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ABSTRACT

The seismic interaction of the structures with compliant soil has been the subject of various
experimental and numerical studies assuming the elastic or inelastic behavior of both structure and
foundation soil. These coupled interactions are complex and significantly important in
understanding and interpreting the real performance. The seismic performance of building
structures is often influenced by the interaction between various integrated components such as
superstructure, foundation, subterranean levels, and the supporting and surrounding soil deposit
with the effects of dynamic filtering, which is widely referred to in the literature as soil-structure
interaction (SSI). The seismic SSI analysis can be helpful in realistically predict the deformation
characteristics, seismic response force demand, and the behaviour of the entire system by

incorporating the soil strata as a single integral compatible structural component.

Many studies have been carried out in recent decades with a strong emphasis on seismic SSI.
Most investigations to far have focused on buildings with shallow and deep foundations, including
piles. Because of fast urbanization or infrastructural growth, as well as a lack of space in cities, the
majority of buildings in metropolitan areas are often planned with one or more subterranean levels
for parking and other amenities. Very limited experimental and numerical studies have been
presented on the building frame with subterranean levels. However, numerous issues remain
concerning the effects of the subterranean levels on the design and seismic response parameters of
multi-storey buildings. In the present study, several novel objectives are identified and

investigated.

(1) to evaluate the influence of subterranean levels on foundation input motion (FIM); (2) to
appraise the applicability of theoretical solutions to predict the FIM in comparison to the nonlinear
numerical model incorporating the kinematic SSI effect; (3) assess the influence of different
modeling approaches and subterranean levels on the seismic response history analysis of the
superstructure; and (4) investigate the effect of subterranean levels and their embedment depth on
the seismic response of building frame considering SSI. As a result, to effectively address these
issues, realistic numerical models are developed and used in a practical manner. These models
encompass a wide range of soil types and soil-structure system (SSS) under the influence of

various earthquake ground motions.
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A 15-storey medium-rise reinforced concrete moment resisting frame (RC-MRF) building
with subterranean levels resting on a raft foundation was adopted as a reference for various
investigations in the present study. Three deep homogenous subsoil conditions underlain by
bedrock were adopted: soil types C, D, and E, denoting dense, medium, and soft soil deposits,
respectively. Three alternative base conditions, five different models, and seven earthquake input
motions have been considered. The comprehensive numerical studies was conducted utilizing the
finite element method (FEM) by ABAQUS software to address the above-mentioned issues.
Several indicators for both soil and structural response are established in terms of response spectral
acceleration, transfer functions with respect to free-field motion (FFM), and seismic response
demands such as lateral displacements and drifts. According to the investigation conducted in the

present study, the major findings are given below.

From the numerical analyses, there is in general a reduction of the motion at the subterranean
level of a building as the subterranean level depth increases, whereas in contrast more intense than
the FFM revealed especially at lower periods and for profounder depths of embedment,
predominantly in soil type E (soft soil). Similarly, the effect of soil properties on foundation input
motion (FIM) exhibits the same characteristics as the stiffness of the soil properties decreases from
medium-dense to soft soil. These results demonstrate clearly how the embedded stiff subterranean
level existence in different subsoil conditions causes the high frequencies to be filtered or the
reduction of FIM with respect to FFM.

The applicability range of theoretical transfer function models was also compared with
numerical model results. The models properly anticipate a constant transfer function value for
higher periods, which is consistent with the numerical analyses, whereas the divergence is more
significant, especially within a small time range. Variations between analytical and numerical
transfer function models could also be due to the underlying assumptions applied to build
theoretical models. It can be seen that the numerical models can estimate more consistently taking
into account the effects of embedment depths and soil nonlinearity. Nevertheless, the analytical
models fail to account for certain crucial features such as subterranean levels flexibility, nonlinear
behavior of soil deposit, and frequency-dependent amplification of foundation level motion
relative to the FFM.
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From the major findings of the numerical investigations in the present work, the interaction
between the superstructure, subterranean levels, foundation, and subsoil conditions plays a
substantial role in altering the seismic response behavior of the building. It is observed that the
superstructure seismic response demands in terms of storey level relative lateral displacement and
inter-storey drift ratio (DR) values are intensified when incorporating the subterranean levels and
SSI, as well as due to the variation of soil density. The influence is more considerable
predominantly in the case of flexible-base models resting in medium and soft soil. On the other
hand, generally, when the embedment depth of the subterranean levels increases the storey level

lateral displacements and DR values are decreased.

Based on the undertaken investigations, it can be concluded that the nonlinear seismic design
of an RC-MRF building structure excluding the substructure level and SSI is not adequate to assure
structural safety. Also, various modeling strategies often used for the analysis of the seismic
response of building structures considerably alter the seismic response characteristic and demand
of the superstructure. Although building codes used simplified procedures where the base of the
superstructure at the ground surface is assumed to be fixed and the analysis is carried out under
the influence of FFM, may often be correct enough. According to the investigation in this study,
however, the incorporation of the influence of subterranean levels and seismic SSI is required to
predict accurately the seismic response characteristics and demands of the superstructure with
great rigor, especially the building structure resting on medium and soft soil deposits with shallow
embedment depths.
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CHAPTER -1
INTRODUCTION

1.1 General

Considerable advancements in the development of thorough methodologies to precisely
analyse structural models and estimate the demands for different levels of earthquake ground
motion has made in recent decades. However, the majority of these approaches do not explicitly
incorporate the substructure system and subsoil conditions. The precise idealization of substructure
components, including the foundation, soil, and their interaction, has become one of the most
difficult aspects of structural modelling of building structures in recent years. Consequently, the
structure is assumed to be fixed to the foundation, and the underlying soil is only taken into account
by selecting appropriate ground motions compatible with the features of the soil deposit. Both
research and practical experience have revealed that a structure with a different foundation and
built on a compliant soil deposit could respond differently in comparison to a fixed base situation.

Substantial researches has been carried out on the response of building structures under the
influence of various loading conditions by using in-situ and laboratory observations (Amendola et
al., 2021; Celebi and Safak, 1991; Gueguen and Bard, 2005; Jakrapiyanun, 2002; Kim et al., 2014;
Luco et al., 1988; Meli et al., 1998; Muria-Vila et al., 2004; Rayhani and Naggar, 2007; Sawada
and Takemura, 2014; Tileylioglu et al., 2011; Wei et al., 2017; Yamahara, 1970), simplified
discrete model and analytical studies (Maravas et al., 2014; Stewart et al., 1999; Triantafyllidis,
1986; Veletsos and Meek, 1974; Vrettos, 1999), and also numerical studies (Casciati and Borja,
2004; Galli and Jaf, 2016; Nguyen et al., 2017; Rayhani and Naggar, 2008; Tabatabaiefar and
Massumi, 2010; Torabi and Rayhani, 2014). Among the whole methods, analytical and numerical
methods are the first preferred ones as the other methods are found to be either economically not

viable or time consuming.

The studies have revealed that the incorporation of a soil-structure system (SSS) in the
seismic response analysis of structures constructed on deformable soils causes a significant

influence on the seismic response of structures in comparison to the same structures with an



idealized fixed base at the ground surface. The influence is primarily exerted through modifying
the seismic force demands (i.e., storey shear and bending moment) and deformation characteristics
(i.e., fundamental natural period, storey drift, etc.) of the structure and its near-field soil
component. Among the major causes for this change is that a part of the vibrational energy of the
structure placed on a compliant foundation is dissipated by hysteretic action and the spreading of
stress waves in the supporting soil deposit (Tabatabaiefar et al., 2013). The flexible base is shown
to be a suitable solution for reducing the seismic force demand of structures due to an increase in
the period of vibration and effective damping of the structure’s entire system (Bilotta et al., 2015;

Scarfone et al., 2020; Visuvasam and Chandrasekaran, 2019).

Although these studies are valuable in predicting the behavior of structural systems
reasonably, advanced models are required to understand the structural system behavior more
accurately, especially in the case of building structures resting on compliant subsoil conditions
under major earthquake excitation. The behavior of building structure varies with the stiffness of
subsoil conditions, substructure system, and characteristics of earthquake motions. Furthermore,
the problem is complicated by the various scenarios of foundation embedment in soil (Anwar et
al., 2019). For getting the accurate behavior of building structures, one has to comprehend the
complex interactions among the different components in a SSS. In the seismic response analysis
of any specific issue, numerical methods have a high competency of incorporating the effects of
nonlinearity arising from the changes in geometries and material behaviour, interface conditions,
nonhomogeneous material properties, stress anisotropy, as well as radiation and material damping
changes. Given the benefits of using numerical approaches over other methods, as well as the need
for rigorous and realistic results, numerical methods for seismic response evaluation are strongly
recommended (Bowles, 1997; Dutta and Roy, 2002).

However, in the conventional seismic resistance analysis and design practice of building
structures, the process is normally carried out assuming fixed-base support for the targeted
structure at the ground surface under excitation of free-field motion (FFM), which is the
earthquake motion on the ground surfaces in the absence of any structure or excavation.
Essentially, this assumption is acceptable for two cases. The first case is for lightweight low-rise
buildings since the induced inertial-driven forces are negligible; thus, the effects of interaction

among soil-structure are insignificant. The second case is relatively heavy building structures that
2



rest on a shallow foundation in stiff soil or rock; on the one hand, kinematic effects are indeed
negligible since the FFM is approximately equal to the foundation input motion (FIM) of the
structure. FIM is the motion of the embedded foundation that accounts for the geometry and
stiffness of the base slab. However, depending on both soil deformability and the structure’s
slenderness ratio, inertial effects can be very strong in structures resting on shallow foundations
(Veletsos and Meek, 1974). Moreover, it has been recognized in recent decades that the
idealization of fixed bases and ignoring the compliant foundation-soil effect, particularly for
buildings built on soft soils with shallow and deep foundations, could result in unsafe design
(Anwar et al., 2019; Fatahi and Tabatabaiefar, 2014; Krawinkler et al., 2003; Wolf, 1985). As a
result, the effect of compliant foundation soil alters the seismic response characteristics of a
structural system due to the stiffness of the structure and soil flexibility. Furthermore, current
practices and design procedures are inadequate to capture more realistic phenomena of the

interaction between the structure and soil (Sharma et al., 2018).

Building frames are one of the major components in the structure, which governs the
stability of the entire structural system when subjected to different gravitational and lateral loading
conditions. The response of any system including more than one element is always interdependent.
The superstructure, the substructure comprising subterranean levels and foundation as well as the
soil mass together form a complete system. The seismic response demands in the structural system
may differ due to the coupled interaction of different components in the system. The distribution
of the seismic response demands on the superstructure system varies depending on the stiffness
and system of the substructure, as well as the deformation characteristics of the soil. Several
authors have reported the significance of the interactive behavior on the response of the
superstructure (Ali et al., 2023; Khazaei et al., 2017; Oz et al., 2020; Shen and Qian, 2019;
Tabatabaiefar and Fatahi, 2014b; Wani et al., 2022; Zhang and Far, 2022a).

1.2 Soil Structure Interaction (SSI)

During the incidence of an earthquake, the seismic structural response of buildings is often
influenced by the interaction between various integrated components such as superstructure,
substructure, and soil, which is often termed as Soil-Structure Interaction (SSI). These

interdependent interactions are intricate and considerably important in understanding the real
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performance of the structural system. Thus, SSI is receiving considerable attention from many

researchers and is primarily focused on practical applications.

Because of the differences in their perspectives, geotechnical engineers are often more
concerned with soil properties than structural engineers. Structural engineers, on the other hand,
are specifically more concerned with the structural properties of a structure, and the foundation-
soil flexibility effect on structure rest is usually ignored (NIST, 2012). As a result, complex models
are usually applied solely to one component of the SSI phenomena, leaving the other aspect
vulnerable. So, to gratify the requirements of both geotechnical and structural engineering as well
as accurately predict the seismic response history of the structure in SSI problems, the structural
systems and soils must be modeled properly. Many researchers (Agha et al., 2020; Amorosi et al.,
2017; Bolisetti et al., 2014; Bolisetti and Whittaker, 2015; Silva et al., 2018; Hoseny et al., 2023;
Hokmabadi et al., 2014; Nguyen et al., 2020; Tahghighi and Mohammadi, 2020b; Torabi and

Rayhani, 2014) also have reported the importance of SSI effects in their studies.

The seismic response characteristics and force demands of the structural system depend on
the substructure components and the stiffness of the subsoil conditions. These response parameters
in the superstructure may alter the pattern of load distribution among the structural elements, which
causes excessive deflections and failure of the structural elements. The incorporation of soil-
foundation flexibility in the structural response analysis may get intensified the displacement while
reducing the seismic force demands. The general practice of seismic response analysis of building
structures without SSI may result in extra cost thus the influence of SSI has to be taken into

consideration for predicting the responses.

Structures imposed to deformations without causing any damage result in a substantial
overall economy and enhance the serviceability of the structure. For accomplishing this, design
engineers have to understand the real characteristics of the structural system under the influence
of foundation-soil flexibility and earthquake loads. In addition to the foregoing, it is vital to

comprehend how each component affects the others.
1.3 Method of Analysis

In the domain of seismic SSI assessment, one of the most difficult features in structural

models of building structures is the appropriate idealization of subterranean components
4



comprising subterranean levels, foundation, nearby and foundation soil medium, their interaction,
and boundary conditions in SSS. If the soil medium, soil-structure interfaces, and boundary
conditions are simulated appropriately utilizing a suitable modelling approach, the seismic SSI
response of the structural system can be evaluated more accurately (Raychowdhury, 2011;
Yeganeh and Fatahi, 2019).

In the subject of geotechnical earthquake engineering, SSI problems can be solved by
utilizing various soil domain modeling techniques depending on the part of the structure that needs
to be evaluated. Studies of conceivable alternative models among SSI systems have been
conducted with a focus on the physical idealization and modeling of the soil medium (Dutta and
Roy, 2002). In the past few decades, researchers have developed different methods for SSI studies.
The methods can be categorized into four categories, namely, the Winkler method, Lumped
parameter method, the Continuum method, and the Finite Element method.

Q) The Winkler model approach or the subgrade reaction theory is the simplest model
representing the linear elastic behaviour of the soil for interaction among foundations and
soils to predict a vertical deformation of the foundation because of the load acting on it.
This approach uses a single bed of closely spaced series of independent, and linear elastic
vertical springs attached to the foundation to represent the soil medium idealization
(Winkler, 1867).

(i) A lumped parameter method idealizes the frequency-dependent SSI of a weightless
foundation situated on or entrenched into an unbounded soil domain. In this approach,
along three mutually perpendicular axes in the case of 3D analysis of the SSI problem,
translational and rotational springs are attached at the foundation level of the structures to
consider the deformable behaviour of soil. Also, dashpots are added parallelly with springs
to account damping system of the soil medium (Wolf, 1994b).

(i)  The elastic continuum method is a conceptual technique of a physical idealization of the
unbound soil domain for the SSI problem. The commencement of soil domain
representation as a half-space elastic medium is possibly initiated from Boussinesq’s study
to estimate a static stresses problem in a solid medium subjected to a unit point load acting
normally to its plane surface, in which for the sake of simplicity the soil domain was

considered to be perfectly elastic, isotropic, homogeneous, and semi-infinite. Nevertheless,
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the influence of soil stratification and anisotropy may be appropriately considered in the
analysis (Harr, 1966). This method, unlike to Winkler model, gives a lot of information
related to the stresses and deformations that occur inside the soil domain. It also has the
significant benefit of having simple input parameters such as Poisson’s ratio and Young’s
modulus.

(iv)  Formulation of the finite elements, which discretizes both the structure and soil into finite
elements, imposing appropriate boundary conditions at the interface of the soil-structure.
The FEM can be utilized to analyze both simple and complex SSI problems with extensive
details and is an appropriate technique for seismic response analysis to a wide variety of
scenarios (Cook et al., 1989; Matinmanesh and Asheghabadi, 2011). In addition to its being
proven as an effective solution tool, FEM is also vital to understand that the simulation
process requires a lot of memory and time for the 2D or 3D models to provide complete
results. SSI often depends on the soil model constitutive behaviour. Therefore, the selection

of an effective constitutive method leads to better results in the study of SSI issues in FEM.
1.4 Scope and Objectives

The incorporation of the substructure system and the underlying soil to understand the
influence on the realistic seismic response behaviour of the superstructure is crucial. Many studies
have been conducted recently that have focused on the seismic response of structures while taking
into account the interaction between structure and soil. However, most studies to date have been
limited to building structures with shallow foundations (Dutta et al., 2004; Fatahi et al., 2016;
Tabatabaiefar and Massumi, 2010; Yeganeh and Fatahi, 2019), and deep foundations (Cai et al.,
2000; Cavalieri et al., 2020; Ghandil and Behnamfar, 2015; Hokmabadi et al., 2014; Kassas et al.,
2022; Lee et al., 2016; Lu et al., 2004; Maheshwari et al., 2004; Tabatabaiefar et al., 2015).
Because of fast urbanization or infrastructural growth, as well as a lack of space in cities, the
majority of buildings in metropolitan areas are often planned with one or more subterranean levels
for parking and other amenities. However, a limited number of studies have been conducted on
the seismic response of building frames with subterranean levels (Anwar et al., 2019; Hoseny et
al., 2022, 2023; Ganainy and Naggar, 2009; Naeim et al., 2008; Saad et al., 2012; Scarfone et al.,
2020; Turan et al., 2013). The seismic response behaviour of the superstructure depends on the

interaction of the building frame with the substructure system and soil. The interaction of the
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superstructure with the substructure and soil needs to be considered to predict the accurate
behaviour of the building frames. With this scope of the investigation, the present study is
performed to study the influence of subterranean levels on the seismic response characteristics of
building frames under different subsurface site conditions, substructure parameters, and selected
earthquake ground motions. To assess these types of complex interaction behaviors, numerical
modelling plays a significant role. FEM-based software gives realistic behavior close to that of the
field response. ABAQUS is one of the software, which is based on FEM principles and in the
present study, this software is widely used by several researchers for numerical analysis (Agha et
al.,, 2020; Bahuguna and Firoj, 2022; Lagaguine and Shartai, 2023; Miao et al., 2020;
Mohammadyar and Akhtarpour, 2023; Zhang and Far, 2022a).

By considering the above factors, the following objectives are intended to accomplish for
the present research study:

e Evaluate the effect of subterranean levels on the foundation input motions for seismic
response analysis of building structures.

e Appraise the applicability of theoretical models for quantifying the foundation input
motion in comparison to nonlinear numerical models.

e Assess the effect of SSI modeling approaches on the seismic response history analysis of
building frame structures with subterranean levels.

¢ Investigate the effect of subterranean levels and embedment depths on the seismic response

of building frames considering SSI.

According to IS 875-3 (2015), building structures are classified based on height (H) into
three categories like (i) low-rise (H <20 m), (ii) mid-rise (20 m < H <50 m) and (iii) high-rise (H

> 50 m) structures.

To achieve the above objectives, a 15-storey mid-rise RC-MRF building designed according
to the Indian building code (1S 1893 (Part 1), 2016; IS 456, 2000) in a high-risk earthquake-prone
zone (zone V) is considered in the present study. The width of the building is 15 m in both x and

y directions and the height of the building is 45 m above ground level.

The details of different parameters considered in the present study are given below.
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a) Number of storeys above ground: 15-storey.

b) Number of underground storeys: 0, 1, 3, and 5 subterranean levels designated by 0BS,
1BS, 3BS, and 5BS. Where BS is basement storeys.

c) Alternative models of building frame with subterranean levels: Five models represented
by Model 1A, 1B, 2A, 2B, and 3A. Details are given in section 3.5.2.2.

d) Subsurface soil conditions: Three different soil types, which are a homogenous dense GM
(Soil type - C), medium CL (Soil type - D), and soft CL (Soil type - E) soil profile underline
by rigid bedrock. The soil is classified as per ASCE/SEI 7-10 (2010).

e) Input ground motions: Seven earthquake ground motions are selected consistently
according to ASCE/SEI 7-16 (2018) from the PEER strong motion database (PEER).

In general, this work aims to reveal how realistic numerical models can be created and used
in a practical manner to address the problems related to nonlinear seismic SSI. As far as the author
is aware, the influence of subterranean levels on the seismic response of building frames has not
been thoroughly studied. However, very few studies have been carried out and these works have
not been comprehensively addressed. The present study introduces a novel perspective by
investigating the influence of subterranean levels on the response of buildings under nonlinear
seismic SSI. The results of this study demonstrate how the characteristic and magnitude of the
foundation input motion of the building alters with the existence and embedded depth of
subterranean levels. The study also illustrates how seismic response demands alter as modeling
approaches change and the number of subterranean levels increases in varied soil profiles. This
exploration contributes to a deeper understanding of the complex interplay between building

structures, subsoil conditions, and seismic loads.

It is the ultimate goal to promote practice towards the incorporation of subterranean levels
and seismic SSI phenomena in order to enhance the prediction of the structural response under

earthquake ground motions.
1.5 Research Methodology

In the present study to achieve the above mentioned objectives, numerical studies that are

planned are given in Figure 1.1.
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Figure 1.1 Schematic diagram of the methodology adopted for the research work.

1.6 Structure of the Thesis

The present thesis mainly deals with two closely related subjects: SSI and the seismic
response of building frames with subterranean levels. To clarify the importance of integrating SSS
into the building design process, the discussion of the research conducted is presented with a brief
description of seismic response analysis. This thesis comprises five chapters, ranging from an
introduction to the SSI and seismic response to a brief statement of its conclusions and scope for

further study. The contents of the chapters are briefly described below:



Chapter 1 provides an introduction to the thesis, highlights its scope and objectives along with

the research methodology adopted in the present study, and describes its structure.

Chapter 2 presents a comprehensive literature review on the seismic SSI, modeling, and analysis
approaches, their effects on the seismic response of building structure, and SSI in seismic
resistance design codes/guidelines. A critical appraisal of the literature is also presented in the

conclusion, based on the reviewed material.

Chapter 3 provides the material used and their properties along with a detailed numerical
procedure adopted for the present study. The methodology used for the study has been described
in detail in this chapter. Numerical modelling by FEM-based ABAQUS software has also been

explained in detail by validating the software.

Chapter 4 comprises the analysis and discussions along with the inferences on the results
pertaining to the numerical analysis of the seismic response of RC-MRF building with

subterranean levels under earthquake loads.

Chapter 5 summarizes the conclusions made from the present study.
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CHAPTER -2
REVIEW OF LITERATURE

2.1 General

The dynamic behaviour of structures under seismic excitation is often altered by the source of
earthquake motion, earthquake travel path, local site conditions, as well as SSI effects. In
particular, the seismic response characteristics and demands of structures are influenced by the
flexibility of the foundation support, incorporation of the substructure system, and variations of
motions between the foundation level and ground surface. As a result, a rational treatment of SSI
effects may be necessary for an accurate assessment of seismic response demands in structures.
This chapter elaborates on seismic response analysis of buildings featuring subterranean levels,
various alternative foundation-soil modelling approaches, and criteria stipulated specified in
seismic resistance design codes and related SSI procedures have been discussed. In this chapter,
an attempt is made to provide a comprehensive appraisal of current studies from the last few
decades. The geotechnical components that include the soil domain, subterranean structural
system, and foundation are focused on, as well as the limitations & strengths of various models

are also discussed.
2.2 Historical development of SSI

The study of SSI is an interdisciplinary field of work that combines structural and soil
mechanics, material science, geomechanics and geophysics, earthquake engineering, structural
and soil dynamics, computational and numerical methods, as well as a variety of other technical
disciplines. SSI has received extensive attention internationally in recent years (Abdel et al., 2015;
Bapir et al., 2023; Hoseny et al., 2022, 2023; Ghandil and Behnamfar, 2017; Hassani et al., 2018;
Luo et al., 2016; Rahmani et al., 2016; Sobhi and Far, 2022; Tahghighi and Mohammadi, 2020a;
Visuvasam and Chandrasekaran, 2019; Zhang and Far, 2022b, 2022a). This phenomenon is related
to wave propagation in a coupled system, which includes a structure built near the surface of the
soil. It began in the late 19" century and gradually advanced and matured during the subsequent

decades and the first half of the 20" century. In the second half of the century, it advanced quickly,
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primarily due to the demands of offshore industries and nuclear power, the introduction of
simulation tools and powerful computers like FEM, and the requirement for improvements in

seismic safety.

Kausel (2010) and Roesset (2013) presented evolutions of recent developments in field of
SSI. Beginning with the fundamental solutions (generally known as Green's functions) developed
by mathematicians and scientists as early as the early nineteenth century, Kausel (2010) described
a chronological progression in SSI. The author reported a number of an individual who made
substantial contributions to static SSI, including Boussinesq, Reissner, Steinbrenner, Hanson, and
Mindlin. The theory proposed by Reissner, in 1936, laid the foundation for dynamic SSI which
was further enhanced by continued development work work by Bycroft, Housner, Luco, Newmark,
Veletsos, Whitman, and many others. Besides to the two primary SSI mechanisms—kinematic and
inertial—that Whitman initially developed, Roesset (2013) has been discussed the substructure
and direct approaches to doing SSI analysis. The author also discussed earlier studies on the
dynamic stiffness of foundations, the impacts of stratified soils, embedment depths, and deep

foundations.

Several publications have highlighted the SSI research status. The experiment and prototype
observation, analytical method, semi-analytical (analytical-numerical) method, and numerical

method are the main methods for investigating SSI in accordance with technical advancement.
2.3 Significance of SSI

The analysis of engineered structures under the influence of SSI assesses the combined
response of the structure, its foundation system, and the soil beneath the foundation and sides of
the subterranean levels under seismic excitation. The seismic SSI analysis will more realistically
predict the deformation characteristics, seismic response force demand, and the behaviour of the
entire system by incorporating the soil strata as a single integral compatible structural component.
Several studies have been carried out on SSI problems to obtain more accurate solutions (Ali et
al., 2023; Badry and Satyam, 2017; Far, 2019; Ghandil and Behnamfar, 2015; Medinaetal., 2013).
The influence of SSI has been evaluated and found that there is a redistribution of response

demands in the structural system and soil mass. These interaction effects are more predominant in
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loose or highly compressible soils (Agha et al., 2020; Mourlas et al., 2020; Oz et al., 2020;
Requena-Garcia-Cruz et al., 2022; Tabatabaiefar and Fatahi, 2014a; Tahghighi and Mohammadi,
2020b; Wani et al., 2022). The interaction effect on the soil-foundation-structure system depends
on the relative stiffness of the superstructure, and the substructure components including

foundation and soil mass.
2.4 Fundamentals of Seismic SSI

Since in several sites structures are built on compliant (medium-dense and soft) soils, the
conventional method of evaluating the seismic response of buildings makes the implausible
assumption that a structure is rigidly supported (fixed-base condition). Thus, the incorporation of
compliant soil behaviour could alter the seismic response performance of the structure in
comparison to the fixed-base models. The fundamentals of seismic SSI are reviewed in this
subsection. It is provided to compare the seismic response performance of fixed-base and flexible-

base conditions.
2.4.1 Seismic response of structures with fixed and flexible base conditions

As illustrated in Figure 2.1, (Wolf, 1985) compared the structure seismic response
performance built on a rock to that of the same structure having a rigid foundation embedded in
the soil to emphasize the salient features of SSI. The substructure system comprises the side walls

and the base-slab.
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Soft soil

Figure 2.1 Performance of structure under seismic excitation built on rock and soil: (a) structure
resting on different site conditions, (b) outcropping rock, (c) free-field motion, (d) kinematic

interaction, and (e) inertial interaction (adopted after (Wolf, 1985)).

The solid arrows on the seismic wave incident diagram show that the vertical propagation
of the horizontal seismic wave motions through the rock to the structure. Length of the solid arrows
represents the amplitude of the motions. Point A is used as a benchmark to compare the motion
to that at other sites, which is located at the rock free surface (Figure 2.1a). The horizontal motions
at points A and B for the structure resting on rock are nearly same and identical to the applied
horizontal seismic wave motion. This scenario is nearly identical to a fixed-base condition. As a
result, it is reasonable to directly apply the motion that was captured at reference point A to the
superstructure base. If the stiffness of the structural system to lateral loads is high, the induced
base motion would result in horizontal acceleration. The base will consequently experience an
overturning moment and a transverse shear force. Because the rock is quite inflexible, the seismic
force demands of the structure at the base would rarely lead to any further ground deformation.
Therefore, the rigid substructure system is attached to the rock and moves in accordance with its

motion.
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On the other hand, the seismic response of the structure embedded in the soil differs from
that of the structure on the rock. The primary cause of this discrepancy is that the motion at point
O (i.e., the base-slab center) differs from that at reference point A as a result of the following three

phenomena.

)] FFM, which relates to the motion at the free surface of the site with an absence of any
excavations and structures, is modified. The motion at point C (ii), as illustrated in Figure
2.1c, which would be the same as at the benchmark if there was no soil atop the rock (Figure
2.1b), is attenuated by the soil deposit overlying the rock. The vibration caused by the wave
as it travels through the soil deposit causes the FFM to either be amplified or attenuated.
In most cases, the motion is amplified based on the excitations frequency content. Hence,
once the structure is built, the motions at points D and E (iig,) as depicted in Figure 2.1c,
which would be on the interface between the soil and the structure are different from that
in point C. Therefore, a seismic site response analysis (SRA) is required for evaluations of
FFM (see section 3.5.4.1).

i) Constructing a rigid substructure system in the soil alters the foundation level motion,
which could experience some rocking motion in addition to average translational
displacement (Figure 2.1d). The combined response would consequently result in a
variation of horizontal acceleration across the superstructure height. This is essentially a
result of differences in stiffness among the surrounding soil and the substructure
components and take place even when the structural system is massless. It is often known
as Kinematic Interaction.

iii) The base shear force and moment caused by the inertial-driven forces will lead to further
deformation in the surrounding soil, which alters the foundation level motion at point O
(Figure 2.1e). This interaction process is also referred to as Inertial Interaction, which

occurs between the excited structure and the surrounding soil deposit.
2.4.1.1 Kinematic interaction

Kinematic interaction (KI) is the result of the stiffness difference between the substructure
components and the surrounding soil. In the absence of a structure, soil particles move according

to the wave propagation pattern. If a foundation is embedded in the soil deposits and is rigid (very
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stiff), it is unable to follow the pattern of free-field displacement. As a result, the motion of the

base-slab will deviate from the FFM although the foundation has no mass.

Case studies of the KI phenomena are presented in Figure 2.2. It should be noted that
foundations are considered to be massless in all circumstances, and short dash curves represent the
FFM. Figure 2.2a depicts a pile that is embedded in the soil under influence of shear waves. Shear
wave amplitude increases as it propagates vertically upward into the soil. However, the flexural
rigidity of the pile averts it from obeying the FFM, which tends to alter the soil displacements near
the pile shaft in comparison to the FFM. Further, the displacement of the soil around the pile causes

to induce flexural moments, which could put at risk the stability of the pile.

The influence of the excitation motion frequency components on the response of an
embedded massless foundation is compared in Figure 2.2b and c. When the embedded foundation
(Figure 2.2b) is imposed to a high-frequency motion and that fluctuates horizontally, the
foundation is not affected by the wave motion since the kinematic forces acting on it is neutralize.
On the other hand, excited by a shear wave motion with lower-frequency, the foundation can

translate and rock, giving rise to an FIM, although the FFM is purely translational (Figure 2.2c).
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Figure 2.2 Influence of KI on shallow and deep foundations (Lu, 2016).

Even if KI occurs more commonly with embedded foundations, there are a few instances
where this impact is as well considerable on surface foundations. Figure 2.2d illustrates a situation
in which the surface foundation in-plane stiffness does not permit it to follow the underlying soil

displacement shape. Furthermore, Figure 2.2e and f also show that excitation frequency
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significantly affects the foundation response, which is again supporting the justifications provided

in Figure 2.2b and c.

Generally, the influence of KI on the behaviour of foundation depends on the governing
wavelength of the shear wave motion in relation to the characteristics dimension of the foundation.
In the context of Figures 2.2a, b and e, as the wavelengths of high-frequency motions are negligible
in comparison to the foundation dimension, their contribution to the response of foundation is
virtually insignificant. In this regard, the foundation can be considered as a high-period-pass filter
applied to the FFM of high-frequency components (FEMA 440, 2005). This impact is particularly

prominent for short-period buildings and cause a large attenuation of seismic response demands.

When the foundation characteristic dimensions are equal to the wavelength of the motion,
KI will modify the foundation modes of vibration (Figure 2.2c and f). However, the Kl effect can
be reasonably disregarded if the foundation dimension becomes sufficiently small in comparison
to the wavelength of motion. Figure 2.2d depicts a phenomena known as the base-slab averaging
effect, which occurs prevalent at high frequencies as well. It should be noted that K1 is not involved

in all cases (with reference to Figure 2.2d, e and f).
2.4.1.2 Inertial interaction

Inertial interaction (1) is the foundation-level displacements and rotations of a structure that
are caused by inertia-driven forces developed within the structure such as base shear and moment.

The two most essential aspects of inertial interaction are discussed further below.

Initially, in addition to the deformation caused by the FFM, the soil is also deformed by
inertia-driven forces that developed at the foundation base. The stiffness of the soil and the
amplitude vibration motion determine the magnitude of the deformation. The incorporation of
compliant foundation soil causes the entire system of SSI problem to become more flexible and

susceptible to longer-period ground motion components.

Then, the oscillated foundation acts as a vibration source and releases wave motions that
propagate into the soil to infinity. The swaying response (u;,) of an embedded shallow foundation,

as shown in Figure 2.3a, generates dilatational waves (P-waves) and shear waves (S-waves)
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through compression/extension and friction among the foundation and the nearby soil,
respectively. P-waves are generated predominantly by compressive pressures transferred from the
foundation base to the underneath soil in the form of rocking mode of vibration, as depicted in
Figure 2.3b.
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Figure 2.3 (a) swaying, and (b) rocking mode of vibration of foundation (Lu, 2016).

In inertial interaction, there are two primary types of wave energy dissipation mechanisms.
The first type is often termed as radiation damping since the excited foundation radiates vibration
waves into the soil deposit. This is due to the geometric reduction effect that occurs during wave
propagation. The second type is called hysteretic damping, which relates to nonlinear behaviour
of soil. If uplift motion of the foundation is permitted, the influence of the foundation on the soil
and the resulting vertical vibrational motion dissipates a portion of the kinetic energy imposed on
the foundation (Adamidis et al., 2014). In summary, the introduction of soil hysteretic damping
and radiation damping into the vibrating system, as well as the lengthening of the vibration period

are the major characteristics of inertial interaction.
2.5 Approaches to Seismic SSI Analysis
2.5.1 Direct Approach

The direct approach is one in which the whole SSI system is modelled and analyzed in a
single step accounting for both KI and ‘II’. It is the most complex method of solving a seismic SSI
issue, which comprises simulating the whole SSS in the time domain, taking into account for
material and geometric nonlinearities, variation of soil properties in space, complexities of wave
propagation, and cautious treatment of boundary and soil-structure interfaces. As illustrated in
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Figure 2.4, this approach is often performed by using the FEM. The governing EOM for an SSI
FEM is given as in equation 2.1.

[M]{ii} + [C]{i} + [K]{u} = —[M]{m}iig + {F,} (2.1)

where, [K], [C], and [M] are respectively the stiffness, damping and mass matrices. {u}, {u},
and {ii} are respectively the displacements, velocities, and accelerations of nodes. iig IS the
earthquake-induced acceleration at the level of the bedrock. {m} is the mass participation factor.

{F} is the boundary-related force vector.
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Figure 2.4 Schematic depiction of a direct approach for building with subterranean levels of SSI
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analysis using continuum modelling by FEM (adapted from (NIST, 2012))

Even if this approach is capable of treating the structure and the soil with the same rigor, it
typically needs a significant computational effort and is challenging to implement. Because of this,
practical engineers are more adapted the simplified techniques like a substructure approach during

the preliminary design stage, which will be covered in the next part.
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2.5.2  Substructure Approach

The substructure approach is also termed as a three-step approach. In this approach, the
complicated soil-foundation-structure system is separated into Kl and ‘II’ problems as shown in
Figure 2.5, each of which is analysed individually and the results superimposed to yield the

response of a structure.
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Figure 2.5 The seismic SSI response analysis: (a) a complete soil-foundation-structure system

under seismic excitation, (b) a KI response, and (c) an inertial interaction response.

In the KI response analysis, ground excitation motions are incorporated at the lowest level
of the SSI model where the entire structural system is assumed to have stiffness but massless

(Figure 2.5b). The equation of motion for Kl can be expressed as:

[Mgonl{iixi} + [Kl{uxi} = —[Msonl{iig} (2.2)
where [Mg,; ] is the soil mass matrix where the structural system mass is zero.

The equation of motion for inertial interaction can be calculated mathematically by
subtracting those for the K1 (equation 2.2) from the overall equation of motion (equation 2.1) and

written as given in equation 2.3.

[M]{iiy} + [K]{u} = _[Mstructure]{ﬁg + iiKI} (2.3)

Where [Mgiructurel 1S the structural system mass matrix in which the soil entries are all 0 (i.e.,

[M] — [Mgon]), and {uy;} is the displacement vector of the ‘II’ component (i.e., {u} — {uk;}).
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It should be noted that for the DoF associated with the structure-foundation system, {ug;} +
{iig} is equal to the FIM. Specifically, for a foundation resting at ground surface subjected to shear
waves propagating vertically, {ux} + {iig} at the level of foundation is equal to {ugy,}, which is

the FFM at the ground surface.

From the perspective of practical engineers, the soil domain is typically replaced by
impedance function (springs and dashpots), which take into account the damping and stiffness
features of the foundation-soil interaction, in order to simplify an SSI analysis. Figure 2.5 presents

the procedures of this approach, which is also applicable for simple SSI problem.
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Figure 2.6 Schematic depiction of substructure approach for building with subterranean levels
(adapted from (NIST, 2012)).

As displayed in Figure 2.6, the three basic steps often utilized in the substructure approach

(Kramer and Stewart, 2004) are as follows:
21



(1) Evaluation of an FIM, which is the motion that would occur at the level of the foundation slab

assuming the overall structural system is stiff or rigid but had no mass (Figure 2.6b). It is
determined by the geometry and stiffness of the foundation as well as the soil.
The kinematic interaction component of SSI is also characterized by transfer functions. As
given by equations 2.4 and 2.5, these functions are usually described using the ratio of
foundation translational or rocking input motion to FFM as proposed by Elsabee and Morray
(1977).
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where I, and I, are the translational and rotational transfer functions, respectively; ug;, and
u, are the FIM and FFM, respectively; g, is foundation rocking; B is the width of

foundation, o is the excitation motion angular frequency and Vs is the supporting soil shear
wave velocity (FEMA 440, 2005; Mylonakis et al., 2006).

Several synthesized transfer function models have been developed for circular or rectangular
shapes a rigid massless foundation embedded in a homogeneous elastic or viscoelastic half-space
(Brandenberg et al., 2015; Day, 1978; Dominguez and Roesset, 1978; Karabalis and Beskos, 1986;
Luco and Wong, 1987; Mikami et al., 2008; Mita and Luco, 1989; Mylonakis et al., 2006; NIST,
2012). More recently, Conti et al. (2017 and 2018) have proposed an improved version of the

above equations with the presence of massless stiff superstructure and foundation mass.

(2) Determination of the impedance function, which is the stiffness and damping characteristics
of the foundation-soil interaction system to represent the inertial interaction effects. For a

simple case of a very stiff foundation, which depends on foundation geometry, elastic soil
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parameters (e.g., stiffness and Poisson's ratio), soil stratigraphy, and frequency of vibration. Its
values also can be determined based on the degree of flexibility of the foundations: (a) for rigid
foundations (Figure 2.6c¢-i) - using relatively simple impedance function models (e.g., Gazetas
(1991)), or (b) for non-rigid but stiff foundations (Figure 2.6c-ii) - using a series of distributed
springs and dashpots acting around the substructure. Few researchers (Gazetas, 1991;
Mylonakis et al., 2006; Pais and Kausel, 1988) have developed impedance functions for
different types of foundations and embedment depths. A general form of impedance function
Is presented in equation 2.6.

K] (ao) = K] [kl (ao) + iaocj (ao)] (26)

where K| (a0) is impedance functions as a function of dimensionless frequency. j is an index
representing translational or rocking modes. &, is a dimensionless circular frequency a, = wB/V;

(o is the circular frequency of the motion, Vs is the shear wave velocity in the soil, B is the

foundation half-width or ‘‘equivalent’” radius). Kj is static stiffness coefficients. i is equal v —1. k;

and c; are stiffness and damping characteristics as a function of a,, respectively.

(3) Seismic response analysis of structure placing at top of the flexible base characterized by the
impedance function and exciting the system base using the translational and rocking
components of FIM (Figure 2.6d). It is also important to know that, in the case of the distributed
spring and dashpot model, differential ground displacements over the embedment depth should

rigorously be applied given the ground motion vertical variability (NIST, 2012).

It is also worth mentioning that the superposition inherent to the substructure method
necessitates an assumption of linear behaviour of soil and structure (Kramer, 1996). To account
for the frequency dependence of the substructure impedance functions, the method is most
commonly used in the frequency domain. Adopting this method, several numerous numerical
studies (Kutanis and Elmas, 2001; Leoni et al., 2012; Yang et al., 2008) have been carried out to

evaluate the seismic response of structural systems considering the effect of SSI.
2.6 Commonly used Models for Seismic SSI Problems

The modeling of structural systems such as elements of the superstructure and subterranean

components including foundation and subterranean levels is relatively easier than that of subsoil.
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One of the most difficult elements of seismic SSI studies is the appropriate idealization of the soil
domain near subterranean levels and beneath the foundation, their interaction, and boundary
conditions in SSS. The soil behavior is complex, due to its anisotropic, heterogeneous, and
nonlinear force-displacement characteristics. This complexity increases with the fluctuation of the
water table. If the soil domain, soil-structure interfaces, and boundary conditions are simulated
appropriately utilizing a suitable modelling approach, the seismic SSI response of the structural
system can be evaluated more accurately (Raychowdhury, 2011; Yeganeh and Fatahi, 2019). Soil
can be modelled in different ways with various levels of rigor. Although designers use spring-type
models as a simple tool for evaluating seismic resistance of structures under ‘II’, domain-type
models are more extensively utilized in research as a direct method. The geotechnical components

are the main focus of this section.
2.6.1 Modeling of Building Structures

The building frame structural elements like beam and column of the structure can be
modeled using two noded beam elements in a plane and space for 2D and 3D numerical analyses,
respectively. The behaviour of the floor slabs and walls can be simulated by using the shell
elements of suitable dimensions. The foundation element may be idealized with 3D solid
(continuum) elements for 3D analysis. The structural system subjected to seismic loading can be
analysed by taking into account the nonlinear behaviour of the structure by using the above
idealization. An appropriate model has to be adopted based on the computational facility available
and the accuracy required.

2.6.2 Modeling of Soil using Domain-type models

When a body of an arbitrary shape has nonlinear material property and is subjected to
intricate dynamic loading conditions, domain-type models are often utilized to solve the problem.
The domain is usually idealized as a continuum with an infinite number of DoF. To address such
an issue, the entire domain must be discretized into several subdomains with a finite number of
DoF. The discretization can be attained by utilizing either a FEM or an FDM. Figure 2.7 shows a
direct approach of SSI analysis carried out using a FEM ABAQUS software.
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Figure 2.7 Application of FEM to direct approach of SSI analysis by using the numerical code
ABAQUS (Nguyen et al., 2017).

In addition to numerical computational methods, two key aspects need to be carefully
considered. The first concern is the simulation of soil behaviour, which is often accomplished
using a suitable constitutive models. The second issue relates to a seismic SRA that takes into
account boundary conditions and seismic loading, variation of material properties within a soil
profile, and propagation of wave motion through the soil deposit. The following subsections
discussed in detail about these two issues.

2.6.2.1 Dynamic behaviour of soil

In the event of an earthquake, a soil deposit in a site is imposed to stress variation during
seismic wave propagation. Therefore, the primary focus of a geotechnical earthquake engineering
problem is shear stress caused by the passage of shear waves.

As shown in Figure 2.8a, simple cyclic undrained shear test can be performed in the
laboratory to assess the saturated soil seismic response under 1D shear waves. A hysteresis loop,
as shown in Figure 2.8b, characterizes the steady-state cyclic soil response. A soil shear resistance
in response to a shear deformation y;expcyc IS also frequently measured using a secant shear
modulus Ggec = Geyce, Which is defined as the slope of the line joining the tips of the hysteresis

loop. The energy lost during a cycle is represented by the area encircled by the loop and can be

calculated quantitatively using the damping ratio as given in equation 2.7.
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where AE and E are the amount of energy that is dissipated within a cycle and the maximum

elastic energy stored during the cycle, respectively.
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Figure 2.8 Dynamic behaviour of soil: (a) a soil profile under shear waves, (b) a hysteresis loop,

(c) amplitude of cyclic strain, and (d) number of cycles (Lu, 2016).

Figure 2.8c illustrates how the secant shear modulus decreases as the amplitude of the cyclic
shear strain increases. A backbone curve connecting the tips of hysteresis loops obtained at various
strain amplitudes can be used to depict this relationship. As shown in Figure 2.8d, even with a
constant shear strain amplitude, particularly at high strain levels, the hysteresis loop becomes
flatter as the number of cycles increases. For saturated soils, an increase in the number of cycles

is frequently associated with a decrease in stiffness and strength, resulting in a deteriorated
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backbone curve. The effective confining stress and void ratio influence shear modulus degradation

in sands, while the overconsolidation ratio (OCR) and plastic index (PI) influence it in clays.

As shown in Figure 2.9, a pair of dimensionless curves can also be used alternatively to
describe the dependency of damping and shear modulus on cyclic shear amplitude, which was first
reported by Seed and Idriss (1970).
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Figure 2.9 Backbone and damping curves for saturated soils with varying strain amplitudes
(adopted after (Vucetic, 1994)).

These curves are widely utilized in practice and research (Vucetic, 1994) because (1) both
the normalized Gg../Gmqx and &, are not considerably influenced by the OCR and effective
consolidation stress; and (2) as presented in equation 2.8, the strain-dependent G, can be easily
calculated from G,.x Which is often estimated using shear wave velocity Vg and density of soil p

which are obtained from field-tests.

Gmax = pV52 (28)
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Numerous investigations have been conducted to ascertain normalized shear modulus and
damping ratio verses cyclic shear strain (Hardin and Drnevich, 1972; Ishibashi and Zhang, 1993;
Lee, 1978; Oztoprak and Bolton, 2013; Seed et al., 1986; Seed and Idriss, 1970; Sun et al., 1988;
Zhang et al., 2005). These dimensionless curves led to the development of an EL technique, which
is now frequently employed in geotechnical earthquake engineering to model real nonlinear
behaviour of soil, particularly in seismic site response analyses. The EL approach is limited in its
capability to account for plastic deformation caused by enormous strains; to this scenario, the
nonlinear model is recommended. Using the cyclic threshold shear strains y;; noted on the curves
in Figure 2.9, a simple criterion for choosing between a linear, EL, or nonlinear model can be
established. The elastic y;; can be thought of as the boundary between the linear and nonlinear
behaviour of soil, whilst the volumetric threshold strain yw IS the critical strain for the
commencement of plastic deformations. As presented in Figure 2.10, the two threshold strains

increase with plasticity index.
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Figure 2.10 The cyclic threshold shear strains yu and ytv variation with plasticity index (adopted
after Vucetic (1994)).

2.6.2.2 Seismic site response analysis

While utilizing the domain-type model during seismic response analysis, it is crucial to
verify that the wave propagation characteristics, input motions, and boundary conditions are

properly represented.
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a) Boundary conditions

In seismic SSI problems, in order to eliminate the effects of reflected waves from the
base/lateral boundaries of the soil domain on structural response, the standard boundaries (i.e.,
fixed/roller) must be located at an adequate distance from the structure. However, increasing the
soil domain size may cause more elements to be required for simulation, and as a result of which
the computational cost is increased. Otherwise, the wave reflection effect can be prevented or
reduced by utilizing special artificial boundaries. These boundaries are also known as quiet
boundaries because they either allow incident waves to transmit through across them (Lindman,
1975; Smith, 1974; Zienkiewicz et al., 1983) or absorb wave energy (Lysmer and Kuhlemeyer,
1969). Studies on various boundary types often utilized in seismic response analyses (Roesset and
Ettouney, 1977; Wolf, 1986) revealed that the viscous boundary using simple physical dashpots
achieved a reasonable mix between efficiency and effectiveness.

As a method of absorbing incident waves, Lysmer and Kuhlemeyer (1969) presented
dashpots attached separately to the boundary in the normal and shear directions. As given by

equation 2.9, these dashpots provide viscous shear (t) and normal forces (o).
T = —pVsVs o =—pVpvp (2.9)

Where V; and V, are respectively the shear wave and dilatational velocities. v and v, are

components of tangential and normal velocity at the boundary, respectively.

This approach works almost perfectly when the incidence angle of the body wave is higher
than 30 degrees relative to the viscous boundary, whereas some reflection will occurs at smaller
incidence angles. Furthermore, it is simple to utilize for solving seismic SSI issues in engineering
practice. Nevertheless, the geostatic strain and stress states must be attained prior to performing a

seismic response analysis in order to apply these boundaries to nonlinear soil models.
b) Seismic input motion

If a raw acceleration time history data is utilized as an input motion for seismic response

analyses, many issues could arise. The first major problem is that an integration of the acceleration
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time history record across the entire period of motion may not be zero, resulting in an impractical
residual displacement or continuing velocity after shaking. Therefore, a process of baseline
correction (Boore, 2001; Boore and Bommer, 2005) can be carried out to adjust the input

acceleration time history until both final displacement and velocity are reduced to zero.

The earthquake motions are usually recorded at the ground surface, also termed as FFM. In
the case of domain-type models, however, the input motion is applied at the bottom of the model.
In such instances, a process is needed to determine the input motion. In this case, an inverse wave
propagation (deconvolution) analysis can be used to estimate an input ground motion at base level
of models from the target FFM.

A 1D wave propagation problems, a linear or EL deconvolution analysis based on transfer
functions is frequently used. These functions are frequency-domain ratios of the response at two
different levels of a soil profile, which is mostly at foundation level and at ground surface.

To compute an input acceleration time history, initialy the ground motion changed into its
Fourier series. The Fourier series of the input motion is then obtained by multiplying each term in
the Fourier series using the relevant transfer function. Finally, an inverse Fourier transform is used
to compute the input acceleration time history motion (Kramer, 1996). A commonly used computer
program called DEEPSOIL (Hashash et al., 2020) for seismic SRA can be utilized to implement

an EL approach to deconvolution.

For wave propagation numerical analysis, in order to prevent numerical distortion of
transmitting waves, the chosen element size setting should satisfy the following condition
(Kuhlemeyer and Lysmer, 1973).

Al<—~Z (2.10)

where Al is the element size and A = V;/ f,,4 1S the minimum wavelength of the applied signals
accompanying with the highest frequency component that containing significant energy, in which
Vs and f,,4, are respectively the smallest soil shear wave velocity and the maximum frequency of

interest. Equation 2.10 makes it clear that the maximum size that can be allowed for an element of
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a domain-type model is determined by the frequency content of a ground motion. Therefore, higher

frequency signals need a finer mesh size and a more expensive computation.
2.6.3 Modeling of Soil using a Spring-type model

In order to give reliable information for structure design, it is desirable for practicing
engineers to have a model that is less complex in comparison to the domain-type model while yet
accounting for the key characteristics of a dynamic foundation-soil system. To create such models,
simplifying assumptions are made. The compliance soil domain can be replaced with coupled or
uncoupled springs and its stiffness is either constant or deformation/frequency-dependent. In this
section, the most popular basic foundation-soil interaction models in engineering practice are

reviewed along with a summary of their strengths and limitations.
2.6.3.1 Beam on Winkler Foundation model

The Winkler model approach or the subgrade reaction theory is the simplest model representing
the linear elastic behaviour of the soil for interaction among foundations and soils to predict a
vertical deformation of the foundation because of the load acting on it. This approach uses a single
bed of closely spaced series of independent, and linear elastic vertical springs attached to the
foundation to represent the soil medium idealization (Bowles, 1997). It works on the assumption
that a point experiences vertical deformation independently of its adjacent points. On the other
hand, this implies that the particles that make up the soil medium do not interact with neighbouring
ones. This assumption is incorrect because the continuity of the soil medium causes displacements
at one point to be impacted by forces at adjacent points. These are the result of non-integrated
vertical shear stresses, which would have connected the vertical deformations of adjacent locations
to ensure displacement continuity. This flaw can be resolved by properly integrating the subgrade’s
shear stress components. As observed by some researchers numerous efforts have been
endeavoured previously to integrate the shear stresses utilizing several methods (Gorbunov-
Pasadov, 1949; Hetényi and Hetbenyi, 1946; Horvath, 1993; Kerr, 1965). The physical illustration
of the Winkler foundation-soil model is illustrated in Figure 2.11. The differential equation of a
beam or plate resting on an elastic foundation is a combination of the classical beam theory and
the Winkler foundation-soil model, which has given by equation 2.11.
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d*w

EIW + kw(x,z) = —q(x,2) (2.11)

where q is, the contact pressure among the soil-foundation interface at an arbitrary point (x, z), w

is the corresponding vertical deformation/settlement, and k, is the modulus of subgrade reaction.
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Figure 2.11 Winkler foundation-soil model.

The primary limitation of the Winkler theory, however, is that it only considers the vertical
deformation of a series of springs located directly beneath the loaded area considering the soil's
linear stress-strain behaviour alone. Accordingly, the impact of the externally exerted load gets
confined to the point of its application only. It is also demanding to estimate accurately the elastic
spring constant value. Several mathematical and empirical relationships have developed in the past
to estimate the stiffness of elastic springs. The value of the subgrade reaction modules is dependent
on the type of the subgrade as well as the size of the loaded region. As the subgrade stiffness is the
sole parameter used to idealize the physical behaviour of the subgrade in the Winkler model,
considerable caution should be given in determining it numerically and applying it to an SSI
problem (Baker, 1957).

Despite these limitations, the Winkler model has remained in use due to its simplicity of the
modelling procedure in practical applications, ease of implementation, low computing cost and
time, and long-time familiarity with practicing engineers. The fact that, in more complex problems,
due to soil parametric uncertainty might cause accuracy to be lost in analyses. As a result,

numerous commercial software packages continued to include the model as a primary element of
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their programs for the analysis and design of plates and beams on completely elastic foundations.
More recently, Colasanti and Horvath (2010) presented the application of a new hybrid practical
subgrade modelling software for improved SSI analysis that the model was developed in a
companion paper (Horvath and Colasanti, 2011). Several studies (Bowles, 1997; Brown et al.,
1977; Crouse et al., 1987; Gerolymos and Gazetas, 2006; Kramrisch and Rogers, 1961;
Raychowdhury, 2011; Tahghighi and Mohammadi, 2020a; Varun et al., 2009; Vesic, 1961) have
been undertaken based on the potential application of the Winkler model in the investigation of
dynamic SSI problems. As a result, instead of carrying out an analysis utilizing the fixed base
representation of structures, at the very least the Winkler model idealization must be used for

practical purposes.
2.6.3.2 Foundation impedance function

A foundation impedance function is one of among a simplified spring-type models and often
utilized by practical engineers. It characterizes the dynamic force-displacement relationship of a
foundation having no mass embedded in or resting on an elastic soil medium, and varies depending

on the soil profile, foundation geometry, and stiffness.

For a simple SDOF structure model with a surface foundation resting on an half-space elastic
soil profile under a vertically propagating shear wave (Figure 2.12a), the motion of foundation can
be appraised by utilizing a simplified model (Figure 2.12b) which represents the soil by a
translational and rotation impedance functions and responds to the FFM. Each impedance function
has imaginary and real components that are modelled parallelly by a spring and a dashpot, as given

in equation 2.12.
kj(0) = kj(w) + ioc;(w) (2.12)

where k is an impedance function that depends on the circular frequency of excitation motion
w and relates the generalized foundation forces F to the associated displacements u; i is the
imaginary unity; j is an index represent the translation h and rotation 6 modes of vibration; k is the

spring stiffness; c is the dashpot viscous damping coefficient.
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(a) (b)

(c)

Figure 2.12 (a) A simple structure with surface foundation resting on an half-space elastic soil
under vibration of a horizontal excitation; (b) a translational and a rotational impedance function
represents the soil half-space; (c) physically representation of impedance functions; (d) the

foundation impedance steady-state response (Lu, 2016).

The harmonic steady-state response of force-displacement configuration revealed in Figure
2.12c isillustrated in Figure 2.12d, it is quite comparable to the stress-strain loop depicted in Figure
2.8b. The area encompassed by the loop is equal to the dissipated energy over a force-displacement

cycle AE (equation 2.13).
AE = 1ic(w) wu?(w) (2.13)

where u(w) is the displacement accompanying with the angular frequency of motion w. The

stored maximum elastic energy in a cycle E is obtained as:

E= %k(oo)u2 (w) (2.14)
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Substituting equations 2.13 and 2.14 into equation 2.7, the damping ratio § is obtained as
given by equation 2.15.

_ oc(w)

&= 2k(w)

(2.15)

This foundation damping ratio incorporates effects from both soil nonlinearity and wave
radiation, which is also valid when k(w) > 0.

Since a static foundation stiffness is related to a frequency independent stiffness, a
frequency-dependent term can be obtained using k;(w) and explicitly expressed as a function of

the static stiffness K; and stiffness coefficient j:

where v is the Poisson's ratio of soil deposit; &, is the hysteretic damping ratio of soil
(equation 2.15); the dimensionless frequency @ and static foundation stiffness K; for a circular

surface foundation are expressed as given in equation 2.17 and equations 2.18 — 2.19 (Poulos and
Davis, 1974).

__or

w = Ve (2.17)
8Gr

Kh=5—5 (2.18)
8Gr3

Kn= ——— 2.19

®T3(1-v) (219)

where G is the shear modulus of the homogeneous soil deposit, and r is the radius of the foundation.

Luco and Westmann (1971) and Veletsos and Wei (1971) developed impedance functions
for stiff circular foundations lying on an half-space perfectly elastic medium. The influences of
foundation flexibility, shape, non-homogeneity variation of soil with depth, and embedment have

been taken into account for through experimental or numerical methods (Apsel and Luco, 1987,
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Bielak, 1974; Dobry and Gazetas, 1986; Elsabee and Morray, 1977; Iguchi and Luco, 1982;
Kausel, 1974; Liou and Huang, 1994).

Although impedance functions can characterize the frequency-dependent response of the
foundation force-displacement relationships, the performance of Fourier transforms are required
in order to apply them in seismic SSI analyses. The structure nonlinear behaviour is not permitted

in these analyses.
2.6.3.3 Discrete-element model based on cone theory

Simple models established by assembling springs, dashpots, and lumped masses to represent
the influences of stiffness, damping, and inertia are more commonly utilized by practical
engineers. A significant benefit of these models over the impedance functions is the frequency
independence of each model element, which allows the model to be analyzed in the time domain
taking into account the structural nonlinearity. Based on the cone theory, Ehlers (1942) proposed
the first simplified lumped-element model, which was further expanded by Meek and Veletsos
(1974), and Meek and Wolf (1992a, 1992b, 19944, and 1994b). As illustrated in Figure 2.13, the
essential principle of this theory is to replace the soil domain with a truncated cone.
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horizontal, and (b) rocking motion (adopted after (Wolf, 1994a)).

The simplified truncated semi-infinite cone model given by (Wolf, 1994b) has been widely
utilized in practical applications to account for the SSI effects in structural response analysis
(Mohasseb and Abdollahi, 2009). The proposed cone model’s foundation dynamic-stiffness
coefficient is close to the stiffness value reported by Gazetas (1991). The influence of frequency-
dependent soil flexibility on the overall structural system behaviour is greater in the truncated
semi-infinite cone model than in the Winkler model, which is based on frequency-independent
behaviour (Bowles, 1997). In this method of analysis, the accompanying damping effect supplied
by the soil to the entire system may also be appropriately accounted for it. Although, Izzuddin et
al. (2007) suggested that this method is unable to account accurately for the nonlinearity behaviour

caused by material and geometric factors while making assessing the nonlinear response of soil
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and structural systems more difficult. However, there are several works in the literature dealing
with the problem of including soil nonlinearity at least using an equivalent-linear approach
(Brandenberg et al., 2015).

2.7  SSl in seismic design codes and standards

As already discussed in the previous sections, several studies have attempted to understand
the significance of SSI on the response of building structures under seismic excitation. It is critical
to comprehend which of these characteristics are crucial, as well as in what circumstances the SSI
impacts should not be overlooked for proper structure analysis and design. Although numerous
solutions have been proposed in the literature, a handful of international design codes and
standards suggest some guidelines for incorporating SSI and making a compulsory consideration
of SSI in their design. The following discussion lists various codes of practice and standard
provisions related to the consideration of SSI.

2.7.1 Indian Standards

The Indian standard, IS 1893-3 (2014) mentions the detailed studies and fusion of SSI in the
design of bridges for earthquake resistance, which are founded on deep foundations embedded in
soft soil deposits. As the code suggested that the soil flexibilities included in modelling sub-
structure and foundation of the bridge for SSI analysis it has ascertained that a longer natural period
and reduced seismic demand forces while enhancing larger lateral displacements. In the analysis
of industrial structures for seismic resistance and supported on a soil different from rock or rock-
like material SSI effects are also need to be included (1S 1893 (Part 4), 2015). However, seismic
codes for general buildings (IS 1893 (Part 1), 2016) and liquid retaining structures (IS 1893 (Part
2), 2014) are quiet about the phenomenon and also they do not recommend following other
international codes and standard practices for consideration of SSI in the analysis and design of

structures with embedded foundations.
2.7.2 Eurocode

Eurocode 8, EN 1998-5 (2004) recommends incorporation of dynamic SSI effect for tall

structures which are either slender such as towers and chimneys or have second-order (P-6) effects
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that play a noteworthy role. Structures that rested on deeply embedded or massive foundations
such as piles, bridge piers, silos, and offshore caissons also permit the inclusion of SSI in their
design practice. In the design of structures to be supported on soils that typically have a very low
value of shear wave velocity, Vg3, (i.e., with V530 < 100 m/s), small internal damping, an
unusually extended range of linear behaviour, and can consequently produce abnormal seismic site
amplification effects of SSI must be mandatorily taken in to account. Although the code suggests
the conditions when SSI should be incorporated in design practice under seismic actions, it does

not provide any explicit guidelines for computing SSI effects.
2.7.3 Japan Standards

The Japan standard, JSCE 15 (2007) suggests consideration of the dynamic interaction
effects as compulsory among the structure and soil to assess the influence of earthquakes on the
dynamic response characteristics difference among them. For seismic resistance design of
structures like retaining walls, bridge abutments, basement walls, and deep-seated foundations
such as piles and caissons require the consideration of the dynamic SSI among the SSS. Since the
response of a structural system when subjected to seismic excitation is highly affected by the near-
field soil within the vicinity of the subterranean levels, the analysis region is the entire structural
system including the substructure system and the surrounding soil. Conversely, depending on the
characteristics of the structural system and underlying soil type, however, the dynamic SSI can be
ignored or modeled appropriately. In such instances, it is reasonable to model separately the
structural system and the soil domain and perform the seismic response analysis of the structural
system separately, i.e., a simplified (substructure) approach. If the effect of soil within the vicinity
of the subterranean levels idealizes simply with springs and dashpots, only the structural system
consider in the analysis region, and springs and dashpots are treated as boundary elements.
Furthermore, the response of the structural system that expect to be affected by the separation of
surrounding soil and subterranean levels, the code advises using interface components to
characterize the influence of separation and sliding among the SSS. In addition, it recommends
considering a large enough soil domain and usage of well-suited boundary conditions to ensure
that input ground motion propagates properly. The code, on the other hand, makes no mention of

identifying the scenarios in which the SSI effects must be disregarded.
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2.7.4 Mexicon Standards

Due to the existence of soft soil conditions and earthquake incidences in important parts of
Mexico City, SSI effects are a particularly sensitive issue. In the design of building structures,
Mexico City Building Code (MCBC, 2004) provides specific and detailed regulations to account
for the impacts of soft soil conditions and SSI. In addition, the code allows for the incorporation
of SSI approximately by evaluating the structure’s modified period (i.e., the ratio of the root-mean-
square of the structure's period with fixed base conditions to the structure's period allowing just
lateral and rocking movement). Therefore, an increased vibrational period has been observed from

the result of the structure with a flexible base system.
2.7.5 American Standards

In addition to the foregoing international codes and guidelines, the most well-known codes
of United States (ASCE/SEI 7-10, 2010; ASCE/SEI 7-16, 2018; FEMA 356, 2000; FEMA 440,
2005; FEMA 450, 2003; NIST, 2012; PEER, 2017) for seismic design practices prescribe the
inclusion of SSI effects in various ways for the design of structures. Alternatives are (1) modifying
the results of the non-flexible base analysis, (2) adjusting the FFM to FIM at the structure’s base,
and (3) incorporating the soil flexibility by a simplified (substructure) approach. ASCE/SEI 7-10
(2010) and FEMA 450 (2003) advised a base shear force reduction to be lower than seventy percent
of the original value, by considering a longer modified natural period and higher damping revealed
by structure systems compared to their non-flexible base complements. Alternatively, the code
recommends that the flexibility of foundation is considered as an option and that the flexibility of
soil is represented by an equivalent linear behaviour. This technique necessitates modifying the
seismic input motion at the structure's base, and in that aspect, the former technique is more
acceptable for design reasons. Because it provides guidelines for the modification of the FIM,
FEMA 440 (2005) also can be utilized in combination with FEMA 356 (2000) and ATC 40 (1996).
In contrast to non-flexible base models, the total foregoing set of guidelines focuses on reducing
seismic demand on the structural system generated by kinematic interaction or foundation

dampening effects.
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Based on the survey of various codes of practice and standards on SSl, the majority of the
international seismic resistance design codes provide some conditions for taking into account SSI
throughout the design process. However, there are still no adequate guidelines for assessing the
SSI effect and incorporating it into design practices. Concerning SSI provisions and procedures
for its inclusion, the American standards and Japanese code are much more progressive. The latter
recommends that SSI be modelled as exactly as possible using several constitutive models and
interface non-linearity, whereas the former is primarily concerned with SSI design procedures and
other linear models.

2.8 Seismic SSI Studies on Building with Subterranean Levels

The most widely built low-rise to the high-rise building structures in the urban area is
planned with one or more subterranean levels for parking and other amenities. For all intents and
practical purposes, it is necessary to study the effect of subterranean levels, foundations, and SSI
on building structures to gain a comprehensive understanding of their response. This section
discusses the application of SSI studies to building with subterranean levels based on existing
literature. The majority of contemporary research in the field has been carried out for various
reasons using different SSI analysis methods, namely: to assess the effects of SSI, to comprehend
the influence of incorporating subterranean components, and to evaluate foundation soil modelling
method effect on the seismic response of a certain type of building structure. In addition, to address
the effect of filtering action induced by embedded subterranean modules on the kinematic
translational and rotational interaction factors for seismic SSI analysis using the simplified three-

step approach.

Naeim et al. (2008) investigated the impact of SSI modelling on the seismic performance of
a moment resisting steel frame high-rise building with subterranean levels supported by a mat
foundation in layered soil. VVarious simplified modelling methods, with or without the SSI effect,
were utilized in this study. It has been observed that accounting correctly for soil/foundation
deformations does not considerably alter the high-rise building vibration periods, but does have a
significant influence on storey lateral displacement over the height of the building. Additionally,
the two frequently used approximations in engineering practice such as fixing the base of the

structure at ground level under input FFM, and modelling soil layers along subterranean levels
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utilizing a series of horizontal springs, fixed at their far ends, and subjected to input FFM were

failed to produce satisfactory results.

Stewart and Tileylioglu (2007) reviewed simple models that describe the effect of kinematic
SSI based on a numerical method for embedded rigid foundations and successfully validated
against recordings from nuclear structures characterized by very stiff embedded foundations. The
foundation flexibility effect on foundation motion was evaluated using appropriately full-scale
observation (instrumented building). Furthermore, they presented how the earthquake ground
motions can apply as input motion for high-rise building structures seismic resistance analysis and
subsequent design by using a substructure approach including subterranean levels. A comparison
between a relatively well-suited proposed modelling method that anticipates being simulated
realistically the SSI issues and modelling methods widely utilized in the seismic resistance design
process was carried out in this study. It has been observed that the most prevalent fixed base
modelling method utilized in engineering practice, in which the FIM is assumed to equal the FFM,
was failed to capture many of the main characteristics of SSI. The impacts of kinematic interaction
on the movements of subterranean levels, which may result in reduced ground motion lateral
movement and the introduction of rotational movement, is one of the most important features that

has not yet been discovered.

Ganainy and Naggar (2009) studied the seismic resistance performance of low- to mid-rise
moment-resisting steel space frame buildings with from one to multi-level underground stories
founded on a shallow foundation in a firm and soft soil deposit under synthetic earthquake records
as input motion. In order to simulate the nonlinear behaviour of the foundation and the
subterranean levels of the surrounding soil, the Beam-on-a-Nonlinear Winkler Foundation
approach was adopted by the authors. In this investigation, emphasis was given to the effect of
subterranean levels, base soil, and side soil on the seismic performance of the model buildings.
The simulations were carried out using Perform-3D the nonlinear structural analysis program. The
seismic performance of the structure was evaluated in the study in terms of structural system
deformations and seismic force demand. It has been revealed that the incorporation of SSI in the
analysis caused augmented shear and moment demands for buildings founded in soft soil. It has

also been observed that the effect of SSI is considerable in the case of buildings supported on
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compliant ground surfaces without subterranean levels but gradually reduced with the number of

subterranean levels increased.

Saad et al. (2012) investigated the seismic response performance of low- to high-rise
reinforced concrete buildings having multi-level underground floors resting on shallow
foundations in stiff soil. The major goal of the study was twofold: (i) to assess the seismic
performance of building structures in different subsurface soil conditions while altering the
number of aboveground and subterranean levels; and to seek an appropriate recommendation
concerning the inclusion of the number or percentage of subterranean levels in the modelling and
analysis of reinforced concrete frame buildings. The multi-linear kinematic plastic link attribute in
SAP2000 software was used to describe the behaviour of horizontal earth pressure acting on the
basement walls, which was represented using force versus displacement functions (p-y curves).
The seismic performance study was first carried out on a 2D frame model, with the results
subsequently confirmed on a 3D model. Buildings modelled with a fixed base at the ground surface
were adopted as a baseline, and then changes in the performance of buildings were investigated
increasing the number of basements incrementally. The preliminary results have revealed that the
inclusion of SSI plays a considerable effect in relatively low-rise buildings by increasing the
seismic force demands such as story shear and moment. This effect has been visible, especially in

buildings simulated on softer soils.

Anwar et al. (2019) assessed the importance of incorporating the influence of SSI on the
seismic performance of a reinforced concrete core wall high-rise building with subterranean levels
resting on mat foundation embedded in stratified soil. A 3D linear and nonlinear numerical analysis
was carried out utilizing both direct and substructure approachs. This study intended to address
some important practices and issues in the field of seismic SSI and to reveal the worth of
incorporating SSI impacts in structural modelling and analysis while providing a comprehensive
understanding of practical applications in real projects. It has been observed that using different
modelling approaches and the incorporation of SSI could alter the seismic performance of the
structure at different levels. Additionally, the direct modelling approach described in this
investigation gives enhanced results in contrast with various approximate approaches. As a result,
it has been proposed that the structural system dynamic behaviour could be studied more

accurately by taking into account SSI effects and 3D modelling of near-field soil (direct modelling
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approach) rather than idealizing the base of the structure with simplified (substructure) approaches

and rigidly fixed support conditions.

Turan et al. (2013) utilized an experimental (i.e., shaking table test) and analytical method
to perform the seismic SSI response analysis on buildings with subterranean levels resting in a stiff
clay soil deposit. To enable for the examination of buildings with subterranean levels in this
investigation, they modelled the structural system with an assembly of a simple SDOF system and
a rigid segmental box foundation. The period of vibration was evaluated using shaking table test
results and it was observed that the modified period (T /T) of the structure was reduced for the
long-period structure whereas raised for the short-period structure, with increasing depth of
embedment. The analytical method results have also been compared with experimental tests and
they found that the analytical technique was also capable to account for the SSI effects within an
acceptable range of accuracy and predict SSI effects.

It is important to mention that the SSI effects also depend on the type of subterranean level
system and structural flexibility that exists beneath the superstructure. Vega et al. (2013)
performed a 3D linear SSI analysis on a large non-slender partially embedded in a soil structure
hosting a reservoir pumping unit. The analysis was conducted utilizing both the method of sub-
structuring procedure under the assumption of a perfectly rigid structure and direct approach, in
which the SSS was modelled as an interdependent system with its actual geometry and flexibility.
This study aims to characterize the demand at the ground surface and specific points of the
structure, as well as to assess the effect of the degree of flexibility of the structure on the response
value. Results of SSI analyses indicated that considerable variation was shown among predictions
using the two approaches. Furthermore, taking not into account for the flexibility of the structure

results in a significant underestimation of spectral accelerations at specific locations.

Tehranizadeh and Barkhordari (2018) investigated the effect of wall openings along the
periphery of the partially embedded subterranean level, as well as the number of subterranean
levels on the base level of the metal-braced framed tube system in high-rise buildings. The
evaluation was carried out on a 2D nonlinear soil-structure model utilizing a direct approach
subjected to near-field earthquake ground motion with SSI. The findings revealed that where the

opening was larger than fifty percent of the basement wall, the base level has to be one storey
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lower than the ground level, implying that ignoring the influence of opening in high-rise building
analysis could result in non-conservative outcomes. On the other hand, raising the number of
basement floors from three to six has an insignificant effect on the structure-soil systems base

level.

Piro et al. (2020) investigated the effects of SSI on the seismic performance of out-of-plane
loaded unreinforced masonry buildings, which was representing the masonry building transverse
sections, using a two-dimensional elastic soil-foundation-structure numerical model under
earthquake excitation. In this investigation, different superstructures (two, three, and four-storeys),
substructures (either a shallow foundation or underground floors), and homogeneous or layered
soil configurations were considered. The effectiveness of simplified (analytical) approaches in
capturing the dynamic out-of-plane response was also investigated under the effects of SSI in
comparison to the numerical model. According to the numerical model results, the dynamic
response of the structure was influenced by SSI, and in turn, such interactions were also dependent
on the deformability of soil. Whereas, the effects of SSI were reduced due to the presence of
subterranean floors and increasing superstructure height. Analyses of structures rested on stratified
soil deposits reveal that the upper soil layer, rather than the stiffer foundation soil, has the most
impact on the fundamental period. In this regard, an equivalent soil-structure stiffness parameter
was presented to incorporate the contribution of embedded subterranean levels and/or a stratified

sub-soil deposit, greatly improving analytical fundamental frequency predictions.

Scarfone et al. (2020) assessed the dynamic SSI effect and the foundation system role on a
high-rise building having a wall-frame structural system in two different soil profiles. In this
assessment, three foundation systems: — a shallow mat foundation, a deep mat foundation, and a
pile foundation with basement floors were considered. A 3D numerical analysis was performed
using the FLAC3D finite difference program by applying the standard boundary conditions during
static and dynamic loading stages. The soil domain was modelled using an elastic-perfectly plastic
material with Mohr-Coulomb failure criteria as well as a standard non-associated flow rule in this
study. A hysteretic model was used to incorporate nonlinear and hysteretic behaviour for stress
paths inside the yield surface during the dynamic stage. It has been demonstrated that increasing
foundation flexibility reduces the maximum seismic force demand, leading to a larger rigid

rotation of the foundation, but not considerably higher structural displacements.
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Hoseny et al. (2022 and 2023) carried out both laboratory tests using shaking table tests as
well as numerical simulations in order to verify the suitability of the small scaling factor method
in the dynamic response analysis and investigate the seismic behaviour of tall buildings with
subterranean levels taking into account the effect of different embedment depths and SSI. Since
the concrete structure models are not favorable for small-scaled tests, equivalent steel structure
models have been created using the similitude rule. Because of the dimensions and maximum load
capacity of the shaking table and similitude laws, a geometrical scaling factor (1) of 1:50 has been
adopted for both structural and soil models. PLAXIS 3D software was used to implement the
numerical scaled coupled models, which were then verified using the experimental results. The
building frame response results show that, in comparison to a fixed base, the SSI plays a crucial
role in amplifying the lateral deflection of structures, and that the embedded depths have a
substantial impact on the lateral seismic response of the buildings under consideration.

In addation to the influence of subterranean levels on the seismic response performance of
building structures, it can be significantly influences the characteristics and magnitude of the input
ground motion at the foundation level due to the kinematic SSI and nonlinearity effects (Stewart,
2000). Based on the characteristics of ground motion, the properties of the soil deposit, the stiffness
of the foundation and subterranean components, and embedment depth, the seismic signal

frequency may be attenuated and this impacts the seismic response of the structure.

Elsabee and Morray (1977) derived simplified rules and formulas for the first time to account
for the foundation embedment effect in the analysis of SSI problems from the results of parametric
studies of a three-dimensional cylindrical axisymmetric finite element formulation. The well-
known substructure approach was adopted for parametric studies under shear waves propagating
vertically. They suggested that these simplified procedures could be employed at least for
preliminary analyses in order to assess the significance of the SSI effect and other parameters.

More recently, Conti et al. (2017 and 2018) studied the filtering effect caused by embedded
rigid rectangular massless and massive foundations using both theoretical and numerical
approaches in a homogeneous half-space under vertically propagating shear wave velocity. The
authors presented new analytical expressions for Kl influence factors based on the results of the

parametric investigation, which was an improved version of Elsabee and Morray (1977).
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Furthermore, a significant favourable effect on filtering action has been reported for high values
of foundation width (B)-to-embedment depth (D) ratio (B/D > 4) and foundation-to-soil mass
density.

Sotiriadis et al. (2019 and 2020) assessed the influence of SSI on foundation-level motions
directly utilizing real earthquake signals of the instrumented building structures with subterranean
levels. Instrumentation is present at both the foundation level of the buildings and the ground
surface. For investigation, the substructure approach was applied in the frequency domain. From
results of the study observed that due to the presence of the building's subterranean components,
the high frequencies of the ground motion at the level of the foundation have been filtered

significantly compared to the FFM.
2.9 Summary/Concluding Remarks

A comprehensive review of the literature was carried out as explained in the above sections,
covering seismic response of building structure obtained from experimentation, theoretical and
numerical methods, as well as different aspects of SSI studies by considering the superstructure,
substructure, and soil as a single unit. After a detailed literature survey, the following observations

can be made:

» Numerous research works are available on the interaction analysis of the building
structure without subterranean levels resting on the shallow and deep foundations
subjected to seismic loads.

> In the case of the SSI analysis, most of the researchers have focused on the seismic
response behaviour of the superstructure by varying the foundation types and soil
parameters.

» Structures resting on compliant soil exhibit different seismic responses compared to
their fixed-base conditions. This alteration results from Kl and inertial interaction.

» A fixed-base model cannot account for SSI effects whilst failing to capture the effects
of subterranean system and foundation flexibility, as well as kinematic interaction

on the motions of shallow to deeply seated foundations.
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Very few researchers have highlighted the consideration of the subterranean levels flexibility
effect on the seismic response behaviour of building frames resting on different foundations

subjected to seismic loads by incorporating the SSI effect.

48



CHAPTER -3
METHODOLOGY

3.1 Introduction

This chapter presents the methodology adopted to comprehend the influence of
subterranean levels on the seismic response behaviour of building frames in various subsoil
conditions under the influence of selected seismic excitation. The adopted system under
investigation, the materials used, and earthquake input motions are presented in detail. Different
elements of the structural system, as well as bounded and unbounded soil domains for SSS finite
element models in the ABAQUS software, are also explained. Validation of the finite element
models with a simulation of seismic wave propagation and previous experimental studies have

been provided in this chapter.
3.2 Methodology

Building structures featuring subterranean levels could alter the characteristic and
magnitude of the foundation level motion, as well as the seismic response behaviour of the
superstructure. The research methodology adopted for achieving the objectives in the present work

is given in Figure 3.1.

In order to comprehend various influences due to the presence of subterranean levels in the
seismic resistance design of building structure, the total work has been divided into four phases.
Phase I: Numerical analysis to study the influence of subterranean levels on the foundation input
motions subjected to earthquake ground motion.

Phase I1: Evaluation of the applicability range of theoretical models for quantifying the foundation
input motion in comparison to nonlinear numerical models.

Phase I11: Assessment of different alternative modelling approaches for seismic response history
analysis of building frame structure with subterranean levels under excitation of earthquake ground

motions using numerical analysis.
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Phase IV: Investigation of the influence of subterranean levels and embedment depths on the
seismic response of the building frame considering SSI subjected to seismic loads by conducting

numerical analysis.

Numerical study on building frame with subterranean levels under influence
of seismic loads considering the SSI

v
Construction of an appropriate nonlinear finite
element models by using ABAQUS software
v

Nonlinear seismic response analysis of building frame
with subterranean levels

v
v v v
Phase | Phase 11 Phase 111 Phase IV
Influence of Theoretical models Effect of Effect of
subterranean applicability range for modelling subterranean levels
levels on the FIM quantifying the FIM approach embedment depths
I I [ [
v
v
A
Soil with different Subterranean levels Different alternative
relative stiffness with varied modelling approaches
embedment depths
\ 4 y A 4
/ Subjected to different input earthquake motions /
v
Analysis and interpretation of results Conclusions

Figure 3.1 Schematic diagram of the methodology adopted for the research work.
The details of work done in each phase is explained below.

Phase I: Numerical analysis to study the influence of subterranean levels on the foundation input
motions subjected to earthquake ground motion.

A substructure approach is often utilizes in seismic response analysis of building structures

built on compliant foundations (see section 2.5.2 Figure 2.6), in which the subterranean
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components, mostly soil, are not directly integrated, but are instead replaced by foundation
impedance (springs and dashpots), and the analyses are performed subjected to the excitation of
ground motion at the structure foundation level. The ground motion is suitable for input to the
foundation-level or free end of the springs, also referred to as the foundation input motion (FIM).
Two-dimensional numerical nonlinear kinematic SSI analyses were performed to evaluate the
influence of subterranean levels on the foundation input motions. The details of soils and the

criteria used for this study are given in Tables 3.1 and 3.2, respectively.

Table 3.1 Engineering properties of the soil considered in this study (Massumi and
Tabatabaiefar, 2007; Tabatabaiefar and Fatahi, 2014b).

Value

Soil property Notation ~Unit  Soil type (ASCE/SEI 7-10, 2010)

C D E

(dense GM)  (medium CL)  (soft CL)

Shear wave velocity Vs,30 m/s 600 320 150
Shear modulus Gmax MPa 623.4 177.3 33.1
Mass density p kg/m3 1765 1716 1470
Elastic modulus E MPa 1608.3 484.9 91.7
Poisson’s ratio v - 0.28 0.39 0.40
Plasticity index Pl % - 20 15
Cohesion stress C kPa 5 20 20
Angle of internal friction ¢’ Deg. 40 19 12
Damping & % 5 5 5
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Table 3.2 The details of Phase |.

Subsurface soil condition Soil type D and E as per ASCE/SEI 7-10 (2010)

Material and structural system RC-MRF building

Number of storey above ground 15-storey (15S)

Number of underground storey 0BS, 1BS, 3BS, and 5BS, where BS = basement
storey

Selected model for kinematic SSI | Detailed 2D Finite Element Method - direct

study approach (see section 3.5.2.1)

Seismic input motion 7 (seven) earthquake input motion as per
ASCE/SEI 7-16 (2018)

Phase I1: Evaluation of the applicability range of theoretical models for quantifying the foundation

input motion in comparison to nonlinear numerical models.

The theoretical transfer function models often used in the literature to estimate the FIM was
assessed in this study. The simplified analytical expressions documented in NIST (2012) and
presented by Conti et al. (2018) were employed in this investigation. The details of phase Il are

given in Table 3.3.

Table 3.3 The details of Phase II.

Subsurface soil condition Soil type D and E as per ASCE/SEI 7-10 (2010)
Number of underground storey 0BS, 1BS, 3BS, and 5BS
Selected theoretical models NIST (2012) and Conti et al. (2018) (see section 3.4.1)

Phase I11: Assessment of different alternative modelling approaches for seismic response history
analysis of building frame structure with subterranean levels under excitation of earthquake ground

motions using numerical analysis.

Three-dimensional numerical nonlinear seismic response analyses were performed to
assess the effect of alternative modeling approaches of building frame structures with subterranean
levels for response history analysis. The parameters used for the study under seismic loads are

given in Table 3.4.
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Table 3.4 The details of Phase I11.

Subsurface soil condition Soil type C, D and E as per ASCE/SEI 7-10 (2010)

Material and structural system RC-MRF building

Number of storey above ground | 15-storey (15S)

Number of underground storey | OBS and 3BS

Selected model type for seismic | Model 1A, 1B, 2A, 2B, and 3A (see section 3.5.2.2)

SSI study

Modelling approaches * Conventional method, i.e., Fixed-base model
(Model 1A and 1B)

* Spring-Dashpot model (Model 2A and 2B)

» Detailed 3D Finite Element Method (Model 3A)

Seismic Input motion 7 (seven) earthquake input motion as per ASCE/SEI 7-

16 (2018)

Phase 1V: Investigation of the influence of subterranean levels and embedment depths on the
seismic response of the building frame considering SSI subjected to seismic loads by conducting

numerical analysis.

Direct approach 3D nonlinear SSI seismic response analysis was executed to investigate
the effect of subterranean levels and embedment depth on the seismic response of the building

frame. The criteria used for the study are given in Table 3.5.

Table 3.5 The details of Phase IV.

Subsurface soil condition Soil type C, D and E as per ASCE/SEI 7-10 (2010)
Material and structural system RC-MREF building
Number of storey above ground 15-storey (15S)
Number of underground storey 0BS 1BS, 3BS, and 5BS
Selected model for seismic SSI Model 1A and 3A
study
Modelling approaches » Conventional method, i.e., Fixed —Base model
(Model 1A)
* Detailed 3D Finite Element Method (Model 3A)
Seismic Input motion 7 (seven) earthquake input motion as per ASCE/SEI
7-16 (2018)
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A detailed description of the system under investigation, materials used, and the numerical

analysis has been given in the subsequent sections.
3.3 System under investigation

3.3.1 Studied building

A 15-storey RC-MRF building regular in elevation (Figure 3.2a) and plan (Figure 3.2b),
representing the conventional medium-rise buildings in zone — V as per IS 1893-1 (2016) was
considered for this study. The preliminary sections of the building frames of the superstructure
were specified after performing a regular design procedures that was governed by Indian standards
IS 456 (2000) after undertaking dynamic response spectrum analysis with a fixed-base condition

at the ground surface.

Roof-level
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Figure 3.2 The layout of the fifteen-storey RC-MRF building adopted in the study: (a)

elevation view of the superstructure; and (b) the building typical floor plan.

SAP2000 (CSlI, 2020) software was utilized for the analysis and design of the building
frames. The specified preliminary building frame sections would be augmented by the
subterranean levels, foundation and the compliant underlying soil for further seismic performance
analysis. Instead of evaluating the seismic design of building frames, this study aimed to assess
the influence of foundation soil modelling and subsurface levels on the seismic performance of the

superstructure. Thus, the column sections were increased below ground to account for the

54



additional gravity loads from the subterranean levels. According to IS 875-1 (1997) and IS 875-2
(1987), the material strength of the structure and the gravity loads, which comprising both
permanent and superimposed actions, were estimated and incorporated to the structural model.
The characteristic compressive strength of concrete (f.;) and the vyielding strength of
reinforcement steel (f;,) are assumed to be M30 and Fe415, respectively. The value of the elastic
modulus of concrete (Ec, MPa) was estimated as given in equation 3.1 according to IS 456 (2000)
clause 6.2.3.1.

Ec = 5000+/fox (3.1)

Table 3.6 provides the characteristics of the concrete and steel reinforcement used in

structural designs.

Table 3.6 Characteristics of concrete and steel reinforcement used in structural designs.

Concrete grade Steel reinforcement grade Elastic modulus, E (MPa)  Poisson’s ratio, v

M30 (f. = 30MPa)  Fe415 (f, = 415MPa) 27386.13 0.2

The super dead loads (1.5 kN/m?) and super-imposed loads (3 kN/m? floor live load and
1.5 KN/m? roof live load) were adopted. The loads were calculated as uniformly distributed loads
over the floors. In accordance with IS 1893-1 (2016), the seismic design parameters such as zone
factor, Z = 0.36, response reduction factor, R = 5, importance factor, | = 1.5, soil condition (Type-

[11), and damping, & = 5% were considered.

In dynamic analysis, the P-Delta effects were considered according to 1S 456 (2000).
Furthermore, cracking of the structural elements should be controlled during the design stage for
a concrete structure to be serviceable. In order to reflect this, the stiffness values of the structural
members (EI) corresponding to the uncracked sections were multiplied by stiffness modification
coefficients in accordance with 1S 16700 (2017). Table 3.7 presents the section of building
structure members which represent the structural standards and construction practices of building
structures, and which were specifically utilized to assess the influence of foundation soil modeling

and subterranean levels on the seismic performance of the building in this study.
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Table 3.7 Details of designed structural sections of RC-MR building frame.

Elevation Column sections Beam sections

S AT M) L) AM L) L)
Basement -9.0-0.0 0.4225 149E-02  1.49E-02 0.2275 8.01E-03  2.32E-03
1 0.0-9.0 0.36 1.08E-02  1.08E-02 0.2275 8.01E-03  2.32E-03
2 9.0-18.0 0.3025 7.63E-03  7.63E-03 0.21 6.30E-03  2.14E-03
3 18.0-27.0 0.25 5.21E-03  5.21E-03 0.1925 4.85E-03  1.97E-03
4 27.0-36.0 0.2025 3.42E-03  3.42E-03 0.175 3.65E-03  1.79E-03
5 36.0-450 0.16 2.13E-03  2.13E-03 0.1575 2.66E-03  1.61E-03

Floor slab, ts (m) Basement wall, tw (m) Foundation, t (m)

0.15 0.25 1

In the present study, a reinforced concrete mat foundation is selected without and with
subterranean levels (Figure 3.3). Following the routine engineering design procedures (Bowles,
1997; IS 456, 2000), the mat foundation was designed to support the structure against static and
dynamic loads, as well as to meet the requirements for bearing capacity and maximum settlement,
while basement retaining walls to support the lateral earth pressure, the bending moment and shear.
The detailed characteristics of the floor slabs, basement walls, and foundation are presented in

Table 3.7.

. ,,,,,,,,,,,,,
. I
Basement/ # || D
wall ht ]
B

Foundation

Soil

Figure 3.3 The subterranean levels layout with 0, 1, 3, and 5 subterranean levels.
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3.3.2 Soil profiles

The structural systems selected in this study seated on deep homogenous dense, medium,
and soft soil that is categorized as soil type C (i.e., Vs = 360 - 760 m/s), D (i.e., Vs = 150 - 360
m/s), and E (i.e., Vs less than 150 m/s), respectively, according to ASCE/SEI 7-10 (2010). It is
described as a site having a soil profile depth of more than 10m and an average shear wave velocity,
Vs,30 of 600 m/s or less. Table 3.1 presents the geotechnical parameters of the soils utilized in this
study. These subsoils were obtained from field and laboratory tests (Massumi and Tabatabaiefar,
2007; Tabatabaiefar and Fatahi, 2014b), so they are preferable to the presumptive ones. In this
study, the water table is considered to be below the bedrock, the soil profile is uniform, and the

shear-wave velocity is consistent with depth.
3.3.3 Earthquake Records

The nonlinear time history analysis is usually acknowledged to be a more accurate analysis,
however, selecting the appropriate earthquake motions is not an easy operation. As earthquake
motions are not always readily available, it involves a variety of criteria for a given building site.
In the lack of such data for the evaluated building models, there are many resources available on
the web which provide an earthquake record. In this study, a suite of seven acceleration data from
major earthquake events was acquired on the selected types of soil classes for the analyses
consistently according to ASCE/SEI 7-16 (2018) from the PEER strong motion database (PEER).
Magnitude, source mechanism, distance, and fault type were used as selection criteria to confirm
the consistency of the records. These earthquake ground motions were imposed onto the FEM
numerical simulation while carrying out a nonlinear time history analysis. As presented in Figure
3.4 and Table 3.8, unscaled seven earthquake ground motions from different locations of the world
were chosen. To be consistent for designed RC-MRF building model bases and subsurface soil
types, the selected motions have a shear velocity of less than 600 m/s at the recording station. The
chosen earthquake ground motions are FFM. To determine the signal at the top of the bedrock, it
IS necessary to solve an inverse wave propagation problem (deconvolution) and rebuild the

acceleration time history from the FFM.
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Table 3.8 Earthquake ground motion data considered for the present study.

ID Earthquake Event Year Station Mw Mechanism Distance PGA
(R) (km) (9)

Christchurch, New Christchurch Reverse

EQ1 2011 6.2 ) 5.13 0.371
Zealand Resthaven Oblique

EQ2 Kobe, Japan 1995 Takatori 6.9  Strike Slip 1.47 0.671

) Holtville Post ) )
EQ3  Imperial Valley-06 1979 ) 6.53  Strike Slip 7.5 0.258
Office

EQ4  Erzican, Turkey 1992 Erzincan 6.69  Strike Slip 4.38 0.496

EQ5  Friuli, Italy-01 1976 Tolmezzo 6.5 Reverse 15.82 0.357

EQ6  Umbria Marche, Italy 1997  Assisi-Stallone 6.0 Normal 16.55 0.188
) Anderson Dam Reverse

EQ7 Loma Prieta 1989 6.93 ) 20.26 0.246
(Downstream) Oblique
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Figure 3.4 Utilized earthquake ground motions in this study: (a) Christchurch earthquake (2011),
(b) Kobe earthquake (1995), (c) Imperial Valley-06 earthquake (1979), (d) Erzican earthquake
(1992), (e) Friuli earthquake (1976), (f) Umbria Marche earthquake (1997), and (g) Loma Prieta
earthquake (1989).

3.4 Transfer function

Transfer functions (KI factor) represent the ratio in the frequency domain of two ground

motions, at foundation level to free-field ones. As a result, these functions make it simple to
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determine the KI impacts in terms of changes in a ground motion at the structure foundation level
relative to the FFM. In this process, besides standard baseline and filtering correction, signal
processing may be required for the evaluation of transfer functions, such as windowing (to obtain
the S-wave portion of the record) and smoothing (to attenuate scatter that can hide physically

significant trends) (Mikami et al., 2008) as illustrated in Figure 3.5.
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Figure 3.5 Schematic depiction of unsmoothed (original) and smoothed spectral density function

including window characteristics employed in frequency domain smoothing (Mikami et al., 2008).

However, while the window length and degree of smoothing can have a local effect on the
transfer function ordinates, the general shape and magnitude of the transfer functions remain
essentially unchanged (Mikami et al., 2008). Because of this, in the present investigation, a simple
moving average was used to analyse the transfer functions that were derived numerically, which
was adequate to enable easy comparisons between the numerical and the analytical transfer
functions that were reported in the previous studies. Transfer function models are often expressed
by the translational and rotational components of the FFM. However, when the slenderness of the
embedment (D/B) is small, as it is for the building adopted in this study, the rotational component
of the transfer function is not considered to be significant. Hence, only the translational

components of the transfer functions of numerical solutions were considered in this study.
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3.4.1 Analytical-based solution of transfer function

In this study, two translational transfer function models were adopted from the literature to
evaluate the applicability range of such closed-form solutions for SSI response analysis. The first
model is the one reported by NIST (2012). It is an analytical solution proposed by Day (1978) and
Kausel et al. (1978), applicable to rigid cylinders embedded in a homogeneous soil of finite or
infinite thickness (half-space). This transfer functions model can be adapted to rectangular shapes
embedded foundation and the horizontal foundation translation transfer function component is

expressed in NIST as given in equation 3.2.

( (wD) wD <11
0D\ Uy cos ) 7 .
i\ )= = wD (3.2)
s 9 1045, — > 11

N

The other transfer function model assessed in this assessment is the simple analytical
expression proposed by Conti et al. (2018) for rigid massless and massive embedded foundations
(equation 3.3). This is an improved version of Elsabee and Morray (1977) taking into account the

normalized parameters such as B/D, wD /V, and pg/ps.

I B pr wD\| _ a, 1-ay) wD
u B’Z’Ts = + WD cos azTS
re (e o0y [1+(5) ] ©2)
ps Vs *

where ai, a; and az are the coefficients depending on the ratio B/D and pg/ps Whose expressions

are given in equation 3.4. pp and p, are foundation and soil mass densities.

a (g,Z—D = % a=10+06 (Z—Z) B=33-14 (’;—’;)
NORELTL

as (p—F) =22-16 (p—F)
Ps Ps
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3.5 Numerical modeling development and analysis

In the present study, the seismic response analyses were carried out using FEM based
ABAQUS (Duval et al., 2014) software to study the SSS interaction. The structural members were
modeled to behave linearly and nonlinearly in the case of KI analysis and for dynamic response
analyses, respectively, whereas the soil was simulated to behave nonlinearly for both analyses.

The details of the adopted numerical models are presented in the following sections.
3.5.1 Elements of the structural system and soil modeling

The reinforcement concrete frame structural elements (beams and columns) were modeled
using standard 2-node linear beam elements in a plane (B21) and a space (B31) for 2D and 3D
numerical analyses, respectively. The floor slabs, basement walls, and foundation (in the case of
a plane (2D) model) were modeled using a 4-node, quadrilateral, stress/displacement shell element
with reduced integration (S4R). In the case of 2D KI analysis, the soil was simulated using 2D
plane strain shell element CPE4R (4-noded bilinear plane strain quadrilateral, reduced integration,
hourglass control). The foundation element and soil were simulated with 3D solid (continuum)
elements, 8-node linear brick, reduced integration, hourglass control (C3D8R) for 3D dynamic

response analyses. The element types utilized in the finite element models are shown in Figure 3.6.

]

(a) (b) (c)

Figure 3.6 Different types of elements used in the finite-element model for elements of the structure
and soil (a) beam element (B21/B31: Beam, 2-D/3-D, 1st-order interpolation (2-node linear)), (b)
Shell element (S4R: Shell, 4-node, Reduced integration or CPE4R: Continuum, Plane Strain, 4-
node, Reduced integration), basement walls, and foundation in plane/space models, and (c) Solid
element (C3D8R: Continuum, 3-D, 8-node, Reduced integration).
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For nonlinear analysis, the structural elements were modeled by applying an elastoplastic
constitutive model that considered Rayleigh damping. According to Ryan and Polanco (2008), the
Rayleigh damping matrix [C] has a linear combination of mass-proportional and stiffness-

proportional components as given in equation 3.5.

[C] = a[M] + BIK] (3.5)

where [K] and [M] are, respectively, the stiffness and mass matrix of the structural system. o and
B are the model coefficients, chosen to determine the model damping ratio in two modes. By
assuming the same damping ratio (&), 5% considered in this study, for two selected modes with
frequencies i and wj, the model coefficients o and P are calculated as given in equations 3.6 and

3.7.

o = g 201 (3.6)
w; + CU]
2
b=tis @7)

The damping ratio, on the other hand, in any vibration mode with frequency wn for given

model coefficients can be estimated by using equation 3.8 (Chopra, 2007).

a By

= 3.8
2wy, 2 (38)

$n

The two frequencies, w; and w; in equations 3.6 and 3.7 respectively, are usually assigned
to be the frequency of the first and other higher modes, such that damping is confined over the
frequency range that encompasses the majority of the modal involvement. Accordingly, the first
and higher mode frequency of the system was selected to take into account the important modes

of the soil-structure system in this study.

The elements of each structural system were specified by their material and geometric
properties; however, they are linear-elastic materials by default with no failure limit, though the
plastic moment capacity can be applied to consider the structural system's inelastic behavior. In

the present study, the inelastic behavior of structural systems was simulated utilizing elastic-
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perfectly plastic material behavior by specifying the yield stress. It is assumed that structural
elements behave elastically until they reach the defined yield stress, after which the element that

reaches its yield stress can continue to deform without inducing additional stresses.

3.5.2 Soil-structure system modeling

The need for consideration of subterranean levels and incorporating SSI in the analysis of
the seismic response of the building frame is emphasized by the numerical investigation by
comparing the behaviour of the building frame with different modelling strategies and varying the
subterranean levels and foundation embedment depths in various subsoil profiles under the seismic

load.

3.5.2.1 2D soil-structural system modeling

In the present assessment, 2D kinematic SSI analysis is performed with the numerical
method. The adopted building with subterranean levels is simulated in ABAQUS software using
the direct approach, in which the superstructure, subterranean levels with mat foundation, and

subsoil deposit are directly incorporated utilizing a complete 2D finite element model (Figure 3.7).
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Figure 3.7 The direct method configuration employed for simulating the integrated soil-structure
system of a fifteen-storey building with subterranean levels.
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Since the structural system seismic response analysis is not the aim of the investigation, the
structural members were modeled to behave elastically. The soil model, however, was the only

one given the ability to capture nonlinear seismic responses.

To simulate the kinematic SSI correctly, as well as to integrate the various mechanical
properties of the substructure system and the surrounding soil, the contact surfaces are used during
dynamic analysis to capture any possible slide and uplifting of the subterranean level system over
the subsoil. In ABAQUS, surfaces or contact elements can be utilized to model the interfaces. In
this investigation, hard surface-to-surface-based interaction contact surfaces were defined by
employing the Mohr-Coulomb failure model. Since the normal and tangential behavior of the
contact surfaces could affect the numerical response analyses results, the mechanical properties of
the contact surfaces should be carefully chosen. Figure 3.7 depicts the 2D numerical model of a
building with subterranean levels of 10 m embedment depth found in a 420 x 30 m? soil deposit.
In addition, the weight of the structural system was overlooked in the structural model, since
capturing the filtering effects of kinematic SSI is the only target of this assessment. The
subterranean level system is considered a rigid foundation, taking into account the large flexural
stiffness of the basement floor beam-column frame system, floor slabs, as well as the presence of
basement walls along the periphery, which are expected to contribute significantly to the overall
stiffness of the subterranean level system. As observed in the literature, some of the past dynamic
response analysis is carried out by introducing rigid systems within the embedment depth of the
subterranean system, disregarding the superstructure. In this study differently, the massless

superstructure system also is modeled properly taking into account the system stiffness.

In order to prevent multiple reflections of seismic waves, to reduce the soil medium
dimension in space, and to optimize the computational effort during the dynamic response analysis,
the infinite soil medium is simulated with a viscous-spring artificial boundary (VSAB) that
incorporates elastic springs and dashpots (Lysmer and Kuhlemeyer, 1969). Kinematic constraints
are applied along the lateral boundaries in order to replicate appropriate dynamic boundary
conditions and eliminate the soil mass flexure mode of vibration (Sextos et al., 2017). These
constraints prevent lateral spread of the soil mass because of gravitational load effects and enable
the shear behavior between adjacent soil layers. As suggested by Fatahi and Tabatabaiefar (2014),

the lower level of the soil domain (i.e., top of bedrock) was modeled by a rigid boundary condition
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during the dynamic response analysis, whereas the earthquake input ground motion is exerted at
the bottom of the soil medium and propagates upwards through the entire model. In this
investigation, a soil domain with a longitudinal extent of 420 m was considered after performing
several seismic wave propagation analysis. According to some experimental and numerical studies
(Rayhani and Naggar, 2008), as well as seismic resistance design codes (ATC-40, 1996; FEMA
450, 2003) the local site intensification often arises within the top 30m of the soil profile. In this

study, therefore, the vertical extent of the finite element soil domain was restricted to 30m.

The 2D finite element model of the soil profiles was simulated as both linear elastic and
nonlinear elastic-plastic material using the Mohr-Coulomb failure criterion. These profiles were
first employed having linear soil attributes to evaluate theoretical models under the underlying
assumption that they were built, which is a homogenous linear soil profile. The same profiles were
subsequently examined in the nonlinear elastoplastic constitutive model that considered viscous

damping (Rayleigh damping).

The size of elements in most finite element dynamic SSI analyses is determined mainly by
the geometry of the embedded part of the structural system and loading conditions. They refined
near to the targeted area to account for the high stress gradients and plasticity experienced in the
soil medium, whilst a gradual transition to a coarser element considers the soil medium in lateral
directions far from the targeted area. The size of elements in the vertical direction, on the other
hand, is kept constant to allow for uniform dispersion of shear waves propagating vertically.
Furthermore, to avoid the numerical distortion of frequency content in wave propagation issue
simulation and to accurately characterize the minimum wavelength of the applied signals, the

maximum size, hmax, Of the elements was evaluated in this study applying equation 3.9.
1
hmax < ; X A (39)

where 1 = V;/ finax, IN Which V; and f,,,,, are the smallest shear wave velocity of soil and the
excitation motion maximum frequency of interest, and a = 5, 8, and 10 as per ASCE/SEI 4-98
(1998), Kuhlemeyer and Lysmer (1973), and ASCE/SEI 4-16 (2017), respectively. The minimum
Vs was 150 m/s, and the earthquake ground motion had a cut-off frequency equal to 10 Hz. Thus,

a maximum element size of 1.0 m was utilized near the structure.
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Along the vertical direction, the soil profiles were divided into 30 layers of one meter each.
The proposed element size settings in finite element modeling were tested by model validation,
comparing the 2D finite element model results obtained in the ABAQUS with a similar equivalent
linear (EL) model built in DEEPSOIL.

3.5.2.2 3D soil-structural system modeling

To assess the effects of foundation soil modeling and subterranean levels incorporating the
seismic SSI on the structural response, three base conditions and five different models were
considered (Table 3.9 and Figure 3.8).

Table 3.9 Summary of different alternative models considered in this study.

Model ID Flexibility Input

Superstructure  Subterranean Foundation Soil motions
levels Spring Dashpot Continuum

1 1A ° — — — — - FFM

2 1B ° ° ° — — — FFM

3 2A ° ° ° ° — — FIM
4 2B ° ° ° ° ° — FFM &

FIM

5 3A ° ° ° — — ° BRM
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Figure 3.8 Geometry of the numerical models using ABAQUS, with different alternative
modeling strategies: (a) 1A, (b) 1B, 2A and 2B, and (c) 3A.

The first case is a fixed-base model represented by Model 1A (Figure 3.8a), in which the
building is modeled above the ground portion, and the base of the structure is assumed to be fixed
at the ground surface (i.e., flexible superstructure, rigid subterranean levels, foundation, and soil).
The second case is also a fixed base model represented by Model 1B (Figure 3.8b), but in this case,
the building model is extended to the mat foundation level with subterranean levels. In this
alternative model, the soil on the basement walls is overlooked (no SSI), but the subterranean level
is directly comprised in the model. The lowest level of the entire structural system model is
considered as the base, where it is fixed. The third case is the flexible-base model represented by
Model 2A (Figure 3.8b), in this model horizontal and vertical springs, are employed to account for
the influence of the surrounding and foundation soil, respectively (i.e., flexible superstructure,
subterranean levels, foundation, and soil). The fourth case is also a flexible-base model represented
by Model 2B (Figure 3.8b), in which dashpots are added parallelly with springs to capture the soil
damping variation (i.e., flexible superstructure, subterranean levels, foundation, and soil), rocking
mode of foundation motion is taken into account, as well as multi-support excitation is employed

via the horizontal springs, causing the inputs to vary up the height of the basement walls.
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The stiffness of springs and damping of dashpots were estimated and are presented in Table

3.10 according to equations proposed by Gazetas (1991) and also later reported by NIST (2012).

Table 3.10 Foundation level impedance functions for the overall foundation system.

Impedance Soil type Unit
functions C D E

K 9.95E+04 2.62E+04 1.42E+03 KN/m
Kxzy 1.74E+06 4.43E+05 4.64E+04 KN/m
Kxxzyy 3.26E+09 9.65E+08 1.44E+08 KN.m
C, 4.20E+04 2.29E+04 9.22E+03 KN.s/m
Cx=y 4.38E+05 2.45E+05 9.83E+04 KN.s/m
Cxzyy 1.95E+09 1.27E+09 6.5E+08 KN.s.m

As shown in this table, first the translational and rotational stiffness for square rigid
foundations were calculated. The related dashpot coefficients are also estimated utilizing these
equations. Using equations of surface foundation and the seismic shear wave velocities of the soil
beneath the base slab (mat foundation), the stiffness portion that can be assigned to the base slab
was determined for translation. Because of the embedment effect, the entire translational stiffness
of the foundation level springs is increased, and the difference between the foundation level and
the surface level was applied as horizontal springs dispersed throughout the height of the basement
walls. The detailed expressions of related modification factors and distribution of impedance
functions are described in NIST (2012).

The fifth case (Model 3A) is a thorough three-dimensional finite element model created
using a direct approach (Figure 3.8c). The superstructure, subterranean levels with the foundation,
and soil are all explicitly depicted in this model. Surface-to-surface-based interaction contact
surfaces were defined by employing the Mohr-Coulomb failure model to simulate the dynamic
SSI features and incorporate the variation in mechanical properties between the surrounding soil
and the substructure system. During dynamic analysis, this model captures any possible uplifting

and slide of the subterranean level system over the subsoil. In this model, an elastic-perfectly
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plastic behavior was adopted for the soil medium using the Mohr-Coulomb yield criterion with an

unassociated flow rule.
3.5.3 Analysis procedures of earthquake input motions

The earthquake input motions were applied to different numerical models while carrying
out a nonlinear time history dynamic response analysis. The selected earthquake ground motions
are FFM; so, it needs modification to apply for each model with the three base conditions. As a
result, for the present investigation, three different earthquake input motions are required. These
are FFM for the first two fixed-base models (Model 1A and 1B); FIM for the third flexible-base
model (Model 2A); FFM and FIM for the fourth flexible-base model (Model 2B); and bedrock
motion (BRM) for the fifth model (Model 3A). Due to the presence of subterranean levels, the
FIM differs from that of the FFM (Tadesse et al., 2022). Hence, with the use of transfer functions
(Conti et al., 2018), the modified FIM will be calculated. The FFM are then scaled to the modified
transfer function to obtain the FIM. To predict the bedrock earthquake motion, free-filed ground
motions will be converted to bedrock level using DEEPSOIL (Hashash et al., 2020) software by
the inverse wave propagation analysis. Applying this procedure, the target FFM is given at the top
of the soil, and because the bedrock is considered to be rigid, the ‘within’ bedrock motion is

produced.

The selected free-field earthquake ground motions were matched to elastic response
spectrums of IS 1893-1 (2016) for each soil type using SeismoMatch (2018) software. The lower
and upper bound matching periods of 0.2T; and 2T}, respectively, are considered as per ASCE/SEI
7-16 (2018) recommendation, where T; is the maximum fundamental period of the building.
Figure 3.9 depicts the spectral acceleration of the free-field earthquake records after matching the
target response spectrum.
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Figure 3.9 Earthquake records compatible with the elastic response spectrum at 5% damping,
along with their mean value and the target spectrum of different soil types for a 15-storey
building.

3.5.4 Validation of the model

In this phase, numerical analyses were carried out to calibrate finite element models for
dynamic SSI response analysis that account accurately for the physical phenomena experienced,
such as the wave propagation, the nonlinear behaviour of both structure and soil, as well as the

soil-structure interface issue.

3.5.4.1 Seismic site response analysis

In order to validate the accuracy of the chosen element size settings in the 2D finite element
model for simulation of wave propagation, a two-step approach (Feldgun et al., 2016; Robert,

2009) was carried out, and are schematically depicted in Figure 3.10. In which:

M An equivalent nonlinear 1D inverse wave propagation (deconvolution) problem was

solved for a simple soil column of the foundation soil built in DEEPSOIL (Hashash
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et al., 2020). In this process, the target FFM was deconvoluted to the top of the
bedrock level through a 1D equivalent linear (EL) model built in DEEPSOIL
(Figure 3.11). The shear modulus and damping reduction curves as presented in
Figure 3.12 were obtained using Vucetic and Dobry (1991) classical formulas.

(i)  The obtained bedrock motion was imposed as a ground motion to a 2D nonlinear
finite element model at the base of the soil profile in ABAQUS and the
corresponding free-field ground motion was recorded at top of the model
(convolution). In order to implement the defined physical model, 2D nonlinear shell
elements for simulating the soil profile, and Lysmer (Lysmer and Kuhlemeyer,
1969) energy absorber elements along the side of the model were created in
ABAQUS (Figure 3.13).
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Figure 3.10 Schematic depiction of the 1D and 2D seismic site response analysis.
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Figure 3.14 presents, for one of the applied earthquakes (EQ1), the comparison of the free-
field acceleration time history and the corresponding response spectra (5% damping ratio) obtained
from DEEPSOIL and ABAQUS. Although 1D DEEPSOIL and 3D ABAQUS models use distinct

solution equations, a reasonably good matching was observed throughout the entire period.
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Figure 3.14 Comparison of (a) free-field acceleration time history, and (b) the corresponding 5%

damped spectral acceleration of “Christchurch, New Zealand”, in soil type E.

3.5.4.2 Nonlinear seismic response analysis

The numerical modeling techniques, along with suitable experimental validation are
required to determine the important aspects of the seismic SSI mechanism. Shaking table test
results were used to calibrate the numerical models and predict prototype dynamic responses. In
the present study, 3D ABAQUS numerical models were validated using the results from the

shaking table tests as reported by Hoseny et al. (2022 and 2023). In this report, shaking table tests
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(physical modeling) and numerical modeling were employed to investigate the reliability of the
small-scaled coefficient in representing the dynamic behavior of structures, and the influence of
SSI and subterranean levels on the dynamic response of building structures under earthquake
excitation. Due to the fact that the concrete frame models are unsuitable for small-scale testing
environment, equivalent steel structure models have been created using the similitude rule. Based
on the shaking table dimensions and maximum load capacity, as well as the similitude laws, a
geometrical scaling factor (L) of 1:50 was adopted for both structural and soil models. As a result,
Table 3.11 shows the scaling relations between the scaled model and prototype in terms of the
geometric scaling factor for the parameters contributing to the main modes of system response.
The scaling relations have been employed by several researchers (Hoseny et al., 2022, 2023;
Goktepe et al., 2019; Meymand, 1998; Moss et al., 2010; Tabatabaiefar et al., 2014; Turan et al.,
2009).

Table 3.11 Scaling relations for physical modeling in terms of the geometric scaling factor.

Mass density 1 Acceleration 1 Length A
Force A3 Shear wave velocity 205 Stress A
Stiffness A? Time 205 Strain

Modulus A Frequency A7%5  El A5

In this study, to validate numerical models, real dimensions (prototypes) were obtained and
utilized. The structural response for the 15-storey building model with two subterranean levels
(S15+2b) was adopted as a reference. A view of the shaking table test fixed and flexible base

models are shown in Figure 3.15a and b, respectively.
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Figure 3.15 Installation steps implemented for a 15-storey building with two subterranean levels
on the shaking table: (a) fixed base, and (b) flexible base (Hoseny et al., 2023).
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The dimensions of the experimental and the corresponding real model, as well as the

specifications of the materials, are presented respectively in Tables 3.12 and 3.13, and Table 3.14.

Table 3.12 The dimensions of steel columns, slabs, and walls (Hoseny et al., 2023).

Model Steel column Steel plate (floor slab) Steel plate (basement wall)
Depth  Width Length Width Thickness Width Height Thickness
(m) (m) (m  (m) (m) (m  (m) (m)
Experimental 0.0065 0.0015 0.16 0.16 0.0045 0.16 0.12 0.0015
Prototype 0.325 0.075 8 8 0.225 8 6 0.075

Table 3.13 The dimensions of the prototype and scaled system based on the adopted scaling
factors (Hoseny et al., 2022, 2023).

Model Building Soil
width  length storey total length  width depth volume  mass (kg)
(m) (m)  height height (m) (m) (m) (m?3)
(m  (m)
Experimental ~ 0.16 0.16  0.06 0.9 1.4 1.0 0.8 1.12 19993.6
Prototype 8.0 8.0 3.0 45 70 50 40 140,000 249,200,000

Table 3.14 Materials specifications of the physical model (Hoseny et al., 2022, 2023).

Materials Parameters Notation Units Values

Soil Average unit weight Y KN/m?® 17.8
Shear modulus G KN/m? 1758
Young’s modulus E KN/m? 4571
Poisson’s ratio v - 0.3
Shear wave velocity Vs m/s 31.13
Compression wave velocity Vp m/s 58.23
Cohesion C KN/m? 60
Friction angle ) deg. 31.8
Dilatancy angle 1} deg. 1.8

Steel Density p KN/m?® 78.50
Yield stress fy MPa 240/350
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To simulate the described physical model in ABAQUS, 1D linear beam elements for the
frame, 2D linear shell elements for plates, 3D solid elements for modeling the soil mass, and
Lysmer (Lysmer and Kuhlemeyer, 1969) boundary elements on the side of the model were utilized.
Also, to increase the accuracy of the finite element model in wave propagation, in the case of the
flexible base model, the element size of 1.0 m was considered for near-field soil, which is smaller

than the interest shear wavelength.

The geostatic stage of soil initial stress has been determined by applying the gravity load
and horizontal pressure coefficients. During this stage, the standard boundary conditions were
applied, that is fixed nodes at the base of the soil medium (bedrock level) and zero horizontal
displacements along the lateral boundaries. During the dynamic (subsequent) step, the seismic
input motions were applied to the base of the structural system and the base of the soil medium, in
the case of fixed and flexible base models, respectively. Similar to the shaking table test of Hoseny
et al. (2022 and 2023), the surface-to-surface-based structure-soil interaction was considered by
employing the Mohr-Coulomb failure model in the case of the flexible base model. Moreover, the
horizontal component of the Northridge 1994 and Kobe 1940 earthquakes (Figure 3.16) was
applied as the input to the model. Figure 3.17 shows the configurations of the prototype fixed and
flexible base models in ABAQUS.
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Figure 3.16 Input earthquake motions for validation of numerical models.
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Figure 3.17 Configurations of the prototype fixed and flexible base models.

To verify, the maximum absolute lateral displacements obtained from the physical model
carried out by Hoseny et al. (2023), and the executed model in ABAQUS were compared at two
levels situated on the structure under two different earthquakes for fixed and flexible base
conditions. To evaluate the differences between experimental and numerical results, the deviations

have been calculated for each level and base condition and presented in Table 3.15.

Table 3.15 The maximum absolute lateral displacements at different levels in experimental and

numerical modeling.

Model Level Base Northridge (1994) earthquake Kobe (1995) earthquake
Shaking Numerical Deviation Shaking Numerical Deviation
table model (m) (%) table model (m) (%)
test (m) test (m)

Sise2p 15 Fixed 0.00250 0.00268 6.7 0.00220 0.00228 35

7 0.00210 0.00226 7.1 0.00170 0.00173 1.7

Sis+n 15 Flexible 0.00340 0.00319 6.6 0.00290 0.00313 7.3

7 0.00230 0.00242 5.0 0.00230 0.00251 8.4

It can be observed from the results that the measured response at the target point of the

model is in good match with the experimental tests, with the maximum deviation percentage not
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exceeding 9% (Hoseny et al., 2023). Furthermore, by extending the identical procedures of

experimental outcomes for a 15-storey real reinforced concrete building, the lateral displacements

along the height of the structure were reported to study the seismic behavior of the structure
considering SSI and the effects of embedded depths. Figure 3.18 presents the maximum relative

lateral displacement of a 15-storey reinforced concrete building with two subterranean levels on

fixed-base and flexible-base conditions under two earthquakes.
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Figure 3.18 Comparison of the maximum relative lateral displacement along the height of 15-

storey with two subterranean levels (S15+2b) of the real reinforced concrete building structure.
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3.6  Summary

The numerical technique has been widely applied to simulate the seismic response of
structures incorporating the influence of SSI. The seismic SSI problem assessed in this work was
presented in detail by describing the adopted system under investigation, the materials used, and
earthquake input motions. The constitutive models utilized for the numerical modelling of soil, the
soil-structure interface, and structural components, as well as bounded and unbounded soil
domains for finite element models, were presented. These nonlinear constitutive models take into
consideration certain critical characteristics of the dynamic nonlinear behaviour of the various
materials involved. In order to justify different finite element modeling choices adopted in this
study, the validation process was presented in the form of one-, two-, and three-dimensional

models with a simulation of seismic wave propagation and previous experimental.

The finite element numerical simulations presented in this chapter were carried out in
nonlinear elasticity for both, structure and soil. The next chapters are devoted to presenting the
results of several non-linear seismic SSI response analyses to comprehend the influence of
subterranean levels on the seismic response of building structures in various subsoil conditions

under the influence of selected seismic excitation.
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CHAPTER -4
RESULTS AND DISCUSSIONS

41 General

The preceding chapter discussed the materials utilized and the methodology employed in the
present study. In this chapter, the results from studies carried out on the influence of subterranean
levels on the foundation level motion and seismic response history of building frames in various

soil profiles with different aspects under the influence of earthquake motions have been discussed.

In the present study, as summarized in section 3.2, the entire work has been carried out
through four phases. Out of four phases, the first two phases deal with the numerical analysis
(numerical-based solutions) and theoretical models respectively to comprehend the influence of
subterranean levels on the foundation input motion (FIM) and to evaluate the applicability range
of theoretical-based solutions to estimate the FIM in comparison to numerical-based solutions.
The other two phases deal with finite element analysis to evaluate the effect of different
foundation-soil modeling approaches on the seismic response history analysis of building frame
with subterranean levels; and to investigate the variation of subterranean level depths on the

seismic response characteristics of the building frames.

The variation of foundation level motions of the building frame with subterranean levels was
observed from the results of nonlinear kinematic interaction (KI) response finite element analysis.
The foundation level motions were studied in terms of spectral accelerations and translational
transfer functions (KI factor, |1,,]). The influence of different foundation-soil modeling strategies
and variation of subterranean level depth on the building frames was investigated in terms of
seismic response demands such as storey level lateral displacements as well as inter-storey drift.
A parametric study for respective conditions was performed by changing the relative density of
subsoil conditions, embedment depths of subterranean levels, and applying different modeling
approaches subjected to several earthquake loads. In the following sections, results from the above

studies are discussed.

84



4.2 Phase I: Influence of subterranean levels on FIM

As mentioned above, Phase | deals with the influence of subterranean levels on FIM. To
provide a more in-depth understanding of the KI response of the SSS under the applied earthquake
motions, spectral acceleration, and time-dependent transfer functions will be used in particular. A
comprehensive parametric study has been carried out to analyze the kinematic SSI effect on FIM
for building with various subterranean levels in different subsurface conditions under the influence
of earthquake motions. The objective of Phase I is to assess the influence of the main parameters
governing the seismic response of the building structural systems: the embedment of subterranean
levels, the properties of the subsurface soil condition, and the nonlinear behavior of soil. The
analysis scenario covers a wide range of possible two soil profiles (i.e., soil type D and E) as shown
in Table 3.1 and allows for investigating the effects of subsurface soil conditions on structural
system seismic responses for different soil conditions and various subterranean level embedment
depths. The seismic response of the soil-structure system was evaluated for vertically propagating
shear waves. It was defined at the top of the bedrock level or bottom of the soil deposit.
Foundation-level motions were evaluated at the top of the mat foundation for selected earthquake
acceleration time history.

4.2.1 Foundation level motions in terms of spectra acceleration

The existence of the superstructure and the type of substructure system could have an effect
on the seismic motion characteristics at the level of the structure base. Kl alters foundation level
motion relative to free-field motion (FFM) since the substructure system and surrounding soil
stiffness are different (Veletsos and Parsad, 1988). As a result of SSI, the motion encountered at
the foundation base may be stronger or weaker than FFM (Rayhani and Naggar, 2007). Response
spectrums are often utilized to incorporate the characteristics of structural dynamics into structures
design and the creation of lateral force requirements in building codes (Chopra, 2007). The
response spectra present the peak of acceleration response of a SDOF system having 5% damping

and various natural periods for the recorded earthquake motions.

Figure 4.1 presents foundation level motions in terms of 5% damping elastic response
spectra at the base of the substructure for different subterranean levels and subsoils under the
influence of all seven applied earthquake motions. For comparison, also the FFM elastic response
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spectra values are illustrated. Due to its shallow embedment, the spectral ordinate values of a
building with one subterranean level in both subsoils were slightly reduced (it was close to FFM)
compared to the FFM in majority of the cases evaluated in this study. On the other hand, the effect
of kinematic SS1 on the base motion was apparent in cases of deeply embedded subterranean levels

(i.e., 3BS and 5BS), with the increase in filtering effect for lower periods.
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Figure 4.1 Comparison between the 5% damping elastic response spectra of the FFM and FIM
for the structure with different subterranean levels and subsoil under the influence of earthquake.
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Figure 4.1 (Continued).

4.2.2 Foundation-level motions in terms of transfer functions

4.2.2.1 Numerical-based transfer functions

As a result of the KI between the components of the subterranean level and the near-field
soil, the lateral displacement of the foundation is normally attenuated with respect to the FFM, and
a rotation component can arise, which is also influenced by the substructure system. The two
dimensionless factors, I,, and I, which are frequency-dependent transfer functions that relate the
motion of the foundation to the FFM, are able to quantify this KI effect, which is essentially related

to the incapacity of subterranean components to accommodate soil displacements.
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In this study, the effect of KI was assessed utilizing to the 2D finite element model of the
sole SSS, by considering only the horizontal component of the foundation level motion, as the
geometry of the subterranean level system (the slenderness of the embedment is low) makes the
corresponding kinematic rotational component indeed insignificant. Figure 4.2 shows, for all seven
applied earthquake motions in the two subsoils, the numerical values of the transfer function
(I, = |up/uprm!), computed as the ratio between the amplitudes of the signals' Fourier

transforms at the top of the foundation (ug;,,) and the free-field surface (uppy)-
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Figure 4.2 Transfer functions obtained from nonlinear soil model numerical solutions in different

soil types and subterranean levels.
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4.2.2.2 Effect of subterranean levels embedment depths and subsoil conditions on FIM

In this section, to highlight the influence of subterranean levels and subsoil on FIM, the mean
values of the transfer functions obtained from numerical analyses for all seven applied earthquakes
are presented in Figures 4.3 - 4.5, which summarize the Kl effects in subsoil D (Figure 4.3) and E

(Figure 4.4) with different subterranean levels.

In both subsoil types, a building with one subterranean level yields a limit attenuation of the
transfer function with respect to the FFM. It is because of the shallow embedment depth of the
subterranean components. On the other hand, the influence of subterranean levels on transfer
functions was notable in cases of deeply embedded subterranean levels (i.e., 3BS and 5BS), with
the KI impact increasing for lower periods. As far as subterranean levels are concerned, transfer
functions are always lower than one in the case of medium-dense (subsoil D) and soft soil (subsoil
E), with the filtering impact increasing for lower periods. This effect is less noticeable in the soil
type D building with 5 subterranean levels, and for the subsoil type E, the building with 3 and 5
subterranean levels, where the subterranean level provides transfer functions even larger than one
for periods less than 0.2 s. Furthermore, the transfer functions can be affected by the type of
subsoil. As illustrated in Figure 4.5, the effect of subsoil type E (soft soil) provides a reduction in

the transfer function than subsoil D (medium dense).
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Figure 4.3 Effect of the embedment depth of subterranean levels on the FIM in soil type D.
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Figure 4.4 Effect of the embedment depth of subterranean levels on the FIM in soil type E.
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Figure 4.5 Effect of soil profiles into various subterranean levels on the FIM.

4.2.3 Inference from Phase |

In this section, the results obtained from the numerical studies on the influence of
subterranean levels on foundation-level motion are presented. The conclusions obtained from these

studies are as follows.
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4.3

Due to its shallow embedment, the response spectral ordinate values of a building with one
subterranean level (1BS) in different subsoils were slightly reduced (it was close to FFM)
compared to the FFM in the majority of cases investigated in this study.

On the other hand, the effect of subterranean levels on the base motion was significant in
cases of deeply embedded subterranean levels (i.e., 3BS and 5BS), with the filtering effect
increasing for lower periods.

It can be observed that from the numerical analyses, the motion at the subterranean level
of a building decreases within the period range between 0.3 to 1.0 sec as the basement level
depth increases, whereas in contrast more intense than the FFM revealed especially at
lower periods and for higher subterranean levels, predominantly in subsoil E (soft soil).
Similarly, the effect of soil properties on FIM exhibits the same characteristics as the
stiffness of the soil properties decreases from dense soil to soft soil.

Overall, the results demonstrate clearly how the embedded stiff subterranean level
existence in different subsoil conditions causes the high frequencies to be filtered or the
reduction of FIM with respect to FFM.

However, depending on the dynamic characteristics of the building structure, the
surrounding soil deposit as well as the input motion of the earthquake can contribute to the

rising partially or full amplification or reduction of foundation level motion.
Phase I1: Applicability of the analytical-based solutions

Phase Il is aimed to evaluate the applicability range of theoretical models for the prediction

of the FIM in comparison to the nonlinear numerical-based solution. The theoretical transfer

function models often used in the literature to estimate the FIM was assessed in this section.

4.3.1 Analytical-based transfer functions

The simplified analytical expressions, obtained for homogeneous isotropic viscoelastic soil

deposits, documented in NIST (2012) and presented by Conti et al. (2018) were employed in this

investigation. The variation of foundation level motion of the building with subterranean level in

terms of transfer function obtained from theoretical-based solution is shown in Figure 4.6. The

results appeared to reveal that theoretical transfer function models can only accurately predict the

effect of embedment. The theoretical-based solutions also give the transfer function as less than
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one (i.e., |I;] < 1.0), which implies the reduction of FIM compared with that of FFM. More
variations with embedment were observed respectively within the range of 0.05 — 0.4 sec and 0.1
— 1 sec in soil type D (Figure 4.6a) and E (Figure 4.6b), which indicates the influence of soil type
on FIM, whereas in the remaining lower and higher periods range the theoretical Kl factor value

remains constant.
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Figure 4.6 Theoretical transfer function models on (a) soil type D, and (b) soil type E.
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4.3.2 Comparison of numerical solutions with analytical models

In this subsection, the horizontal transfer function |I,,| obtained from the 2D nonlinear
numerical analyses and those derived from analytical models are compared. In Figures 4.7 - 4.9,
the transfer functions obtained from analytical and nonlinear numerical solutions in different
subsoils and subterranean levels are presented for comparison. It can be observed that the two
assessed analytical models yield identical transfer functions, diverging only at lower periods. The
divergence is more noticeable for the deeper embedment depth of 3 (Figure 4.8) to 5 (Figure 4.9)
subterranean level, predominantly within a small period range of 0.1 - 0.4 sec in soil type E (soft
soil) and also the foundation level motion of a building can be more intense than the FFM. A
constant transfer function value of 1.0, which is likewise obtained from the numerical analyses, is
correctly predicted by the models at larger periods. Based on these findings, it can be observed

that both analytical models are capable of accurately predicting the embedment effects.

On the other hand, completely different behavior is obtained for deeply embedded
subterranean levels of 3BS (Figure 4.8) and 5BS (Figure 4.9), particularly in the case of subsoil E,
where the transfer function values even greater than one are obtained for periods less than 0.2 sec,
showing that the foundation motion is intensified in comparison to the FFM in this period range.
Additionally, the analytical and numerical values of the transfer functions differ significantly from
one another in this case. Overall, the comparisons depicted in Figures 4.7 - 4.9 and the plots of the
spectra and numerical-based transfer function in Figure 4.1, and Figures 4.3 - 4.4, respectively,
show that contrary to the general trends and what analytical models anticipate, motion at the
subterranean level of a building can be appear stronger than FFM. This is more likely occur at
lower periods and for higher subterranean levels. It should be mentioned that NIST (2012), as well
as the study of Sotiriadis et al. (2019 and 2020) and Scarfone et al. (2020), reported comparable
findings of frequency-dependent foundation motion that is amplified with respect to the FFM. This
disparity may be caused by (i) the simplified fundamental hypotheses utilized to create analytical
models (i.e., (a) rigid subterranean system comprising foundation, it could be stiff but not rigid;
(b) embedded in an half-space homogeneous elastic soil deposit), and (ii) the complexity of

nonlinear numerical models using the direct approach.
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Figure 4.7 Transfer functions obtained from analytical solutions and nonlinear soil model

numerical solutions on soil type with 1BS in (a) soil type D, and (b) soil type E.
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Figure 4.8 Transfer functions obtained from analytical solutions and nonlinear soil model

numerical solutions on soil type with 3BS in (a) soil type D, and (b) soil type E.
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Figure 4.9 Transfer functions obtained from analytical solutions and nonlinear soil model
numerical solutions with 5BS in (a) soil type D, and (b) soil type E.
4.3.3 Inference from Phase Il

In this section, the horizontal transfer function |I,,| obtained from the 2D nonlinear numerical
analyses and those derived from analytical models are compared. The conclusions obtained from

these studies are as follows.

)] The results appeared to reveal that theoretical transfer function models can only accurately

predict the effects of embedment.
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i) The theoretical solutions also give the transfer function as less than one (i.e., |I,,| < 1.0),
which implies the reduction of FIM compared with that of FFM.

iii) The applicability range of analytical transfer function models was also compared with
numerical model results. The models properly anticipate a constant transfer function value
for higher periods, which is consistent with the numerical analyses, whereas the divergence
is more significant, especially within a small time range. This is because most analytical
models always give a smooth reduction in the foundation level motion compared to FFM.

iv) Considerable variances, on the other hand, are noticed for the presence of deep
subterranean levels. This disparity may be caused by (i) the simplified fundamental
hypotheses utilized to create analytical models (i.e., (a) rigid subterranean system
comprising foundation, it could be stiff but not rigid; (b) embedded in an half-space
homogeneous elastic soil deposit), and (ii) the complexity of nonlinear numerical models
using the direct approach.

V) It can be seen that the numerical models can estimate more consistently taking into account
the effects of embedment depths and soil nonlinearity. Nevertheless, the analytical models
fail to account for certain crucial features, such as subterranean levels flexibility, nonlinear
behavior of soil deposit, and frequency-dependent amplification of foundation level motion
relative to the FFM.

4.4 Phase 11 — Effect of different foundation-soil modeling approaches on the seismic

response history of building frames

Phase 111 deals with the effect of different foundation-soil modeling approach on the seismic
response history analysis of building frames with subterranean levels. The analysis scenario
encompasses different modeling strategies and possible three soil deposits under the specified
seven earthquake input motions and allows for investigating the seismic response demand of the
medium-rise RC-MRF building with subterranean levels. This comprises dynamic characteristics
and other responses of the building structure. The most common displacement measure for
evaluating the structural dynamic behavior under a given seismic load is lateral displacement. In
this study, the relative maximum horizontal displacement has been computed from the nonlinear
seismic response analysis of all building models across the height of the structure. This

consideration has been made to visualize the effect of different modeling strategies on the seismic
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response of the structures. To have a thorough comparison between the outcomes as well as draw
a clear conclusion about the effect of various modeling strategies and subsoil conditions, average
maximum values of storey-level relative lateral displacements and inter-storey drift ratios are

estimated. The following sections contain a detailed discussion of the results.

4.4.1 Modal analysis

The modal analyses were carried out to predict natural modes of frequencies for the
structural and soil model with different alternative models in various soil deposits. The results of
this analysis are applied to estimate the Rayleigh damping coefficients and damping ratio using
equations 3.5 - 3.8 for nonlinear dynamic response analysis. The application of Rayleigh damping
is a very popular and effective method of accounting damping effect in incremental nonlinear finite
element analysis (Khazaei et al., 2017; Manolis and Markou, 2012). The results of the first mode
analyses are presented as period values in Table 4.1. Since models 1A and 1B have fixed-base and
are independent of the soil condition, their period values are the same for all three soil types, as
indicated in the table. The fundamental period of vibration of models 1B, 2A, 2B, and 3A on soil
type C increased by 14%, 46%, 31%, and 19%, respectively, in comparison to the fixed-base model
(1A) without subterranean levels and SSI. Likewise, resting on soil type D increased by 14%, 78%,
60%, and 41%, and on soil type E increased by 14%, 98%, 75%, and 57%, respectively. The results
of period lengthening show good agreement with provisions of ASCE/SEI 7-10 (2010),

particularly for flexible-base models.

Table 4.1 Fundamental period of vibration (T1) of the soil structure system with different

alternative models in various soil deposits.

Soil type Alternative models
1A 1B 2A 2B 3A
C 2.66 2.38 2.16
1.82 2.08 3.23 2.92 2.57
E 3.60 3.18 2.86
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4.4.2 Storey lateral displacement
4.4.2.1 Effect of different modeling strategies

The average maximum lateral displacements along the storey level of the five alternative
models subjected to the seven ground motions considered have been plotted in Figure 4.10. It is
observed that the relative lateral storey displacement profile over the height of a building with
different alternative models varies nonlinearly with superstructure height. Comparing the results
for average lateral displacements of the fixed-base and flexible-base alternative models resting on
subsoil types C (Figure 4.10a), D (Figure 4.10b), and E (Figure 4.10c), the horizontal storey level
displacements of the flexible-base conditions for all soil types are higher than corresponding fixed-
base conditions. It is evident from the result that as the flexibility of the base increases, the relative

storey lateral displacements increase.

99



15

—— | A
—e— 1B
12 |—t—2A
S ——3A o
5 91 %
— —
ton b
g 6 5
2 A
3
0 T T 0 T T T T T
0 50 100 150 0 50 100 150 200 250
Storey lateral displacement (mm) Storey lateral displacement (mm)
(a) (b)
15
12
©
5 91
_
>
(]
s 6
N

OI T T T T T T
0 50 100 150 200 250 300 350

Storey lateral displacement (mm)

(©)

Figure 4.10 Average storey level lateral displacement results of nonlinear seismic response
analyses of a 15-storey model for five different alternative models on soil type: (a) C, (b) D, and
(c) E.

The maximum relative displacement response demands of the structure with 1A, 1B, 2A,
2B, and 3A alternative models in different soil profiles reach: for soil type C 96 mm, 107 mm, 127
mm, 119 mm, and 113 mm, respectively; for soil type D 133 mm, 154 mm, 200 mm, 181 mm, and
171 mm, respectively; and for soil type E 167 mm, 202 mm, 303 mm, 266 mm, 241 mm,
respectively (Figure 4.11a).
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Figure 4.11 The maximum storey lateral displacement.

As presented in Figure 4.11b, the maximum lateral displacements of the building with
different base models resting on soil type C increased by 12%, 33%, 25%, and 18% for 1B, 2A,
2B, and 3A models, respectively, in comparison to fixed-base model (1A). For the models on soil
type D, it is increased by 16%, 50%, 36%, and 29% for 1B, 2A, 2B, and 3A models, respectively,
in comparison to the fixed-base model (1A). Similarly, it increased by 21%, 82%, 60%, and 45%

for the models on soil type E. It has been shown that a noticeable increase in displacement arises
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in flexible-base models and the effects are more prevalent in soil type D (medium) and soil type E
(soft).

The ratio of (Usesi/Urs) relative lateral storey displacement of soil-basement-structure
interaction (Usgsi) to relative lateral storey displacement of fixed-base without subterranean levels
(Urs) was plotted. Figure 4.12 shows the normalized relative lateral displacement variation in
comparison to fixed-base building structures without subterranean levels and SSI in three different
soil types. From this figure, it has been observed that the lower storeys are more influenced by the
interaction between soil, subterranean levels, and superstructure, particularly in a soft soil medium
with flexible-base models. Furthermore, the flexible-base model represented by model 2A exhibits

the highest relative lateral storey displacement in comparison to all other models.
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Figure 4.12 Normalized relative lateral displacement variation in comparison to fixed-base

model without subterranean levels and SSI on soil type: (a) C, (b) D, and (c) E.
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The maximum of Usgsi/Urs ratio is estimated and shown in Figure 4.13. The figure clearly
reveals that the rate of increase for different soil stiffness is linear. As presented above in Figure
4.12c and clearly observed in this figure, furthermore, the higher values are occurred in soil type
E particularly the flexible-base model denoted by model 2A. The results also show that as the
stiffness of soil decreases, the maximum normalized relative storey displacement increases in

comparison to fixed-base model (1A).

Soil Type

Figure 4.13 Maximum normalized relative storey lateral displacement in comparison to fixed-
base (1A).

4.4.2.2 Effect of subsoil condition with the different base condition

Figure 4.14 presents the relative lateral storey displacement profile over the height of a 15-
storey building on three different subsoils for five alternative models. It can be observed that the
displacement profiles are varying nonlinearly over building heights. The results indicate that the
lateral storey displacement increases as the stiffness of soil decrease for all alternative models
(Figure 4.14a-e). The influences are more prevalent in structures simulated with soft soil (soil type
E) and with flexible base models 2A, 2B and 3A as shown respectively in Figure 4.14c, d and e.
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Figure 4.14 Average storey level lateral displacement results on three different subsoils for five
foundation models: (a) 1A, (b) 1B, (c) 2A, (d) 2B, and (e) 3A.

Figure 4.15 shows the variation of maximum lateral displacement with the alternative

models used in this study.
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Figure 4.15 The maximum storey lateral displacement.

As presented in Figure 4.15a, the maximum lateral storey displacement response demands
of the structure model in type C, D, and E soil profiles reach: for model 1A 96 mm, 133 mm, and
167 mm, respectively; for model 1B 107 mm, 154 mm and 202 mm, respectively; for model 2A
127 mm, 200 mm and 303 mm, respectively; for model 2B 119 mm, 181 mm and 266 mm,
respectively and for model 3A 113 mm, 171 mm and 241 mm, respectively. The maximum relative
lateral displacements of the building in comparison to the building on soil type C increase by 39%
and 74% for model 1A, respectively (Figure 4.15b). Similarly, increased by 43% and 88% for
model 1B, 57% and 138% for model 2A, 52% and 123% for model 2B, and 52% and 114% for
model 3A, respectively, in comparison to building on soil type C. The results indicate that the
lateral relative storey displacement of the building structure increases as the stiffness of the subsoil
decrease. Lateral storey displacement for soil type E (soft) is higher than soil type D (medium) and

C (dense), consecutively, for all alternative base models of the building.
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Furthermore, Figure 4.16 show normalized relative storey lateral displacement of the

building structure in comparison to soil type C with different alternative models.
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Figure 4.16 Variation of normalized relative story lateral displacement of the building structure
with different alternative models in comparison to in soil type C: (a) 1A, (b) 1B, (c) 2A, (d) 2B,
and (e) 3A.
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From these figures, it can be observed that the normalized maximum response of building
structure in a comparison of the building on soil type C of all models increased by 1.39 and 1.74
for model 1A (Figure 4.16a). Likewise, increased by 1.50 and 2.01 for model 1B (Figure 4.16b),
1.73 and 2.86 for model 2A (Figure 4.16c), 1.59 and 2.22 for model 2B (Figure 4.16d), and 1.54
and 2.35 for model 3A (Figure 4.16¢), respectively, in comparison to building on soil type C. Itis
also confirmed that the lateral displacement increases as the stiffness of the soil decrease. Hence,

the effect is more significant in soil types D and E.

It can be easily observed from the above results that the relative storey lateral displacement
values are intensified by the effect of flexible-base condition and incorporation of subterranean
levels, as well as the effect of subsoil condition. The higher relative storey lateral displacement
was observed in flexible-base models, especially the building with subterranean modeled in
relatively loose soil deposits (soil types D and E). Therefore, as the structure base flexibility
increases, the governing relative storey lateral displacement increases. Likewise, in soils with less

stiffness, the structural response is observed to be intensified.

In general, the detailed 3D finite element model represented by model 3A can predict more
consistently taking into account the complex SSI problem, soil-structure nonlinearity, and
subterranean levels effects. In a comparison of other models to model 3A (Figure 4.17), however,
the flexible model represented by 2A highly amplified the storey lateral displacement, which is
because the model failed to account for some important features such as soil nonlinearity and
damping effects (i.e., In this case, the soil is only represented physically by springs). In contrast,
the response results of fixed-base building structures represented by models 1A and 1B attenuated
the response demands in comparison to flexible bases. It is because of disregarding the effect of

subterranean levels in model 1A and the seismic SSI in both models.
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Figure 4.17 The normalized relative storey lateral displacement demands with respect to model
3A in soil type (a) C, (b) D, and (c) E.

4.4.3 Inter-storey drift ratio

In the analysis of the effects of lateral loads on the stability of vertical members, inter-storey

drift ratio (DR) is one of the important parameters. It is a dimensionless parameter that

characterizes the storey-level lateral displacements with respect to the corresponding storey height.

The inter-storey drift can be utilized directly in the design and serviceability evaluation for beams

and columns of the frame and can be associated to damage at the floor level (Ghobarah, 2004) as

presents in Table 4.2. The DR values of the fixed-base and flexible-base models were evaluated
using equation 4.1 as per IS 1893-1 (2016).
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X —X)

DR = —+——
(Hiz1 — H;)

(4.1)

where X, , is the lateral displacement at (i + 1)** storey level, X; is the lateral displacement at

i storey level, and H;,, and H; are height at (i + 1) and i*" storey level, respectively.

Table 4.2 Drift ratio (%) limits associated with various damage levels (Ghobarah, 2004).

S.No State of damage Ductile MRF
1 No damage <0.2
2 Repairable damage
a) Light damage 0.4
b) Moderate damage <1.0
3 Irreparable damage (> yield point) >1.0
4 Severe damage — Life safe — Partial collapse 1.8
5 Collapse >3.0

In this study, the minimum DR requirements of the fixed-base superstructure without
subterranean levels were satisfied to be within the allowable limit (0.4%) during the analysis and
design of the adopted building structure as per IS 1893-1 (2016). The DR values presented in the
following sections were evaluated from the corresponding average values of the maximum storey

lateral displacements for each base condition in different subsoil deposits.

4.4.3.1 Effect of different modeling strategies

The DR values of the 15-storey building structure with subterranean levels were evaluated
and compared with various alternative models on different stiffness of soil deposits. Figure 4.18
shows the DR distribution of the building structure with different models for varying stiffness of

soil.
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Figure 4.18 Average inter-storey drift ratio results for five different models on soil type: (a) C,
(b) D, and (c) E.

As shown in Figure 4.18a, the DR value intensifies and reaches its maximum between the
third and fifth storey levels on soil type C. The corresponding maximum DR values of the building
with 1A, 1B, 2A, 2B, and 3A models are 0.0032, 0.0034, 0.0040, 0.0037, and 0.0035, respectively.
The results reveal that, taking into account the interaction between the soil, subterranean levels,
and superstructure, the DR values of the building on soil type C using the 2A model virtually
reached the allowable value. Similarly, Figure 4.18b and c show the DR profile over the height of
the building on soil types D and E, respectively. These values are 0.0040, 0.0043, 0.0062, 0.0056,
and 0.0051 on soil type D, and 0.0048, 0.0060, 0.0090, 0.0076 and 0.0070 on soil type E for models
1A, 1B, 2A, 2B, and 3A, respectively. It is clearly observed from the results that the maximum
values of the DR predominantly reached within the lower storeys (i.e., between third and seventh

storey) of the building for both soil types and all alternative models and the DR value exceeded

110



the maximum permissible value (Figure 4.19). Furthermore, with reference to both Figures 4.18
and 4.19, the DR values are varying with different alternative models and soil stiffness. It is also
observed from the figures that the DR values for all models in three soil types are higher than the
fixed-base model represented by model 1A. The results prove that the incorporation of
subterranean levels and SSI intensify the DR values of the building structure, particularly in soil

types D and E.
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Figure 4.19 The maximum inter-storey drift ratio.

Figure 4.20 presents the normalized DR distribution of different alternative models in
comparison to the fixed-base model without subterranean levels and SSI simulated in soil types C,
D, and E. The normalized DR values increases as the stiffness of the soil changes from dense to
soft. As revealed in these figures, these values are more pronounced in the lower (below third) and

upper (above twelfth) storeys of all alternative models.
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Figure 4.20 Normalized inter-storey drift ratio variation in comparison to fixed-base model without

subterranean levels and SSI on soil type: (a) soil type C, (b) soil type D, and (c) soil type E.

The maximum normalized DR values are obtained to be 2.12, 2.52, 2.30 and 2.00,
respectively on soil type C for 1B, 2A, 2B and 3A soil-structure system models. Also, the
normalized DR values for 1B, 2A, 2B and 3A are 2.14, 3.29, 2.81 and 2.39 respectively simulated
on soil type D. Similarly, these values are 2.50, 4.86, 3.19, and 2.97 respectively on soil type E.
The highest normalized DR was observed in a SSS modeled with 2A followed by 2B, 3A, and 1B
(Figure 4.21).
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4.4.3.2 Effect of subsoil conditions with different base conditions

As observed in the above sections, the stiffness variation of subsoil conditions induces a
significant effect on the distribution of DR values over the height of the building structure having
different base conditions. Figure 4.22 shows the average maximum DR results of nonlinear

dynamic response analyses of the 15-storey model on three different subsoils for five alternative

models.
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Figure 4.22 Average inter-storey drift ratio results on three different subsoils for five different
models: (a) 1A, (b) 1B, (c) 2A, (d) 2B, and (e) 3A.

The maximum DR of the structure model in type C, D, and E soil types reach 0.0032, 0.0040,
and 0.0048 respectively for model 1A (Figure 4.22a); 0.0034, 0.0043, and 0.0060 respectively for
model 1B (Figure 4.22b); 0.0040, 0.0062 and 0.0090 respectively for model 2A (Figure 4.22c);
0.0037, 0.0056 and 0.0076 respectively for model 2B (Figure 4.22d), and 0.0035, 0.0051 and

114



0.0070 respectively for model 3A (Figure 4.22e). The results of the analysis show that the
maximum DR value of the building structure exceeded the permissible limit, except in soil type
C. In addition, the DR distribution of the building structure increases as the stiffness of the subsoil
decrease. The higher values of DR occur within the lower story level of the building, between the

third and seventh storey levels.

Furthermore, the building response demand in terms of normalized maximum DR is
presented in Figure 4.23 in comparison to results obtained from building on soil type C simulated
with different alternative models. The maximum normalized DR values for all the three types of
soil and five model condition are given in Table 4.3. As can be seen from this table, the highest
normalized DR was observed on the structure simulated in soil type E followed by soil type D and
occurs within the upper storey level of the structure. It is clearly observed that as the soil stiffness
decreased from stiff to soft the distribution of the normalized DR value with respect to soil type C
(stiff soil) increased, predominantly in soil type E. Therefore, the analysis results confirm that the

building response is found to be more intense in soils with low stiffness.
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Table 4.3 Normalized maximum inter-storey drift ratio in comparison to soil type C.

Soil type
Models C D E
1A 1.00 2.25 3.81
1B 1.00 1.72 2.33
2A 1.00 1.64 3.96
2B 1.00 1.55 3.37
3A 1.00 1.71 3.30

In summary, the results of the seismic response analysis of building structure with
subterranean levels utilizing various alternative models in different soil deposits show that the
response of the superstructure is affected significantly due to the incorporation of the subterranean
levels and SSI with different approaches. As the flexibility of the base of the structure including
subterranean levels increases, the lateral translational and rotational movement of the structure
increases within subterranean levels and foundation level, which causes an intensification of storey
level lateral displacement, as well as the corresponding DR of the superstructure. Likewise, as the

stiffness of soil varies from dense to soft, these response parameters further increase.

4.4.4 Inference from Phase 111

In this section, the results obtained from numerical studies on the influence of various
alternative modeling strategies for seismic response history analysis of building frames with

subterranean levels are presented. The conclusions obtained from phase 111 are as follows.

a) Storey level lateral displacement

)] The relative lateral storey level displacement profile over the height of a building with
different alternative models varies nonlinearly with height.

i) The horizontal storey level displacements of the flexible-base models for all soil types are
higher than the corresponding fixed-base conditions. It is evident from the result that as the

flexibility of the base increases, the relative storey lateral displacements increase.
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i)

vi)

vii)

viii)

It is also found that the maximum storey lateral displacements of the building with different
alternative models founded on soil type C have increased by 12%, 33%, 25%, and 18%
respectively for models 1B, 2A, 2B, and 3A in comparison to fixed-base model (1A).
Lateral displacement of the different alternative modes resting on soil type D increased by
16%, 50%, 36%, and 29% in comparison to the fixed-base model (1A) for 1B, 2A, 2B, and
3A, respectively.

In comparison to the fixed-base model (1A), the lateral displacements of the alternative
models on soil type E increased by 21%, 82%, 60%, and 45%, respectively, for 1B, 2A,
2B, and 3A.

It is found that a noticeable increase in displacement occurs in flexible-base models. The
influences are more predominant in flexible-base supported structures modelled in soil type
D (medium) and soil type E (soft) soil.

The relative storey lateral displacement values were intensified by the effect of flexible-
base conditions and incorporation of subterranean levels, as well as the effect of subsoil
conditions. The higher relative storey lateral displacement was observed in flexible-base
models, especially the building with subterranean levels simulated in relatively loose soil
deposits (soil types D and E). In summary, as the structure base flexibility increases, the
maximum relative storey lateral displacement increases. Similarly, in soils with less
stiffness, the structural response was observed to be intensified by 16% - 82%.
Furthermore, the flexible-base model represented by model 2A exhibits the highest relative
lateral storey displacement in comparison to all other models, whereas models 2B and 3A

show relatively the same values with a small difference.

b) Inter-storey drift ratio

i)

The maximum DR values of the building with 1A, 1B, 2A, 2B, and 3A models are 0.0032,
0.0034, 0.0040, 0.0037, and 0.0035 respectively on soil type C. It is clear from the results
that the DR values of the building on soil type C with the 2A model almost reached the
permissible value considering the interaction between soil, subterranean levels, and
superstructure.

Similarly, the DR values are 0.0040, 0.0043, 0.0062, 0.0056, and 0.0051 on soil type D,
and 0.0048, 0.0060, 0.0090, 0.0076 and 0.0070 on soil type E for models 1A, 1B, 2A, 2B,

and 3A respectively. It is observed from the results that the maximum values of the DR
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predominantly reached the lower storeys of the building and exceeded the permissible
value for both soil types and all alternative models.

i) The normalized DR distribution in comparison to the fixed-base model without
subterranean levels and SSI simulated on soil types C, D, and E were evaluated (Figure
9b). The maximum normalized DR values are obtained to be 2.12, 2.52, 2.30, and 2.00,
respectively, on soil type C for 1B, 2A, 2B, and 3A soil-structure system models. Also, the
normalized DR values simulated on soil type D are 2.14, 3.29, 2.81, and 2.39 for models
1B, 2A, 2B, and 3A, respectively. Similarly, the DR values on soil type E are 2.50, 4.86,
3.19, and 2.97, respectively.

iv) The highest normalized DR was observed in a soil-structure system modelled with 2A
followed by 2B, 3A, and 1B. Furthermore, the results reveal how the incorporation of
subterranean levels and SSI significantly intensify the DR values of the building structure.

V) The highest DR was observed on the structure simulated in soil type E followed by soil
type D and occurs within the lower storey level of the structure. It is observed that as the
soil stiffness decreased from dense to soft the distribution of the DR value increased,
predominantly in soil type E.

4.5 Phase IV - Influence of subterranean levels embedment depths on the seismic

response of building frames

The influence of incorporating one or more subterranean levels on the seismic response of
an RC-MRF building was analyzed. This was performed by comparing the results of nonlinear
seismic response analysis of the mid-rise building with and without subterranean levels supported
by various soil deposit subjected to strong earthquake ground motions. The results of the analyses

have been compared and discussed in terms of structural displacements and drifts.

45.1 Modal analysis

Table 4.4 presents the results of the first mode analyses as period values. The fundamental
period of vibration of models 0BS, 1BS, 3BS, and 5BS on soil type C increased by 51%, 34%,
19%, and 6%, respectively, in comparison to the fixed-base model (FB) without subterranean
levels and SSI. Likewise, resting on soil type D increased by 83%, 63%, 41%, and 21%, and on

soil type E increased by 103%, 80%, 57%, and 34%, respectively.
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Table 4.4 Fundamental period of vibration (T1) of the soil-structure system with different

subterranean levels in various soil types.

Soil type Alternative models
FB 0BS 1BS 3BS 5BS
C 2.74 2.43 2.16 1.93
1.82 3.33 2.96 2.57 2.21
E 3.69 3.27 2.86 2.43

4.5.2 Storey lateral displacement
45.2.1 Effect of subterranean levels and embedment depths

The average maximum lateral displacements along the storey level of the building frame
with fixed-base, without and with subterranean levels have been plotted in Figure 4.24(i). The
results reveal that the relative lateral storey displacement profile over the height of a building with
different models varies nonlinearly with superstructure height. The maximum relative lateral
displacement of the structure with FB, OBS, 1BS, 3BS, and 5BS models in different soil profiles
reach: for soil type C (Figure 4.24i-a) 96 mm, 131 mm, 122 mm, 113 mm, and 103 mm,
respectively; for soil type D (Figure 4.24i-b) 133 mm, 206 mm, 184 mm, 171 mm, and 150 mm,
respectively; and for soil type E (Figure 4.24i-c) 167 mm, 310 mm, 274 mm, 241 mm, 202 mm,

respectively.

Comparing the results for average lateral displacements of the fixed-base model and flexible-
base models without and with subterranean levels resting on subsoil types C, D, and E, the
horizontal storey level displacements of the flexible-base conditions for all soil types are higher
than corresponding fixed-base conditions (Figure 4.25a). It is evident from the result that as the
flexibility of the base increases (i.e., as the subterranean levels decreases in this study), the relative

storey lateral displacements increase.
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Figure 4.24 (i) Average storey level lateral displacement and (ii) normalized relative lateral
displacement variation in comparison to fixed-base model on soil type: (a) C, (b) D, and (c) E.
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Figure 4.25 Maximum storey lateral displacement.

As shown in Figure 4.25b, the maximum lateral displacements of the building frame without
and with subterranean levels resting on soil type C increase by 37%, 27%, 18%, and 8% for 0BS,
1BS, 3BS, and 5BS models, respectively, in comparison to fixed-base model (FB). For the models
on soil type D, it is increased by 55%, 38%, 29%, and 13% for OBS, 1BS, 3BS, and 5BS models,
respectively, in comparison to the fixed-base model (FB). Similarly, it increased by 86%, 64%,

45%, and 21% for the models on soil type E. It has been shown that a noticeable increase in
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displacement arises in flexible-base models and the effects are more prevalent in soil type D

(medium) and soil type E (soft).

The ratio of (Ussi/Urg) relative lateral storey displacement of building frame having different
subterranean levels incorporating soil-structure interaction (Uss)) to relative lateral storey
displacement of building frame with fixed-base at the ground surface (Urg) was plotted. Figure
4.24(ii) shows the normalized relative lateral displacement variation in comparison to fixed-base
building frames resting on three different soil types. From these results, it has been observed that
the lower storeys are more influenced by the interaction between soil, foundation, subterranean
levels, and superstructure, particularly in a soft soil medium. The normalized maximum response
of the building frame in soil type C (Figure 4.24ii-a) with O0BS, 1BS, 3BS, and 5BS models are
2.18, 1.89, 1.72, and 1.58, respectively. Similarly, resting in soil type D (Figure 4.24ii-b) is 3.39,
2.83, 2.39, and 1.98, and in soil type E (Figure 4.24ii-c) 4.45, 3.66, 2.97, and 2.43, respectively.
Additionally, the maximum value of Ussi/Urs ratio is shown in Figure 4.26. The flexible-base
model represented by model 0BS exhibits the highest relative lateral storey displacement in
comparison to all other models.
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Figure 4.26 Maximum storey lateral displacement.
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45.2.2 Effect of subsoil condition with different subterranean levels

Figure 4.27(i) presents the relative lateral storey displacement profile over the height of a
15-storey building on three different subsoils for five different models. The maximum lateral
storey displacement response demands of the structure model in type C, D, and E soil profiles
reach respectively: for model FB (Figure 4.27i-a) 96 mm, 133 mm, and 167 mm; for model 0BS
(Figure 4.27i-b) 131 mm, 206 mm and 310 mm:; for model 1BS (Figure 4.27i-c) 122 mm, 184 mm
and 274 mm; for model 3BS (Figure 4.27i-d) 113 mm, 171 mm and 241 mm; and for model 5BS
(Figure 4.27i-e) 103 mm, 150 mm and 202 mm.
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Figure 4.27 (i) Average storey level maximum lateral displacement, and (ii) variation of
normalized relative storey lateral displacement of the building structure with different models in

comparison to in soil type C: (a) FB, (b) 0BS, (c) 1BS, (d) 3BS, and (e) 5BS.
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Figure 4.27 (Continued).

Furthermore, Figure 4.27(ii) shows the normalized relative storey level lateral displacement profile
of the building structure with different models founded on soil type D and E in comparison to soil
type C. Table 4.5 also presents the normalized maximum response of the building frame resting
on soil type D and E in comparison to soil type C. Both figure and table are confirmed that the
lateral displacement increases as the stiffness of the soil decrease.
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Table 4.5 Maximum normalized relative storey lateral displacement in comparison to soil type C.

Soil type
Subterranean levels C D E
FB 1.00 1.39 1.74
0BS 1.00 1.67 2.71
1BS 1.00 1.61 2.58
3BS 1.00 1.52 2.30
5BS 1.00 1.45 2.04

It can be observed from the above results and also as shown in Figure 4.28a, the maximum
lateral storey displacement for soil type E (soft) is higher than soil type D (medium) and C (dense),
consecutively, for all different models of the building without and with subterranean levels. As
presented in Figure 4.28b, the maximum relative lateral displacements of the building structure
simulated on soil type D and E increased by 39% and 74% for model FB respectively in
comparison to the building on soil type C. Similarly, it is increased by 57% and 137% for model
0BS, 51% and 125% for model 1BS, 52% and 114% for model 3BS, and 45% and 96% for model
5BS. The results indicate that the lateral relative storey displacement of the building structure

increases as the stiffness of the subsoil decrease.
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Figure 4.28 Maximum storey lateral displacement.

It can be easily observed from the results of Figures 4.24 and 4.27 that the relative storey
lateral displacement values are intensified by the effect of flexible-base condition and
incorporation of subterranean levels, as well as the effect of subsoil condition. The higher relative
storey lateral displacement was observed in flexible-base models, especially the building without
and with subterranean levels modeled in relatively loose soil deposits (soil types D and E).

Therefore, as the structure base flexibility increases, the governing relative storey lateral
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displacement increases. Likewise, in soils with less stiffness, the structural response is observed

to be intensified.

As explained in the above sections, the results for lateral storey level displacements of the
superstructure on all soil types with flexible-base models were higher than the corresponding
fixed-base conditions. Also, the building with 0BS exhibits the highest relative lateral storey
displacement in comparison to all other models. However, as shown in Figure 4.29 and in
comparison to building with OBS, the effects were reduced as the number of subterranean levels

increased. It was observed that the buildings without subterranean levels are significantly affected

by seismic SSI.
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Figure 4.29 The normalized seismic response demands with respect to model 0BS in soil type (a)
C, (b) D, and (c) E.
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4.5.3 Inter-storey drift
4.5.3.1 Effect of subterranean levels and embedment depths

The DR values of the 15-storey building frame were evaluated and compared. Figure 4.30(i)
shows the DR distribution of the building frame with different subterranean levels and embedment
depths resting on soil with different stiffness. As revealed in Figure 4.30i-a, the DR value increases
and reaches its maximum in the lower storey level of the building frame (i.e., between the third
and fifth storey levels). For building simulated on soil type C, the corresponding maximum DR
values of the building frame with FB, 0BS, 1BS, 3BS, and 5BS models are 0.0032, 0.0041, 0.0038,
0.0035, and 0.0035, respectively. The results of the analysis reveal that the DR value is lower than
the allowable value, except for the flexible-base model without subterranean levels (0BS).
Similarly, Figure 4.30i-b and ¢ show the DR profile over the height of the building on soil types
D and E, respectively. These values are 0.0040, 0.0064, 0.0056, 0.0051, and 0.0046 on soil type
D, and 0.0048, 0.0092, 0.0082, 0.0070 and 0.0058 on soil type E for models FB, 0BS, 1BS, 3BS,
and 5BS, respectively. The results show that for both soil types and all models the maximum values
of the DR predominantly reached within the lower storey levels (i.e., between the second and
seventh storey levels) of the building frame and exceeded the permissible value. Additionally, the
incorporation of the foundation, subterranean levels, and SSI considerably intensifies the DR
values of the building frame in comparison to the fixed-base model.

Figure 4.30(ii) present the normalized DR distribution in comparison to the fixed-base model
without foundation, subterranean levels, and SSI simulated on soil types C, D, and E. For a soil-
structure system with OBS, 1BS, 3BS, and 5BS models on soil type C (Figure 4.30ii-a), the
maximum normalized DR values are obtained to be 2.68, 2.71, 2.00, and 1.58, respectively. Also,
in the system simulated on soil type D (Figure 4.30ii-b), the normalized DR values are 3.39, 2.83,
2.39, and 1.98, respectively. Similarly, these values are 4.45, 3.66, 2.97, and 2.43, respectively, on
soil type E (Figure 4.30ii-c). The results of the analysis revealed that, in all models, the lower and
upper storey levels of the building structure exhibit the major influence. The highest normalized

DR was observed in a soil-structure system simulated on soil types D and E with 0BS.
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Figure 4.30 (i) Average inter-storey drift ratio and (ii) normalized inter-storey drift ratio variation

in comparison to fixed-base model on soil type: (a) C, (b) D, and (c) E.
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45.3.2 Effect of subsoil condition with different subterranean levels

The stiffness variation of subsoil conditions could alter the distribution of DR values over
the height of the building frame. Figure 4.31(i) presents the results of an average maximum DR
obtained from the nonlinear seismic response analyses of the 15-storey model resting on three

different subsoils with different subterranean levels.

The maximum DR of the building frame simulated in soil types C, D, and E reach
respectively 0.0032, 0.0040 and 0.0048 for model FB (Figure 4.31i-a); 0.0041, 0.0064 and 0.0092
for model 0BS (Figure 4.31i-b); 0.0038, 0.0056 and 0.0082 for model 1BS (Figure 4.31i-c);
0.0035, 0.0051 and 0.0070 for model 3BS (Figure 4.31i-d); and 0.0035, 0.0046 and 0.0058 for
model 5BS (Figure 4.31i-e). The results of the analysis show that the maximum DR value of the
building structure exceeded the permissible limit, except in soil type C. In addition, the DR
distribution of the building structure increases as the stiffness of the subsoil decrease. The higher

values of DR occur within the lower story level of the building.
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Figure 4.31 (i) Average inter-storey drift ratio and (ii) variation of normalized inter-storey drift

ratio of the building structure with different models in comparison to in soil type C: (a) FB, (b)
0BS, (c) 1BS, (d) 3BS, and (e) 5BS.
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Figure 4.31 (Continued).

Additionally, the building response demand in terms of normalized maximum DR is
presented in Figure 4.31(ii) in comparison to results obtained from building on soil type C
simulated with different subterranean levels. The maximum normalized DR values are 2.25 and
3.81 on soil types D and E, respectively, for model FB (Figure 4.31ii-a). Similarly, the values are
to be 1.76 and 3.43 for model OBS (Figure 4.31ii-b), 1.69 and 2.94 for model 1BS (Figure 4.31ii-
¢), 1.71 and 3.30 for model 3BS (Figure 4.31ii-d), and 2.08 and 3.83 for model 5BS (Figure 4.31ii-
e) of soil-structure system. The highest normalized DR was observed on the structure simulated in
soil type E followed by soil type D and occurs within the upper story level of the structure. It is
clearly observed that as the soil stiffness decreased from stiff to soft the distribution of the
normalized DR value with respect to soil type C (stiff soil) increased, predominantly in soil type
E.
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45.4 Inference from Phase IV

In this section, the results obtained from numerical studies on the influence of subterranean
levels and embedment depths on the seismic response of building frames resting on different soil
profiles under seismic loads are presented. The conclusions obtained from Phase IV are as follows.

a) Storey lateral displacement

)] The maximum relative displacement response demands of the structure with a fixed-base
(FB) model and zero to five subterranean levels (0BS, 1BS, 3BS, and 5BS) flexible-base
models resting on soil types C, D, and E were evaluated. Comparing the results of the
seismic response analyses, the horizontal storey level displacements of the flexible-base
models for all soil types are higher than the corresponding fixed-base conditions.

i) The maximum lateral displacements of the building resting on soil type C increase by 37%,
27%, 18%, and 8% in comparison to the fixed-base model for OBS, 1BS, 3BS, and 5BS
models, respectively. For the models resting on soil type D, it increases by 55%, 38%, 29%,
and 13% in comparison to the fixed-base model for OBS, 1BS, 3BS, and 5BS models,
respectively. Similarly, it increases by 86%, 64%, 45%, and 21% for the models resting on
soil type E in comparison to the fixed-base model. It is found that a noticeable increase in
displacement occurs in building with 0, 1, and 3 subterranean levels. The effects are more
prevalent in soil type D (medium) and soil type E (soft) soil.

iii) The ratio (Ussi/Urs) of relative lateral storey displacement of soil-structure interaction
(Ussi) to relative lateral storey displacement of fixed-base (Urs) was evaluated. The
normalized maximum response of building structure in soil type C with 0BS, 1BS, 3BS,
and 5BS models are 2.18, 1.89, 1.72, and 1.58, respectively. Similarly, resting in soil type
D are 3.39, 2.83, 2.39, and 1.98, as well as in soil type E 4.45, 3.66, 2.97, and 2.43,
respectively.

iv) The results more relevant to reveal that as the lateral inter-storey displacement reduces as
the number of subterranean levels increases from zero (i.e., no subterranean level) to one,
three, and five.

V) Furthermore, the flexible-base model with OBS exhibits the highest relative lateral storey
displacement in comparison to all other models, whereas the storey lateral displacement
reduces as the subterranean level embedment depth increases.
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Vi)

The results indicate that the lateral relative storey displacement of the building structure
increases as the stiffness of the subsoil decrease. Lateral storey displacement for soil type
E (soft) is higher than soil type D (medium) and C (dense), consecutively, for all models
of the building.

b) Inter-storey drift ratio

i)

i)

The DR values of the 15-storey building structure with various subterranean levels were
evaluated and compared with fixed-base models on different soil deposits. The maximum
DR values of the building with FB, 0BS, 1BS, 3BS, and 5BS models are 0.0032, 0.0041,
0.0038, 0.0035, and 0.0035, respectively. It is clear from the results that the DR values of
the building on soil type C with a 0BS model exceeded the permissible value.

Similarly, these values are 0.0040, 0.0064, 0.0056, 0.0051, and 0.0046 on soil type D, and
0.0048, 0.0092, 0.0082, 0.0070 and 0.0058 on soil type E for models FB, 0BS, 1BS, 3BS,
and 5BS, respectively. It is observed from the results that the maximum values of the DR
predominantly reached within the lower storeys of the building for both soil types and
exceeded the permissible value for all models.

The normalized DR distribution in comparison to the fixed-base model without
subterranean levels and SSI simulated on soil types C, D, and E were evaluated. The
maximum normalized DR values are obtained to be 2.68, 2.71, 2.00, and 1.58, respectively,
on soil type C for 0BS, 1BS, 3BS, and 5BS soil-structure system models. Also, the
normalized DR values for O0BS, 1BS, 3BS, and 5BS are 3.39, 2.83, 2.39, and 1.98,
respectively, simulated on soil type D. Similarly, these values are 4.45, 3.66, 2.97, and
2.43, respectively, on soil type E. The highest normalized DR has been observed in a soil-
structure system modelled with OBS followed by 1BS, 3BS, and 5BS.

4.6 Summary

Numerous issues concerning the influence of subterranean levels with raft foundations on

the seismic response performance of a fifteen-storey medium-rise RC-MRF building located on

dense, medium, and soft soil profiles under earthquake loading were investigated in this Chapter.

A large number of nonlinear seismic response history analyses were carried out by using various

approaches SSI model to study the response of building frames with subterranean levels. The

subterranean levels, subsoil conditions, input earthquake ground motion, and modeling strategies
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were varied in the numerical analysis. The influences of these various parameters on the
foundation-level motion of the structure, storey level lateral displacements, and inter-storey drifts
with different subterranean levels were evaluated in this study. Based on the results, the

conclusions that can be drawn from the present numerical study are listed below.

e Due to the presence of a subterranean system and the stiffness difference between soil
and an embedded component of the structure the foundation level motion of the building
structure the characteristics and value of the FIM are considerably varied with respect to
the FFM.

e For seven foundation level motions recorded on medium and soft soil deposits, it was
observed that the horizontal foundation level motion or FIM of the building structure
decreases compared to the FFM with an increase in the subterranean levels.

e In comparison to close-form solutions, the numerical method is more consistent as it can
incorporate various combinations such as the influences of deeply embedded
subterranean levels along with their flexibility, the nonlinearity behavior of subsoil
deposit, as well as the frequency-dependent attenuation or intensification of the
subterranean level motion, especially in lower periods and higher subterranean levels.

e The seismic response characteristic and demands of the superstructure are considerably
altered by the various modelling strategies often used for the analysis of the seismic
response of building structures.

e The storey level lateral displacement value increases by 12% - 82% and the
corresponding DR value exceeds the permissible 0.4% as the flexibility of the base
increases. It is essentially because of the increase in translational and rotational
movement of the underground structural system in comparison to the fixed-base model.

e The lateral inter-storey displacement and DR are reduced as the number of subterranean
levels increases, whereas the model without subterranean level (0BS) exhibits the highest
response value in comparison to all other models.

e The seismic response demands are also intensified as the degree of compressibility of
soil changes from dense to soft. It is a result of the degradation of soil stiffness in soft

soil deposits which in turn causes additional movements in the substructure systems.
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According to the investigation in this study, however, the incorporation of the influence of
kinematic SSI, subterranean levels, and seismic SSI is required to predict accurately the dynamic
response characteristics and demands of the superstructure with great rigor. Therefore, the inelastic
seismic design of an RC-MRF building structure excluding the substructure level and SSI is not
adequate to assure structural safety, especially the building structure resting on medium and soft

soil deposits.
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CHAPTER -5
SUMMARY AND CONCLUSIONS

5.1 Summary

The aim of this study was to assess the influence of subterranean levels, subsurface site conditions,

and SSI modelling approach on the seismic response of RC-MRF building frame under seismic

loads. This chapter summarizes the major findings of the research as well as recommendations for

future research.

Major Findings of the Work

Effect of subterranean on FIM and applicability of theoretical models

1)

2)

3)

4)

5)

From the numerical and theoretical studies undertaken in this thesis of the influence of
subterranean levels on FIM, it is observed that the foundation level motions of the building
structure were altered due to the presence of a subterranean system and the stiffness difference
between soil and an embedded component of the structure, as well as embedment depths.

The numerical models results reveal that as the subterranean levels increases the characteristics
and value of the FIM are considerably varied with respect to the FFM. These results
demonstrate clearly how the embedded stiff subterranean level existence in different subsoil
conditions causes the high frequencies to be filtered or the reduction of FIM with respect to
FFM.

The numerical method is more consistent as it can incorporate various combination of effects
and nonlinearity behaviour, especially in lower periods and higher subterranean levels.
Theoretical models, however, do not take into account the influences of deeply embedded
subterranean levels along with their flexibility, the nonlinearity behavior of subsoil deposit, as
well as the frequency-dependent attenuation or intensification of the subterranean level motion.
As a result, even if building codes used simplified approaches where FFM was assumed to
represent the base excitation and may often be correct enough, the influence of kinematic SSI
must be taken into account with reference to a variety of substructure systems which is required

to accurately predict the base motion of a structure (FIM).
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Effect of different modelling strategies

1)

2)

3)

4)

5)

6)

The seismic response demand of the superstructure in terms of storey level relative lateral
displacement and DR values were intensified while incorporating the subterranean levels and
SSI, as well as due to the variation of soil density. The influence is more considerable
predominantly in the case of flexible-base models resting in medium and soft soil.

As the flexibility of the base increases, the average storey level lateral displacement and the
corresponding DR value increases. It is essentially because of the increase in translational and
rotational movement of the underground structural system in comparison to the fixed-base
model. In addition, as the soil's degree of compressibility changes from dense to soft, the
dynamic response demands are also intensified. It is a result of the degradation of soil stiffness
in soft soil deposits which in turn causes additional movements in the substructure systems.
Different modeling strategies often used for the analysis of the seismic response of building
structures considerably alter the seismic response characteristic and demand of the
superstructure. The detailed 3D finite element model represented by model 3A can predict
more consistently taking into account the complex SSI problem, soil-structure nonlinearity,
and subterranean levels effects.

However, the flexible model represented by 2A has amplified the storey lateral displacement
and DR values, as the model failed to account for some important features such as soil
nonlinearity and damping effects.

In contrast, the response results of fixed-base building structures represented by models 1A
and 1B attenuated the response demands in comparison to flexible bases. It is because of
disregarding the effect of subterranean levels in model 1A and the seismic SSI in both models.
According to the investigation in this study, the incorporation of the influence of subterranean
levels and seismic SSI is required to predict accurately the dynamic response characteristics
and demands of the superstructure, especially the building structure resting on medium and
soft soil deposits. Therefore, the inelastic seismic design of an RC-MRF building structure

excluding the substructure level and SSI is not adequate to assure structural safety.

Effect of subterranean levels and embedment depths

1)

The flexibility of the superstructure was increased by the subterranean levels and soil.

Comparing the results for average lateral storey level displacements and inter-storey drifts of
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the superstructure on all soil types were higher than the corresponding fixed-base conditions.

However, the effects were reduced as the number of subterranean levels increased.

2) On the other hand, the results indicate that the lateral relative storey displacement of the

building structure increases as the stiffness of the soil decrease from dense to soft. The building

with 0BS exhibits the highest relative lateral storey displacement in comparison to all other

models.

3) The results also indicated that the buildings without subterranean levels are significantly

affected by seismic SSI. But, buildings with subterranean levels are less prone to damage.

Based on the above findings, therefore, it is recommended to incorporate the subterranean

levels in the seismic response analysis.

5.2  Recommendation for further research

Findings presented in this work have illustrated the influence and importance of

incorporating subterranean levels for the seismic response analysis of building frames. The

incorporation of subterranean levels and nonlinear SSI effects can contribute to a better

understanding and lead to a more reliable seismic design of structures. This study has a restricted

scope, thus further investigation could be done in the following areas:

This study has focused only on 15-storey medium-rise reinforced concrete moment-
resisting building frames in a high-risk earthquake-prone zone. Further comparative study
should be conducted considering different heights of buildings and seismic zones for
different response reduction values.

For simplicity and to reduce computational time, a regular building structure with
subterranean levels resting on a mat foundation in a uniform dense to soft soil profile under
several unidirectional earthquake loads was investigated in this study. Future work should
propose irregular building structures resting on different foundation types in layered soil
profiles subjected to three-directional earthquake loadings, which provides a
comprehensive observation to understand the effect of building irregularity, the role of
different foundation types, possible local layered soil effects, and multi-directional

earthquake loadings on the seismic response of building frames with subterranean levels.
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e To simulate the nonlinear behavior of soil under the influence of earthquake loadings a
Mohr-Coulomb constitutive model was used to reduce the number of soil parameters. In
this study, a built-in tool of ABAQUS software was also applied to model the soil-structure
system. It is proposed for future research to utilize custom subroutines in ABAQUS to
develop an innovative auto-modeling system for the rapid generation of integrated
structural and soil domain systems. The subroutine of the modified various constitutive
models can be applied to consider the nonlinearity of the soil in the computational process,
especially for medium and soft soils. This advancement could further enhance the novelty
and the seismic response analysis.

e Although there exists a handful of techniques related to the incorporation of SSI and the
extent of the inclusion of subterranean levels for code-based seismic resistance analysis
and design of buildings. Many regional seismic resistance design codes, on the other hand,
provide insufficient procedures and require that SSI effect and subterranean levels be
considered in the design process. Of course, the development of code-based analysis and
design needs an extensive parametric investigation of various soils, structures, and
foundations. There is a need to develop formulated design guidelines and advanced code-

based design procedures for practical applications in real projects.
5.3 Limitations of the Present Study
The following are the limitations of the present study

» The present work is limited to studying the influence of subterranean levels on the
foundation level input motion and the behaviour of the superstructure.

» The present investigation is limited to numerical model studies only and is validated based
on numerical study only.

» The work has been confined to studying the structural behaviour of the superstructure.

» The water table is considered to be below the bedrock, the soil profile is uniform, and the

shear-wave velocity is consistent with depth.
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