir mat is solely placed in the
soil, the coir mat absorbs the water through its entire surfaces and reduces the further
flow to the topsoil, near the foundation. When the C-PE; and C-RU are implemented
in the soil, the impermeable materials such as polymer foam and rubber mat do not
absorb the water; therefore, there is a chance for water to pass through the sidewise of
isolation material to reach the foundation level. It’s observed from the results that there
is not much difference in pore ware pressure generated in soil when it was reinforced
with C, C-PE; and C-RU composites. Since coir is a natural material, there is a chance
of degradation in the material as time goes on. Therefore, the provision of coir-polymer
and coir-rubber composite mats are recommended. And, especially coir-polymer mat
shows much more isolation efficiency in reducing the Peyess compared to coir-rubber.
The variation in Pexess With the increase in depth of soil below the foundation was also
analyzed. Fig. 7.5 shows the excess pore water pressure-time history in soil for
reinforced and unreinforced cases under different earthquake input motions. The excess
pore water pressure distribution in the soil at its central portion covering the
superstructure for reinforced and unreinforced cases of soil was also analyzed and
shown in Fig. 7.6. It is clear from the contour plot that the intensity of pore water
pressure reduced at the soil-foundation interface when the coir reinforcement was

incorporated in the soil.
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Figure 7.5 Excess pore water pressure-time history in soil for reinforced and

unreinforced casesunder different earthquake input motions; (a) EQ-1, (b) EQ-2,
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7.3.2 Shear Strain and Mobilized Shear Strength

The increase in seismic-induced soil shear strain and reduction in shear strength
are major concern for the overall stability of structures. With the reinforcement of
isolation mats in the soil, the shear strain of soil decreases by the increase in the
mobilized shear strength. The shear strain and shear strength of soil beneath the
foundation were analyzed for different models under various earthquake motions.
Reinforcement reduces the shear strain in the soil since the isolation materials modify
the shear strength of soil. Dynamic analysis was performed on the soil-structure system
for soil without reinforcement and soil with C, C-PE; and C-RU mats placed
horizontally below the raft foundation. Fig. 7.7 shows shear strain in reinforced and
unreinforced soil. With the increase in the duration of earthquake motion, shear strain
in the soil also increases. Shear strain is reduced for soil reinforced by isolation mats.
The reduction in shear strain in soil under EQ-1, EQ-2, EQ-3, and EQ-4 earthquake
motions obtained by the reinforcement of soil with C mat is 5%, 26.13%, 43.4% & 16%
respectively, with C-PE; mat is 19%, 81%, 51% & 72% respectively and with C-RU
mat is 21.46%, 83.1%, 57% & 20% respectively (Fig. 7.7). This is because the isolation
mats act as the reinforcement layer in the soil, strengthening the soil and reducing the
shear strain by increasing its shear strength. C-RU material does not show a
proportionate shear strain development insoil under different input motions. Under EQ-
4 input motion, the shear strain developed in soil by the reinforcement of C-RU material
is found to be higher than C-PE; composite. But under all other input motions, C-PEs
performs better over C-RU in the shear strain reduction in soil. The frequency content
of EQ-4 does not match with the natural frequency of the soil reinforced with C-RU
mat. Therefore, the complete efficiency of material to reduce the shear strain in soil
couldn’t be attained. The change in mobilized shear strength in reinforced soil
compared to the unreinforced soil under different input motions is shown by the contour
diagram in Figs. 7.8, 7.9, 7.10 and 7.11. The mobilized shear strength at the top and
bottom interfaces of isolation materials is analyzed. The results show that compared to
the bottom interface of polymer/rubber-coir mats, the top interface shows higher
mobilized shear strength which means the additional layer of isolation material helps

in improving the shear mobilization in soil.
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Figure 7.11 Mobilized shear strength in the soil at its central portion below the

superstructure excited under EQ-4 input motion

7.3.3 Effective Confining Stress

The inclusion of a basal reinforcement mat adds confining stress to the
reinforced soil system and foundation. This increases the bearing capacity in traditional
soft foundation soil while reducing the plastic failure zone, resulting in a more stable
platform. Coir mat considerably improved the effective stress in soil (Fig. 7.12). The

effective stress is observed to be decreasing with the increase in the duration of

93



earthquakes for unreinforced soil cases. But, for reinforced soil, effective confining
stress increases with the time of the earthquake and becomes constant after a particular
time. An increase in effective stress makes the supporting soil for the superstructure
strong, so liquefaction reduces in the soil. In a previous study, it is observed that the
stress in the fiber-reinforced soil increased rapidly as the load increases, and the
confining pressure had a significant effect on the strength of the fiber-reinforced soil
(Zhao et al. 2020). That is, the greater the confining pressure, the greater the
reinforcement effect.

Effective confining stress (kPa)
Effective confining stress (kPa)

5 .
Time (Sec) Time (Sec)

@ (b)
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Figure 7.12 Effective confining stress time history in the soil for reinforced and
unreinforced cases under; (a) EQ-1, (b) EQ-2, (c) EQ-3, (d) EQ-4

7.4 SUMMARY

The isolation efficiency of reinforcement materials, C, C-PEs, and C-RU mats to
reduce the excess pore water pressure under different earthquake motions obtained are
75-82%, 71-80%, and 67-72% respectively. Coir-polymer shows much more isolation
efficiency in reducing the Pexcess cOmpared to coir-rubber. The Peyess increased with the
increase in depth of soil below the foundation. The resulting shear strain for soil
reinforced by isolation mats is lower than that obtained from unreinforced soil since the
isolation mats strengthen the soil. The shear strength and effective stress of the soil
reinforced with coir and coir composites are improved compared to the unreinforced
soil. The reduction in roof accelerationand raft acceleration of building resting on soil
reinforced with coir mat excited under EQ-1, EQ-2, EQ-3, and EQ-4 earthquake
motions respectively are obtained as 62%, 51%, 53%, 62%; 54%, 48.5%, 47.23%, 33%.
Seismic responses such as excess pore water pressure, shear strain, shear strength, and
effective stress in soil and roof acceleration in the building are observed to be increased
with an increase in specific energy density of earthquake motion considered (Table 3.5).
But as a conflict to this conclusion, the seismic responses under EI Centro input motion

(specific energy density = 0.18m?/s) show higher seismic responses than that under
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Northridge earthquake motion (specific energy density = 0.211m?s). This may be due
to the abundant frequency content available in the El Centro earthquake data which
matches with the natural frequency of soil-structure system causing maximum

resonance response.
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Chapter 8

CONCLUSION

Detailed numerical investigations have been carried out to study the effects of
seismic isolation of sustainable materials on the dynamic response of low-rise RC

buildings. The major conclusions are summarized below:

e From parametric analysis of coir mat isolated soil-structure system, the optimum
values of width, depth of embedment and thickness of coir mat were identified as
B, B/18 and B/36 based on the width of foundation, B.

e As soil flexibility increases, seismic responses increase gradually. The isolation
efficiency of reinforcement materials in effectively reducing the seismic responses
is more when the materials are placed on soft soil as compared with those
reinforced in stiff soil.

e Reinforcing soft soil with C-PE; and PE, mats show a maximum reduction in the
building roof acceleration and base shear (i.e. 22% and 23% respectively). The
coir mat causes the maximum reduction in building roof acceleration, roof
deflection and inter-storey drift under El Centro input motions (i.e. 34%, 32% and
50% respectively). Seismic base shear was best reduced (24%) in soft soil by
reinforcing soil with coir and C-PE, mats.

e The reinforcement of soil with C-PE3 mat causes a maximum of 93% reduction in
excess pore water pressure under El Centro input motion and it is 88% under
Northridge motion from the one dimensional analysis. The isolation efficiency of
reinforcement materials, C, C-PE; and C-RU mats to reduce the excess pore water
pressure under different earthquake motions are 75-82%, 71-80%, and 67-72%
respectively from the three dimensional pore water pressure analysis.

e The seismic isolation systems considered here has an advantage of lightweight
and compressible properties of polymer foam to reduce the induced seismic
responses in soil and superstructures from the earthquake loading. The durability
of the isolation material is a factor to be considered while selecting the proper
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material. Polymer foam has a good lifespan. Chemically, polystyrene foam is a
very stable compound, and no material decay should be expected when itis placed

in the ground.

It is inferred from the study that coir and its composites can act as good isolation
material, especially in soft soil. The coir mat composited with other materials can
effectively improve the durability of the coir mat by protecting it from biodegradation
and can also act as a suitable drainage medium. The use of the coir material as an
isolation medium in the soil will be economically feasible as coir is a readily available
natural material than standard isolation materials. From the detailed transient analysis
of integrated soil-structure system with various isolation materials, coir mat and coir-
polymer foam composite mat are recommended as the efficient soil isolation medium,

especially at soft soil sites.
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