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ABSTRACT

A STUDY ON MODELING SOIL-STRUCTURE INTERACTION EFFECTS
IN BUILDINGS

Nawaf Hani Muslim Al-dayyeni
M.S., Department of Civil Engineering
Supervisor: Asst. Prof. Dr. Ertan S6nmez

April 2019, 147 pages

Soil-structure interaction is usually not considered in the design of most buildings in
civil engineering practice. Based on the assumption that these effects reduce the base
shear (and the overall earthquake load) for most building structures and soil conditions
due to period lengthening, omission of soil-structure effects is in general considered
to be conservative and the buildings are designed as fixed base structures. This
assumption does not hold for certain building structures and soil conditions (e.qg.,

massive structures, tall buildings, and structures on soft soil).

In this thesis, soil-structure interaction effects in buildings are studied using relatively
simple models prepared by a general-purpose structural analysis software (SAP2000).
A symmetrical, 6-story, 6-bay reinforced concrete moment resisting frame is
considered for both two-dimensional (2D) and three-dimensional (3D) building
models. Seismic responses of three different building structures (with varying
dynamic characteristics) on three different homogeneous, elastic soil mediums are
computed and compared with the responses of the corresponding fixed base models.
Soil-structure interaction effects are modeled by two approaches: (i) using soil springs
representing the soil impedance functions (substructure method), and (ii) modeling the
soil medium directly along with the structure and the foundation (direct analysis

method). Two types of foundation are considered in the models: footing foundation
[



(i.e., isolated footings) and raft foundation. ASCE 7-10 acceleration response spectra
are determined based on the soil properties and used to examine the seismic response
of the models considered. A limited study is also performed by time-history analyses
using an actual earthquake ground acceleration record (1940 El Centro).

Analyses of 2D and 3D models showed the well-known period lengthening effect of
soil-structure interaction clearly. The results of this study indicate that spring models
based on soil impedance functions that are widely used in practice lead to a lesser
period lengthening effect compared to direct models. Similarly, by examining the base
shear, story displacement, story drift, and foundation settlement results, it is observed
that the soil-structure interaction effects were more significant in the direct models

compared to the spring models.

Keywords: Soil-structure interaction, direct analysis, substructure analysis, seismic

response of buildings
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ZEMIN-YAPI ETKILESIMININ BINALAR UZERINDEKI ETKILERININ
MODELLENMESI UZERINE BiR CALISMA

Nawaf Hani Muslim Al-dayyeni
Yiiksek Lisans, Ingaat Miihendisligi Boliimii
Tez Yoneticisi: Dr. Ogr. Uyesi Ertan Sonmez

Nisan 2019, 147 sayfa

Zemin-yap1 etkilesimi, insaat miihendisligi uygulamalarindaki ¢ogu binanin
tasarimimda genellikle géz Oniine alinmaz. Zemin-yap1 etkilesiminin bina dogal
periyodunun uzamasina sebep olmasindan dolay1 taban kesme kuvvetinin (ve bina
Uzerindeki toplam deprem yukuniin) azaldig: varsayilarak, ¢ogu bina yapilar1 ve zemin
kosullar1 i¢in bu etkilesimin ihmal edilmesi daha glvenli sayilir ve binalar zemine
ankastre mesnetlenmis olarak tasarlanir. Bu varsayim, bazi bina yapilar1 ve zemin

kosullar1 (agir yapilar, gokdelenler, ve yumusak zemin gibi) i¢in gecerli degildir.

Bu tezde binalardaki zemin-yap1 etkilesimi, genel amagli bir yapisal analiz yazilim1
(SAP2000) ile hazirlanmis gorece basit modeller kullanilarak calisilmustir. iki boyutlu
(2B) ve ii¢ boyutlu (3B) bina modelleri i¢in simetrik, 6 kath, 6 agiklikli moment
dayamimli betonarme bir cergeve kullanilmustir. Ug farkli homojen elastik zemin
Uzerinde t¢ farkli binanm (farkli dinamik karakteristiklere sahip) sismik tepkileri
hesaplanmis ve zemine ankastre modellerin tepkileriyle karsilagtirilmistir. Zemin-yap1
etkilesimi iki farkli yaklasimla modellenmistir: (i) zemin empedans fonksiyonlarini
temsil eden mesnet yaylar1 kullanarak (altyap1 yontemi) ve (ii) zeminin Ust yap1 ve
temel ile birlikte dogrudan modellenmesi (dogrudan analiz yontemi) ile. Modellerde

tekli temel ve radye temel olmak tzere iki tur temel dikkate alinmistir. Modellerin
i



sismik tepkileri zemin 6zelliklerine gore belirlenen ASCE 7-10 ivme spektrumlari
kullanilarak hesaplanmistir. Gergek bir deprem yer ivmesi kayd: (1940 El Centro)

kullanilarak zaman tanimli analizler ile de smirli bir ¢alisma yapilmistir.

2B ve 3B modellerin analiz sonuglari, zemin-yap1 etkilesiminin binanin dogal
periyodunu uzatma etkisini net bir sekilde gostermistir. Bu ¢alismada, uygulamada
yaygin olarak kullanilan zemin empedans fonksiyonlarina dayali, zeminin mesnet
yaylar1 ile temsil edildigi modellerde (yay modelleri) binanin dogal periyodunu uzatma
etkisinin dogrudan analiz modellerine gore daha az oldugu gozlemlenmistir. Benzer
sekilde, taban kesme kuvveti, kat yer degistirmesi, kat 6telemesi ve temel oturmasi
sonuglar1 incelendiginde, dogrudan analiz modellerinde zemin-yap1 etkilesiminin, yay

modellerine gore daha yiiksek hesaplandigi goriilmistiir.

Anahtar Kelimeler: Zemin-yap1 etkilesimi, dogrudan analiz, altsistem analizi,

binalarm sismik tepkisi
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CHAPTER 1

INTRODUCTION

1.1 Statement of Problem

Buildings are generally designed as fixed base structures in civil engineering practice,
ignoring the soil-structure interaction effects. This is based on the assumption that soil-
structure interaction effects reduce the base shear (and the overall earthquake loads)
for most building structures and soil conditions, and therefore their omission is usually
considered to be conservative. However, this assumption does not hold for certain
building structures and soil conditions. Therefore, it is important to have a good
understanding of the soil-structure interaction effects and to know when these effects

can be ignored and when they must be considered.

Depending on the location of the building, the supporting soil may have very different
properties and two buildings identical to each other may have different structural
behaviors under the same earthquake excitation if the soil beneath them have different
characteristics. For example, if the structure is lightweight, flexible and built on a very
stiff rock foundation, an adequate assumption is that the input motions at the base of
the structure are the same as the free-field ground motions. Free-field motion, is a
ground motion which is not influenced by the presence of the structure. Further, if the
structure is very heavy and stiff, and the foundation is soft, then the motion at the base
of the structure may be significantly different than the free-field motion. Soil-structure
interaction (SSI) takes place due to the connection between the structure and the base.
This process, in which the response of the soil influences the motion of the structure
and the response of the structures influences the motion of the soil. The degree of
influence of SSI on the response of structure depends on soil stiffness, dynamic
characteristics of the structure itself (i.e., natural period and damping ratio), and

stiffness and mass of the structure.



Foundation design of the structure depends on the collaboration of two civil engineers,
who are: geotechnical and structural engineers. Geotechnical engineers perform tests
and computations using soil samples from the field and provide the necessary data
(i.e., soil stiffness, bearing capacity, etc.) to the structural engineers. Using the data
presented in the soil report, structural engineers finalize the structural design of the

foundation and the superstructure.

Modeling the interaction between structure and soil is not straightforward. The
heterogeneous, anisotropic and nonlinear force-displacement characteristics of soil
make its modeling difficult. To understand the SSI problem, it is necessary to have
some information of the influence of local soil condition in changing the nature of free
ground motion and have information of the earthquake wave propagation through the
soil. When the seismic wave propagates through the soil as an input ground motion,
its dynamic characteristics depend on the modification of the bedrock motion. The
knowledge of the vibration characteristics of the soil medium is very useful in
determining the soil impedance functions and fixing the boundaries for an infinite soil

medium when the wave propagation analysis is implemented.

1.2 Literature Review

There has been a large number of studies on soil-structure interaction in the literature
starting early last century. A brief summary of important contributions to this field is

presented in this section.

In the 1920s, Okabe [1] and Mononobe et al. [2] studied the effect of the soil on the
seismic response of a retaining wall by considering the retaining wall as a rigid body.
This proposal was a simple extension to Coulomb’s theory for the static case. Despite
the many developments along the years, it is still commonly used in practice today
(Roesset [3]). In about one decade later, Sezawa and Kanai (e.g. [4], [5], [6]) published
their studies, using a model with thin cylindrical rod ended at the base by a
hemispherical tip which is embedded in a homogenous half-space. In their work, the

hemispherical base is subjected to plane, vertically propagating primary (P) waves,
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which upon hitting the foundation, are partially dispersed in all directions and partially
transferred into the rod, that in turn feeds back into the soil. They found that the
response of the structure was limited due to the energy loss as some of the waves fed
back into the soil, even for undamped superstructures; therefore, they concluded that
the soil-structure interaction was beneficial for the structure. In 1940, Martel [7]
introduced one of the earliest explanations on the seismic soil-structure effects in the
United States, reporting observations which cite the results of studies on the
Hollywood Storage Building during the 1933 Long Beach earthquake. In his
observations, he inferred that the damage in buildings that rest on soft soils or high
elevation could be more common than in buildings resting on rock or firm level. Later,
Merritt and Housner [8] studied the effect of foundation compliance on seismic
response of multi-story buildings using actual horizontal ground acceleration records.
They found that the lateral compliance of the foundation does not have a significant
effect on motions but the rocking could be more important. In their study, they used a
simple system where the superstructure was idealized as a rigid block on a rotational
spring whose stiffness was based on the moment of inertia of the base about the rocking
axis together with the bearing capacity of the soil. They inferred that any beneficial
effects of rocking in decreasing base shear depend on the earthquake characteristics
and the height of the building. Three years later, Housner [9] revisited the subject by
comparing the motions in the foundation in two directions (short dimension in the
North-South direction and long dimension in the East-West direction), he noticed that
waves in the ground which propagated over the long direction have been filtered, being
the first researcher who demonstrated the kinematic interaction phenomenon, which
happens because the stiff structure cannot conform to the ground deformations caused
by waves shorter in wavelength than the foundation dimensions, and therefore the stiff

structure filters them out.

During the 60s and 70s, the seismic soil-structure interaction has been paid more
comprehensive attention by researchers due to the development and construction of
nuclear power plants. Parmelee (e.g. [10], [11]) considered a simple rigid plate on an
elastic half-space with three degrees of freedom, namely the translation of the top and
the base, and rotation of the base, this model was included in Bigg [12]. The system

was put on constant frequency independent springs (lateral and rocking springs) which
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are based on Bycroft [13] stiffness functions to simulate the stiffness of the foundation.
Parmelee [10] used just the static stiffness without any damping, thus, he obtained the
harmonic response functions. But, in a later paper Parmelee [11], he took into
consideration the frequency-dependence of the foundation impadences along limited
frequency range that were available at that time and utilized artificial earthquakes with
no greater than ten terms. Thereafter, Sarrazin [14] revisited Parmelee’s model but the
model was considered for the height of the center of mass of the foundation over the
line of action of the soil spring. It is worthy to be noticed that both of them used
frequency-dependent impedances and evaluated the impedance at the coupled soil-
structure frequencies to be able to deal with frequency independent such as springs and
dashpots. Moreover, they confirmed Housner’s disagreement by saying that the main
interaction effects are likely to be because of the base rotation rather than the changes
in the translation and in most practical cases swaying is unimportant. In the following
years, Maccalden and Matthiesen [15] extended Bycroft’s work, which consists of an
analytical model of a single rigid circular foundation over an elastic half-space and
they improved a matrix formulation for the solution of the produced dynamic
displacements of the foundations near a harmonically loaded foundations on an elastic
half-space. Locu and Contesse [16] considered the two-dimensional anti-plane
problem of the interaction between two or more shear walls put on rigid circular
foundations and subjected to diagonally or vertically incident shear horizontal (SH)
waves. They found a solution to the 2D wave diffraction problem by parametric studies
and presented that very closely spaced groups of buildings might cause interaction
effects near the fundamental frequencies of the buildings and at very low frequencies.
Moreover, Triantafyllidis and Neidhart [17] used an analytical-numerical approach to
analyze the dynamic cross-interaction of two rigid circular surface foundation on
different surface types (such as linear elastic, homogenous, and isotropic half-space
surface) that are subjected to Rayleigh waves impacting at random angle. They
deduced that additional loads orthogonal to the propagation direction acted on the
foundations due to scattered waves, with their intensity depended on the distance

between the foundations and the excitation frequency.

As the soil-structure interaction field has matured, two types of interaction have been

identified as kinematic interaction and inertial interaction. When the earthquake
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ground motion in the free-field varies over the area corresponding to that of the rigid
foundation, then it could be constrained and modified by the rigid foundation. This
deviation from free field motion is called kinematic interaction between the soil and
foundation. Further, inertial forces are generated by foundation motion during
earthquakes, the inertial forces are distributed along the height of the structure cause a
resultant base shear and an overturning moment at the foundation, which leads the
compliant soil to deform which in turn increases translations and rotations at the base
of the structure (Dutta and Rana [18]). Elsabee and Morray [19] studied these effects
on for a soil stratum of finite depth over stiffer rock. Furthermore, Luco and Wong
[20] studied the effects but for the viscoelastic half-space. Studies show that the
kinematic interaction effect is very important for embedded foundations (e.g. [18],
[19]). In reality, both effects occur together, so both of them should be taken into

consideration when it comes to analysis and design (Scanlan [21]).

The above studies were based on the elastic half-space with shallow foundation on a
homogenous soil layer, which allows engineers making simple and practicable
analysis for the structure. Seed et al. [22] argued that these studies were not suitable
for the dynamic interaction analysis of structures having deep foundations. Therefore,
as the computers became more powerful, it became possible to model flexible
foundations which were embedded in inhomogeneous media, irregular-shaped, and
more complex effects such as the inelasticity of the soil. During that time, many
sophisticated and efficient computing methods began being used in the modeling and
analysis of the soil-structure interaction such as finite element method (FEM) is an
efficient widely used method, which can discretize a continuum into a series of
elements having limited sizes to calculate for the mechanics of the continuum.
Moreover, the finite element method has the ability to deal with complex geometry
and the non-linear behavior of the soil and the structure more efficiently than other
methods. Gonzales [23], Roesset and Gonzales [24], and Solari et al. [25] used the
finite element type formulation in conjunction with compatible boundaries to
investigate the three-dimensional soil-structure interaction problem. Their model
consists of two square rigid foundations resting on linear-elastic layer under vertically
propagating S-waves (Lou et al. [26]). Later on, Rosset [27] concluded that the

nonlinearity of soil controls the accuracy and rationality of the soil-structure
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interaction analysis. Nevertheless, there has not been many studies considering the
non-linear behavior of soil due to the complexity and time-consuming computation of

the non-linear phenomena.

Another numerical method that has been used widespread in soil-structure interaction
problems is the boundary element method (BEM). The FEM and BEM have both been
developed in the 1950s; however, the BEM took much more time to become popular
in the soil-structure interaction field. Dominguez [28] was one of the pioneers who
found the first solutions for rectangular foundations employing the boundary element
(boundary integral equation) method. Based on experimental verifications and the
results obtained from the boundary element method (BEM), Gazetas [29] suggested
expressions to compute the stiffness and damping coefficients for randomly shaped
footings resting on homogeneous elastic half-space soil. Gazetas [29] established a
benchmark literature in the field of dynamic soil-structure interaction. With the leaps
that have been made by Kausel [30] and Luco and Luco and Apsel [31] in this field,
using the publication of Green’s functions for layered media, solutions became

possible to be found for surface or embedded foundations of arbitrary shapes.

Two general methods have been developed to be used in the seismic soil-structure
interaction analysis. The first one is the direct method in which the foundation and the
structure are modeled together and analyzed in one step. Seed et al. [32] says the direct
approach is “complete solution”, it could be the best solution in a case where the non-
linear time domain analysis is considered with three-dimensional models of the soil
and the structure, permitting to take all types of waves into consideration. Nelson and
Isenberg [33] proposed the soil island approach, which was developed for problems
with significant nonlinear soil behavior. In this procedure, the analysis is performed in
the time domain including the nonlinear soil behavior. The soil mass did not have to
transmit or absorbing lateral boundaries; therefore, the procedure was not give an
accurate solution for a linear elastic case or if the internal damping was very low. The
second method is the substructure method. In this method, the problem is divided into
three parts: determination of the foundation motion without any structure by using
seismic waves, calculation of the dynamic stiffness for the foundation, and dynamic

analysis of the structure with the foundation inserted and subjected to the motion
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calculated in the first step. Kausel and Roesset [34] proposed the substructure method.
Substructure method is more efficient than the direct method as most of the
disadvantages of the direct method can be eliminated when the substructure method is
carried out. It has the ability to break down the complicated soil-structure system into
more manageable parts which can be more easily solved and checked. Veletsos [35]
and Luco [36] provided more details regarding the substructure method. Lysmer et al.
[37] developed a more accurate linear three-dimensional substructure solution in
SASSI software.

Dutta and Rana [18] introduced procedures that take SSI in the seismic analysis of
structures into account with a comprehensive review of the literature. A
comprehensive discussion of the methods of dynamic soil-structure interaction

analysis is presented in Wolf [38] and Wolf and Song [39].

1.3 Objectives and Scope of the Thesis

The aim of this thesis is to investigate soil-structure interaction effects in buildings,
using relatively simple models prepared by the general-purpose structural analysis
software SAP2000. For that purpose, seismic responses of different building structures
with varying dynamic characteristics that are supported by different soil mediums are
examined and compared with the responses of the corresponding fixed base models.
Soil-structure interaction effects are modeled by two approaches: (i) defining soil
springs representing the soil impedance functions (substructure method), and (ii)
modeling the soil medium directly along with the structure and the foundation (direct
analysis method). Two types of foundation are considered in the models: footing
foundation (i.e., isolated footings) and raft foundation. ASCE 7-10 acceleration
response spectra are determined based on the soil properties and used to examine the
seismic response behavior of the models considered. A limited study is also performed
by time-history analyses using an actual earthquake ground acceleration record (1940
El Centro).

The statement of the problem and the review of previous work are presented in the

previous sections of this chapter. Chapter 2 provides detailed background information
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about soil-structure interaction methods, modeling of soil medium, site response
analysis, and various standard or recommended practice documents providing
guidance on modeling of soil-structure interaction effects. The details regarding the
soil models, acceleration response spectra and ground acceleration record used in this
study are presented in Chapter 3. The descriptions of 2D & 3D models and their
seismic response obtained by response spectrum analysis and time history analysis are
given in Chapters 4 and 5. The final chapter summarizes the main points of this study
and presents the concluding remarks.



CHAPTER 2

SOIL-STRUCTURE INTERACTION

This chapter presents background information about soil-structure interaction. In
Section 2.1, analysis methods are discussed. In Section 2.2, the impedance functions
are defined and the methods of obtaining impedance functions are summarized. In
Sections 2.3 and 2.4, static and dynamic soil-structure interaction are described,
respectively. In Section 2.5, several types of commonly used boundary conditions are
explained. In Section 2.6, the site response analysis is described and the equivalent
linear and nonlinear analysis are discussed. Finally, the guidance and requirements
specified by various codes and recommended practice documents in regard to the soil-

structure interaction are discussed.

2.1 Analysis Methods for Soil-Structure Interaction
2.1.1 Direct Analysis Method

The direct approach is one of many methods which is used to analyze the soil-structure
interaction system. The direct approach is performed by utilizing the finite element
method where the whole soil-structure interaction system is modeled and analyzed in
one step. The equation of motion for the finite element model could be written as
below:

Mii + Cu + Ku = —M,, 1 il (2.1)
where

M = Mass matrix for the entire structure, foundation, and soil

C = Damping matrix (material) of the structure and the soil

K = Stiffness matrix of the total system, which can be generated using standard
assembling procedure

M, = Mass matrix having non-zero masses for the structural degree of
Freedom

I = Mass matrix having non-zero masses for the structural degree of freedom
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u,; = Free field ground acceleration (can be calculated by doing one simple
one-dimensional analysis of site model, prior to the soil-structure
analysis)

u = the vector of relative displacement with respect to the base/foundation

The right side of the Eq. (2.1) shows the inertia force which attempts to deform the
soil at the soil-structure interface when transferred to the foundation in the shape of
shear force and moment. This deformation of soil which is resulted from the inertia
forces at the interface propagates in a shape of radiation damping waves which affect
the structure-foundation-soil response. If the radiation damping waves are not
dissipated or reflected back from the boundary into the model, an error in the
computation may occur. In order to overcome this error, some techniques have been
made such as energy absorption boundaries of dampers. Figure 2.1 illustrates an

overview of direct modeling method.

| Structure _

Foundation Medium
_\ [ Interface

|
'

Interior Soil

Ll

Boundaries

Figure 2.1 Direct method

In the case where the soil-structure interaction system is assumed as fully linear or
equivalent linear, the analysis should be carried out in the frequency domain which is
faster than time history analysis. On the other hand, if the system is treated as a

nonlinear system, then the analysis can be carried out in the time domain.
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2.1.2 Substructure Method

The substructure method consists of three steps. The first step of this method is
calculation of the foundation input motion in the absence of the structure and
foundation (model is assumed to have stiffness but no mass). This motion varies from
the free field motion and includes translational and rotational components. The
difference between the free-field motion and the foundation input motion represents
the effects of kinematic interaction. This step needs that the earthquake input motion
in the free-field being known at any point of the ground surface and the rock-outcrop.
The second step is evaluation of the frequency dependent impedance functions. The
stiffness and damping of the soil-foundation interaction can be represented by using a
simple impedance function or a series of distributed dashpots and springs. This step
shall account for the geometric and material properties of the foundation and soil using
equivalent linear elastic properties for soil convenient for dynamic shear strains of the
working site. The third step is computation of the response of the superstructure on
frequency dependent foundation (soil springs) and exciting the system through the
foundation by bumping the ends of the springs and dashpots employing the
translational and rotational components of foundation input motion. Figure 2.2

illustrates the substructure method.

1Sub-structure No. 1

Distributed
dashpots and springs - ‘

Massless foundation 4 A
1 L
- I .. . - I
Soil + Soil = Soil
) I L
PREERERELS EEEEREREY
Incident waves Excitation with FIM of structure
Free field Sub-structure No. 2 Soil - structure interaction

Figure 2.2 Substructure method
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2.2 Impedance Functions
2.2.1 Definition of Impedances

The design and analysis of foundation under dynamic loads have grown considerably
over the past decades. In order to perform such design and analysis, the determination
of the dynamic response of the soil-foundation system is required. The relationship
between forces and displacement is expressed by impedance functions. The dynamic
soil impedance or stiffness is utilized to model the soil-foundation response to dynamic
loads. The dynamic force-displacement relationship for the foundation can be written
as follows:

p(w) = k(w) * U(w) (2.2)
where

p = the dynamic load

k = the impedance or stiffness function

= the displacement

w = the frequency

By definition, six dynamic degrees of freedom are required to formulate the dynamic
equilibrium of a foundation when the 3D system is considered. The degrees of freedom
are three translational and three rotational. So, Eq. (2.2) can be written in form of
matrices as below:

0 Ky my (@)

{P \ [ Kyx(w) 0 0 0 ] [Ux]
P, 0 K,y (w) 0 Ky mx (@) 0 0 [ Uy |

{ P, }= 0 0 K,,(w) 0 0 0 *| U, |
M, 0 Kpy(@) 0 Kpy(w) 0 0 | |Uxl

{MyJ Kpyx(@) 0O 0 0 Kpy(@) 0O |lUryJ|
M, 0 0 0 0 0 Ky ()] LU,

where
P, = the lateral excitation force
P, = the lateral excitation force
P, = the vertical excitation force
M, = the interaction overturning moment about x-axis
M,, = the interaction overturning moment about y-axis
M, = the torsional moment z-axis

U, = the horizontal translation
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U, = the horizontal translation

U, = vertical translation.
U, = the rocking rotations about x-axis
U, = the rocking rotations about y-axis

U,., = torsional rotation about z-axis

Celebi et al. [40] stated that the foundation stiffness and damping depended on the
frequency of excitation. The relation between impedance, applied load and
displacement can be written as follows:

P(w)
U(w)

Procedures that have been developed to calculate the frequency dependent dynamic

K(w) = (2.3)

impedances of different types of soil supported foundation are discussed in the

following section.

2.2.2 Methods to Obtain Impedance Functions
2.2.2.1 Finite Element Method

Finite element method is one of the methods that can be used in the seismic soil-
structure interaction analysis. The structure which has finite dimension interacts
dynamically through the structure-soil interface with the soil of infinite dimensions,
which is called the unbounded medium. The unbounded medium can be modeled with

finite elements by using special treatment (Wolf and Song [41]).

In the substructure method, the dynamic properties of the unbounded medium are
demonstrated by the interaction force-motion equation which is defined on the

structure-medium interface.
t
R(t) = fMe(t—T)*{ii(T)}dT (2.4)
0

where

M®(t) = the unit-impulse response matrix of the medium relating the
accelerations G (T) to the interface forces R(t)
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In the direct method, the adjacent medium to the structure-medium interface is
modeled by employing finite elements to the artificial boundaries, that act as
transmitting boundaries. Many methods such as damping-solvent extraction method
and doubly-asymptotic multi-directional transmitting boundary method used artificial
boundaries in modeling unbounded soil medium (Wolf and Song [41]). As an
alternative, the similarity-based formulation is proposed by Wolf and Song [41], using
the finite element method and standard matrix operations could be exercised to
calculate M®(t) in Eq. (2.4).

A two-dimensional half-space with a discretized structure-medium interface is shown
in Figure 2.3 to demonstrate the concept. A similar imaginary interface is created by
selecting the similarity center C. The two similar interfaces are defined via their
characteristic lengths r; and r,. A relationship between the unit-impulse response
matrices at the two interfaces of the unbounded medium is derived by utilizing the
dimensional analysis. The area between the two interfaces is discretized with finite
elements. Standard finite element formulation provides another relationship between
the two unit-impulse response matrices (Wolf and Song [41]). So, the M®(t) value can

be calculated using these two relationships.

\ Structure-medium

interface
r

s

Similar Fictitious e
nteraction

Figure 2.3 Finite element domain for the unbounded soil medium

|
.

|

-

In the damping-solvent extraction method which is proposed by Wolf and Song and
Wolf (e.g. [41], [42]) the dynamic stiffness matrix [S® (w)] that utilized in a frequency-
domain analysis based on the substructure method could efficiently be calculated. In
this method, damping is assumed to be a solvent for calculating the dynamic stiffness

matrix in the frequency domain of the undamped unbounded medium. There are three
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steps are involved in this procedure. The first step is modeling a finite region of the
unbounded medium close to the structure and a bounded medium by using finite
elements. Hence, damping is introduced artificially as a solvent in the actual medium.
The damping effects are reducing the amplitudes of the outgoing waves (w) which
propagate from the structure-medium interface to the outer boundaries and diminishing
the amplitudes of the reflected waves (R). These effects result in negligible amplitudes
when waves reach the structure-medium interface. Thus, the structure-medium
interface’s motion depends only on the outgoing waves (w). The second step is
assuming that the dynamic stiffness matrix of the artificially damped bounded medium
which is calculated in the first step to be equal to the dynamic-stiffness matrix of the
unbounded medium has the same artificial damping. The third step is extracting the
influence of the artificial damping on the dynamic-stiffness matrix. This elimination
of the damping solvent should be independently performed for each element of the
matrix for every frequency, employing the following equation:

1 : d|S,(w)
SO(w) = in 2i3<[53(w)] + (1 + 2iz - 1)W%> (2.5)

2.2.2.2 Boundary Element Method

The boundary element method is a numerical method that is used for a wide class of
problems in applied mechanics. This method has two advantages (Beskos [43]): (i)
reducing the dimensionality of the problem by one and (ii) having a high accuracy for
a wide class of problems in linear elastodynamics, particularly when the medium is

infinite or semi-infinite.

Aq C = the scaling center
Sy = displacement boundary
S St = traction boundary
* A, = additional displacement

Ay = additional traction boundary

St
Figure 2.4 lllustration of the boundary element method
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Beskos [43] stated that the analytic solution of the boundary integral equations was
only possible for very simple geometries and time variations functions in the elastic
dynamic solutions. Moreover, Beskos demonstrated that the elasto-dynamic numerical
solution should be performed for the general case of arbitrary geometries and time
variation functions. In the elasto-dynamic numerical solution, the time domain
approach has two steps. The first step is discretization of the real-time axes into a series
of equally spaced time values having a constant variation of displacements and
tractions over every time interval. The second step is discretization of the boundary S
of the region into a number of flat triangular or quadrilateral elements over each of
which constant distribution of displacements and tractions. For the frequency domain
approach, the same procedure is used for spatial discretization. The direct BEM is used

in both time domain and frequency domain.

2.2.2.3 Perfectly Matched Layer Technique (PML)

The perfectly matched layer is a numerical technique that is utilized as absorbing and
transmitting boundaries. In other words, the perfectly matched layer (PML) absorbs
and attenuates all the waves inside the layer. The PML is placed adjacent to a truncated
bounded or unbounded domain. Then, the continuum PML is mathematically
formulated through applying a complex-valued coordinate stretching to the elastic
wave equation, so all waves with all angles of incidence are absorbed without any
reflecting from the interface. Therefore, the PLM is called “perfectly matched” to the
truncated domain. The attenuated waves are reflected towards the truncated domain
from the outer boundaries of the PML which might be fixed boundaries. The
coordinate stretching values can be explained as follows: Given a plane wave

propagating in a lossless domain expressed by e**, a coordinate stretching is a change

of variable by letting x equals to x'(a’ + ia’). Then, e?** becomes e**~ka'x" |tcan
be said that a wave becomes attenuative in the stretched x’ coordinate when the

stretching variable is complex. Figure 2.5 illustrates the PML technique.
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Figure 2.5 Perfectly matched layer (PML) technique

2.2.2.4 Thin Layer Method (TLM)

The thin-layer method is a semi-discrete numerical procedure which is used for the
dynamic analysis. Basically, this method consists of a partial discretization of the wave
equation in the direction of layering. Therefore, the finite element solution is utilized
for the layering coordinate direction and closed-form solutions or other numerical
approaches are utilized for the remaining coordinate directions. In order to solve the
wave equation, the physical domain is divided into layers which are thin in the finite
element sense. The number of layers depends on the interpolation order m which used
for the thin-layer formulation. The thin layers are labeled from top to the bottom as
shown in Figure 2.6. Tractions are applied to preserve the equilibrium of the exposed
surfaces. The following equation represents a partial discretization of the displacement
field in the direction of layering:

u=N=*U (2.6)
where

N = N(z) = is the matrix containing the interpolation polynomials

U = U(x,y,t) = the column vector composed of the interface displacement
vectors.

U=[r uh, .. UL I (2.7)
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Figure 2.6 Discrete thin layer as free domain

Finally, the equation below can represent the complete system of layers. The interface
tractions P = P(x,y,t) where applied at the layer interfaces with the displacements
U = U(x,y,t). This system which is accurately banded has a total of 3N degrees of
freedom, where N is the number of active interfaces which depends on the number of
layers.

52U 52U 52U ouU BSU+GU 28
*oxz TV exsy TV Eyr *éx Y 6y (28)

h
M= U NTN, dz}
0

h
Ay = {f NTDMNdZ},oc= X,y
0

P = Mii— A

where

h
Ayy = {f NT(Dy, + Dyx)N dx}
0

h n
ch:{f NTDOCZN’dZ}— {f N’TDZOCNdZ},oc=x,y
0 0

h
G = {f N’TDZZN’ dZ}
0

All the coefficients listed above are matrices which are given in Kausel [44].

2.2.2.5 Simple Physical Models

Foundations on deformable soils can be represented by simple physical models to be

used for soil-structure interaction analysis. (Wolf [45]). These simple physical models
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can be used to obtain the interaction force-displacement relationship (dynamic
stiffness). Moreover, the simple physical models can be utilized for everyday practical
foundation vibration analysis, having a small number of degrees of freedom and some
springs, dashpots, and masses which have frequency-independent coefficients. Two
types of simple physical models are considered: the truncated cones and the spring-
dashpots mass models.

To represent many practical dynamic cases, some assumptions are proposed such as
disk on surface half-space, cylinder embedded in half-space, disk on the surface of the
layer, cylinder embedded in the layer, hammer foundation with a partial uplift anvil,
and soil pressure on a vertical wall for seismic excitation in Wolf [45].

The disk on the surface half-space assumption is divided into three models. The first
model is the truncated cone model, which is represented in Figure 2.7 for translational
(vertical) and rotational (rocking) components of motion. In this model, a rigid
massless foundation with area A, and moment of inertia I, are put on the surface of
homogeneous half-space with mass density p, shear wave velocity Cs, Poisson's ratio
v, and dilatational (primary) wave velocity Cp. The truncated cone model has an
equivalent radius r, and a height z,. Shear (secondary) wave velocity Cs and

dilatational wave velocity C, are obtained from the following equations:

G

Co= |— (2.9)
p
E

Cp= |—= (2.10)
p

where
G = the shear modulus
E. = the constrained modulus which is calculated by using the equation below:
_26(1—)

== (2.11)
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Figure 2.7 Truncated cone model

For the practical application purposes, the translational and rotational cones can be

constructed by using springs and dashpots which denoted as a discrete-element model,

shown in Figure 2.8. Table 2.1 shows the properties of the cones and coefficient of the

springs and dashpots models.

Poto
M,
7N
(M),
C |Ik ¢ -k
w\ ‘-:}I/ \“ _JJ-C
N, \/
// \\
e N\
(a) (b)

Figure 2.8 Equivalent spring-dashpot models: (a) discrete-element model for
translational cone; (b) discrete-element model for rotational cone

Table 2.1 Geometry and wave velocity of cone model and coeficients of a spring-

dashpot-mass model for the disk on half-space

Motion Horizontal Vertical Rocking Torsional
Equivalent A, A, 4|41, +|21,
radius 7, T T T T
Aspect T T c o C 91
-2-v —(1-v)(=)? — (1 —v)(=)? —
catioz, /r. | 8 Z-v) 2 ( )(Cs) 37 )(Cs) %
Poisson’s 1 1 1 1 1 1
All <= - - <= - <= All
ratio v vo|v=3] 3PSz | V=3 3°V=2 v
Wave
. Cs Cp 2Cs Cp 2Cs Cs
velocity C
Trapped
1 1
mass AM, 0 0 2.4 (v - §> PA,r, 0 1.2 (v - §) PA,r, 0
AMO
2 Io
D:screte- K = p? 1;1_0 Ky = 3P¢ g
t
elemen 0 Co=P.l,
model C= P4,
MO = PZOIO
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The second model is a spring-dashpot-mass model without an internal degree of
freedom which is shown in Figure 2.8. The static stiffnesses and dimensionless
coefficients are presented in Table 2.2. To calculate the dashpot’s damping coefficient

and mass moment of inertia for rotation, the following equations should be used:

Lo 2.12

C .V k (2.12)

M=2uk (2.12)
Cs

where
1, = the equivalent radius
Cs = the shear wave velocity
k = the stiffness of spring
y = the dimensionless coefficient of dashpot

u = the dimensionless coefficient of mass

Table 2.2 Static-stiffness and dimensionless coefficients of a spring-dashpot-mass
model for the disk on half-space

Motion Static stiffness The dimensionless The dimensionless
k coefficient of dashpot y coefficient of mass u
Horizontal 8Gr, 0.58 0.095
2—v
Vertical 46T, 0.85 0.27
2—v
0.3
. 8Gr?
Rocking 3(1—%) 1+ 3(1 —v)m 0.24
— "] gy
81, p
0.433 m
. 16Gr?
Torsional 0 5 0.045
3 1+2m \Ip o
P71

The third model is the spring-dashpot-mass with an internal degree of freedom (u,)
which is shown in Figure 2.9. The static stiffnesses and dimensionless coefficients are
listed in Table 2.3. The model has a spring with a static stiffness coefficient, k and a
dashpot having a damping coefficient of C,. The dashpot connects the disk with its
mass M, (mass moment of inertia for rotation) to a rigid support and, an internal
degree of freedom u, at its own mass M, (mass moment of inertia for rotation) is

introduced. The M, is connected by a dashpot C;to the disk. To calculate the dashpot
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damping values C, and C; and mass moment of inertia for rotation M, and M;, the

following equations should be used:

T,
C, = C— Yo k (2.13)
S
T,
C, = C—Oylk (2.15)
S
2
Mo =5t k (2.16)
S
2

where
1, = the equivalent radius
Cs = the shear wave velocity
k = the stiffness of spring
Yo, Y1 = dimensionless coefficients of dashpots

Uo, U, = dimensionless coefficients of masses

Pous

Cs
k ~LIC,
M, Uy 11Uy

(a) (b)

Figure 2.9 Equivalent spring-dashpot models with an internal degree of freedom: (a)
discrete-element model for translational cone; (b) discrete-element model for
rotational cone
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Table 2.3 Static-stiffness and dimensionless coefficients of a spring-dashpot-mass
model for the disk on half-space

Static Dimensionless coefficients of
Motion stiffness Dashpots Masses
K Yo Vi Ko m
. 8G
Horizontal o | 0.78—0.4v - - -
2—v
1
- 0
_ 4 v <
Vertical 6o 0.8 0.34 — 4.3v* 3 1 0.4 — 4v*
2-v 11 09 (v - —)
v >z 3
3
1
8Gr? v<3 0
Rocking = - 0.42 —0.3v2 1 0.34 — 0.2v*
31-v) 11 061 (v ——)
v > 3
3
3
Torsional % 0.017 0.291 - 0.171

2.3 Static Soil-Structure Interaction

The modulus of the subgrade reaction is a fundamental soil property. It is a function
of soil elastic properties which are the initial response and the long-term response due
to the soil unification from the permanent loading, loading intensity which influences
the long-term unification settlement, the amount of surface area loaded and load shape
over which the load is applied, and the stiffness of the slab which influences the
distribution of the soil bearing pressure. The following equation represents this
relationship between the modulus of the subgrade reaction and the settlement and
pressure:

P=K=x*A (2.18)
where

P = the reaction pressure

A = the deflection (settlement)

K = the modulus of subgrade reaction

In order to obtain the modulus of subgrade reaction, the plate load test is performed.
In this test, the soil layer is subjected to the compressive stress applied through a
number of rigid plates of increasing sizes. Next, the deflections are measured for
various stress values. After this procedure, a graph is plotted as the average settlement

in mm on the x-axis and the load in KN/mm? on the y -axis. The pressure p
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corresponding to a settlement of 1.25 mm is calculated from the graph. The modulus

of subgrade reaction K is calculated from Eq. (2.18).

Walker and Holland [46] stated that using the subgrade reaction (Winkler foundations)
had other analytical limitations such as the displacement at one location did not affect
the settlement at other points. In their opinion, the Winkler foundations are not correct.

Winkler foundations are shown in Figure 2.10.

Foundation
P‘

N

Springs are not coupled
)/ ; "not related to each other”

Finite element foundation soil

settlement in loaded arca influence
pl /

other area far from the load

Figure 2.10 Uncoupled and coupled analytical systems

In this case, the Winkler foundations are considered as an uncoupled foundation
because the springs do not interact simultaneously. By contrast, the soil settlement can
be considered as coupled by using the solid finite element foundation model.
Determination of the convenient subgrade reaction values for wide area sustained
loading is more complex compared to short-term loadings. Terzaghi [47] concluded
that the soil settlements utilized to modify the plate load subgrade reaction were
settlements over the nearly uniform soil pressure elevation, as illustrated in Figure

2.11, which is used to determine the subgrade reaction.
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Figure 2.11 Soil settlements used for evaluating subgrade reaction for wide area
long-term loads

2.4  Dynamic Soil-Structure Interaction

Seismic waves are generated when a fault ruptures, and they propagate in all directions
from their source. Wave propagation of seismic waves through the soil medium, the
foundation and the structure are illustrated in Figure 2.12. Incoming seismic waves
(indicated as E,) through the soil medium transform into two types when they hit to
the bottom of the foundation.  The first type is transmission waves (indicated as E,),
which enter in the structure. The second type is reflecting waves (indicated as F,),
which are reflected back the soil. When the transmission waves enter the structure, they
travel in the upward direction which induces the structure to vibrate. After that, waves
reflect at the top and travel back down to the foundation of the building (indicated as
F;). At this stage, soil-structure interaction phenomenon happens. Soil structure
interaction (SSI) is the process which the response of the soil influences the motion of
the structure and the motion of the structure influences the response of the soil. Again,
a part of the wave is transmitted into the ground, however, the rest is reflected and
starts moving in the upward direction through the structure (indicated as F,). The
waves which are transmitted to the ground are radiation waves (indicated as R,). When
the radiation waves are of small magnitude, the seismic waves transmitted into the
structure continue to be trapped in it, then the structure starts to vibrate continuously
for a long time, similar to lightly damped structures. Radiation waves produce a

damping which is known as radiation damping of the soil. Radiation damping
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increases the total damping of the soil-structure system in comparison to the building
itself.

Basically, two essential interactions are involved in the phenomenon of the dynamic

soil-structure interaction which defined in the following subsections.

Top

]

i
~——

Structure

R S |
| [N

Foundation —
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Figure 2.12 Wave propagation during soil-structure interaction

2.4.1 Inertial Interaction

Inertial forces are generated by foundation motion during earthquakes. They are
distributed along the height of the structure, causing a resultant base shear and an
overturning moment at the foundation, which leads the compliant soil to deform which
in turn increases translations and rotations at the base of the structure. As a result,
structures become more flexible when the vibration periods increase. Foundations
which are subjected to earthquake excitation act as a finite source of vibration that
transmits waves propagating through the soil towards infinity. There are six degrees
of freedom of the foundation motion that allows the deformation to propagate away
from the structure. The compliance of soil could be modeled by using springs and
dashpots. The effect of soil-structure interaction can be estimated by comparing the

system without and with springs and dashpots.
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The inertial interaction could be analyzed as illustrated in Figure 2.13 (a) using a single
degree of freedom structure of mass m and lateral stiffness K, and height h on a fixed
foundation. The system is excited by static force F which cases deflection 4. The

following equation represents the relationship between the force and the deflection:
F

A= (2.19)

The undamped natural vibration frequency w and the period T of the structure are

defined as:
— |k
o= \/; (2.20)
T = g =2 m 2.21

After substituting Eqg. (2.19) into Eq. (2.20) and Eq. (2.21), square of the period is
obtained as:

mA
T? = (2m)? T (2.22)

In Figure 2.13 (b), the same structure is considered with vertical, horizontal and
rotational springs at its foundation. These springs represent the effects of soil
flexibility against a rigid foundation. The vertical spring stiffness in the z-axis is K,
while the horizontal spring stiffness in the x-axis is K,,, and the rotational spring in the
x — z plane is K,,,,. When the mass is subjected to a force F in the x-direction, the
structure deflects. The base shear deflects the horizontal spring by wu, while the base

moment deflects the rotational spring by 8. The base moment can be obtained by
multiplying the applied force by the height of the structure. The total deflection A" with
respect to the free-field at the top of the structure can be obtained from Eqg. (2.23) or
Eq. (2.24).

F
A==+ w+0.h (2.23)
YL S P 2.24

K K, 'Ky (2.24)

The flexible base period T' is obtained after substituting Eq. (2.24) into Eq. (2.22):
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4

1 h?

1
= (2m)*m <E+K—X+K—yy> (2.25)

mA
T' = (2m)?
(2m) 7

By combining Eq. (2.21) and Eq. (2.24), the following equations are obtained:

T’Z_K L
T) ~\K K. K,

LA [P S 2.26
T K, K, (2.26)

Eq. (2.26) can be employed for the multi-degree of freedom (MDOF) structures by

using the height h, as the height of the center of the mass. This height is called the
effective model height which is approximately used as 0.7 or two-thirds of structure
height in ASCE codes.

(a) (b)
Figure 2.13 A simplified model for analysis of inertial interaction: (a) fixed-base
model; (b) model with vertical, horizontal, and rotational flexibility at its base

2.4.2 Kinematic interaction

When the earthquake ground motion in the free-field varies over the area
corresponding to that of the rigid foundation, then it could be constrained and modified
by the rigid foundation. This deviation from free field motion is termed as kinematic
interaction between the soil and foundation. In other words, the kinematic interaction
resulted from the presence of a stiff foundation on or in the soil medium. The deviation
occurs because of embedment effects as well. The kinematic interaction deals with
wave propagations. Wave propagation affects the structure foundation considering the
geometry and stiffness properties of the structural foundation and soil. The seismic
wave propagation happens by deformation in the soil medium. The foundation cannot

deform by the same amount as the soil because of the foundation is assumed to be very
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rigid in comparison to the soil deposits. The effects which result from the wave
propagation is known as kinematic interaction effects (Gazetas [29]). The analysis
output from the kinematic interaction is an effective input motion, which is called as
foundation input motion (FIM). The mathematical transformation from the free field
motions to the foundation input motions can be performed by a frequency dependent

transfer function which is a site-specific curve (Ghalimath et al. [48]).

Kinematic interaction is explained by tau () effect in Clough and Penzien [49]. This
Kinematic interaction is due to translational excitation along the rigid slab. In Figure
2.14, the shear wave moves in the y-direction producing ground motion in the x-
direction that various with y-direction. Tau (7) is defined as the ratio of the amplitude
component of translational motion to the amplitude of a harmonic component of free

field motion which is formed in the following equation:

T = & J2(1 —cosa’) (2.27)

, W D y 2t D 228
o = =W (2.28)
where
V7, = apparent wave velocity
D = the dimension of the base in the y-direction
A(w) = the wavelength which can be obtained from the following equation:
2V,
A(w) = 4 (2.29)

In the case where the foundation dimension is very small compared with the
wavelength of the ground motion, the values of t decreases. Therefore, the tau effect
can be negligible. In contrast, when the foundation dimension is large enough
compared to the wavelength of the ground motion, the tau effect should be taken into
consideration. In this case, the foundation motion could be less than the free-field
ground motion. The kinematic interaction produces rocking and torsion modes of

vibration in the structure. These two modes do not exist in the case of free field motion.
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(d)
Figure 2.14 Kinematic interaction: (a) vertical motion modified, (b) horizontal
motion modified, (c) incoherent ground motion prevented, and (d) rocking motion

Kramer [50] proposed a computation procedure to calculate the deformation caused
by the kinematic interaction assuming that the structure and foundation with stiffness
don’t have masses. Eq. (2.30) represents this assumption.

[Msou] (g} + [K{ug} = —[Msoul 15 () (2.30)
where

[M,,;;] = the mass matrix assuming that the structure and foundation are
massless

[ug;] = the foundation input motion
K = the stiffness matrix

i, = the acceleration at the boundary

2.4.2.1 Free field ground motion (FFM)

The free field ground motion (FFM) refers to the ground motion that is located far
enough from any foundation and is not affected by the presence of any foundation. In
other words, the free field ground motion is the ground motion which is not affected

by the motion of any nearby structures.
2.4.2.2 Foundation input motion (FIM)

When the ground start to vibrate due to seismic waves, the motion of the foundation
and the free ground become different from each other, with the foundation motion
becomes smaller. This foundation motion is termed as a foundation input motion
(FIM) which is used in the analysis of the structure. Kinematic soil-structure
interaction is a result of the inability of a rigid foundation to adapt to the deformation

pattern of the soil at the foundation-soil interface. Therefore, the foundation cannot
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follow the FFM. The motion of the foundation, neglecting inertial interaction, is
known as the foundation input motion. The differences between the FFM and the FIM
are referred as the kinematic interaction effects.

2.4.3 Radiation Damping

In addition to period lengthening, the dynamic response of the structure is also affected
by the damping resulting from soil-foundation interaction (referred as foundation
damping). This damping consists of two parts: (i) contributions from soil hysteresis
(hysteretic damping), and (ii) radiation of energy away, in the form of stress waves,
from the foundation (radiation damping). It should be noted that the radiation damping
depends on the properties of the structure, the geometry of the foundation soil contact
area, and properties of the underlying soil medium. Radiation damping occurs when
the fundamental period of the soil is greater than the effective fundamental period of
the structure. Radiation damping causes increasing the total damping of the soil-
structure system in comparison to the building itself. Eq. (2.31) represents the

fundamental period of the soil.
4 H

] (2.31)

Tsou =

where
H, = the depth of the soil layer

I, = the shear wave velocity of the underlying soil

Celebi [51] concluded that radiation damping could be substantial and beneficial for
the buildings. He referred that it should be incorporated into the design and analysis

procedures.
2.5 Boundary Conditions

In order to model the semi-infinite soil medium, artificial boundaries with finite
degrees of freedoms should be used. This approach leads to a manageable model size.
Five types of boundary conditions that are commonly used in the literature are

described in the following subsections.
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2.5.1 Free Boundaries

In the free boundary condition, the points at the side of the soil model are free to move

individually without any constraints.

2.5.2 Tied Boundaries

In this boundary condition, the two opposite points which are located at the two sides
of the soil model are tied to each other. Therefore, their horizontal and vertical
displacements are the same during the seismic excitation. This boundary condition is
based on an assumption that neglects the effect of the structure on the soil vibration

far away from the structure. Figure 2.15 illustrates the tied boundary condition.

Structure

Foundation —
‘ \ : Ground Level

Tied J L Tied
Boundaries S 011 Boundaries

Figure 2.15 Tied boundary condition

Moradi [52] carried out a series of test runs on a finite element model which has only
the soil layer to generate motions that fed back to the bottom of the soil layer in
SAP2000 model. Then, he compared the generated motions with the initial free field
spectrum. Among three types of lateral boundary conditions free, tied, and transmitting
condition, the tied boundary condition shows a good agreement with the original
record for the horizontal component of the considered earthquake. Therefore, the tied
boundary condition is used at the sides and pined boundaries at the bottom of direct

model in this study.
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2.5.3 Transmitting Boundaries

In this boundary condition, the viscous dampers are used as transmitting boundaries to
represent the truncated soil. The transmitting boundaries are also referred to as
absorbing boundaries or viscous dampers. These boundaries have the ability to absorb
body waves which propagate toward the boundaries. Lysmer and Kuhlemeyer [53]
introduced the damping coefficients of the horizontal and vertical dampers as below:

Co=—pV, A (2.32)
C,= —pV, A (2.33)
K

v, =f; (2.34)

= S (2.35)

s = p .

k. L) 2.37
= [+ vd—2v) (237)

where
C;, = the coefficient of the horizontal viscous damper

C, = the coefficient of the vertical viscous damper

Y

I, = the shear wave velocity in the soil

A = the effective nodal area for the node which is attached to the damper or
the total area of each element around the considered node on the

boundary.

= the compressive velocity in the soil

E = the elastic modulus of the soil material
G = the dynamic shear modulus of the soil material
K = the bulk modulus of the soil material

v = the poisons ratio of the soil material

2.5.4 Free-field Boundaries

The boundary conditions that previously mentioned are designed to absorb outgoing

waves. Hence, they can be utilized when the source of excitation is within the model.
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While, the free-field boundary condition should be considered when the excitation is
originated from outside the model. This outer excitation is defined as an incoming
seismic wave. The incoming wave field is specified as a group of independent
perpendicular acceleration time histories. These time histories are changed into time-
varying tractions and they are applied to the base of the model where they become
vertically propagating S- and P-waves, S is secondary wave and P is primary wave.
The free-field boundary is represented by two columns at the two sides of the model
which are called free-field soil columns (Zienkiewicz et al. and Wolf (e.g. [54], [55])).
This technique consists of two columns that are placed in parallel next to the main
model and is used to analyze the response of horizontally layered soil/rock systems
which is subjected to vertically propagated waves S- and P- waves. As shown in Figure
2.16, the lateral boundaries of the main model are connected to the free-filed boundary
conditions by using viscose dashpots. The free-field motions of the columns are
converted to the boundary tractions which are applied to the main model. This
technique assumes that the information moves from the free field to the main model,
not the other way. Therefore, the free field response is not affected by the soil-structure
interaction within the main model when the columns are put at some distance from the
central region of the main model. In other words, these boundaries should be placed at
appropriate distance to reduce wave reflections and obtain free-field conditions. The
unbalanced forces that come from the free-field columns are applied to the main

model. Both conditions that applied to the left boundary are formed in the following

equations:
E, = —[pC,(vi* —vl) - all]as, (2.38)
E, = —[p (vt —v)") - all]as, (2.39)
where

E, = the unbalanced force from the free-field conditions to the main model
boundary in the x-direction

F, = the unbalanced force from the free-field conditions to the main model
boundary in y-directions

p = density of material along the vertical model boundary

C, = the s wave speed at the left boundary
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C, = the p wave speed at the left boundary

S, = the mean vertical zone size at the boundary point

vt = the x-velocity of the point in the main model at the left boundary
vy" = the y-velocity of the point in the main model at left boundary

v,{ I = the x-velocity of the point in the free field

v; ' =the y-velocity of the point in the free field

o/7 = the mean horizontal free-field stress

ag = the mean free-filed shear stress

Same equations might be written for the right boundary condition. In this way, plane
waves propagate upward without suffering any modifications at the boundary because
the free-field boundary provides conditions which are identical to those in infinite
models. In the case where the main model differs from that of the free-field because
of the surface structure which radiates secondary waves, the dashpots act to absorb
energy in a way similar to the action of quite boundaries.

Top - ~
~o
Free field b
column ~—— ‘ amper
/ Structure ‘
| Foundation ——
’ A Ground Level ‘
Main Model [
| | T

Figure 2.16 Free-field boundary

2.5.5 Rigid Boundary

The rigid boundary is used to model bedrock for dynamic soil-structure interaction.

This type of boundary transmits the seismic excitation directly to the soil model
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without any modifications. Therefore, it is considered the most appropriate and
realistic condition for modeling the bedrock (Kocak and Mengi [56]).

2.6 Site Response Analysis

After a seismic fault ruptures, the waves travel through the earth and refract as they
pass through different types of soil until they reach the ground surface and transform
into surface waves. The process of the waves traveling upwards through the soil and
being modified and amplified is referred to as site response. Some methods of

analyzing the response are discussed in the following subsections.

2.6.1 Equivalent Linear Analysis

The linear systems are the most basic systems which adopted to the analysis. The
ground motions probably developed near the surface of the soil deposit. These ground
motions might be referred primarily to the upward propagation of the shear waves from
the underlying rock. If the rock surface, the ground surface, and the boundaries
between different soil layers are inclined, the finite element method can be used for
the analyses of the response of the soil deposit. While, if the rock surface, the ground
surface, and the boundaries between different soil layers are horizontal, the lateral
extent of the deposit has no effects on the response and the deposit might be considered
as a series of semi-infinite layers. In such cases, the induced ground motions at the
base due to seismic excitation are the result of the shear deformations in the soil
deposit. In order to represent the soil stress-strain response, the equivalent linear model
is used which is based on a Kelvin-Voigt model. Figure 2.17 shows the equivalent

linear model.
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Figure 2.17 Schematic representation of the stress-strain model used in the
equivalent-linear model

The relationship between the shear stress T and the shear strain y can be written as
follows (Bardet et al. [57]):

T=G6Gy+ ny (2.40)
where

T = the shear stress

y = the shear strain

y = the shear strain’s rate

G = the shear modulus

n = the velocity

In the one-dimensional shear beam column, the shear strain and its rate are defined
from the horizontal displacement u(z, t) at depth z and time t as below:
B ou(z,t)

~ (2.41)
o oy(zt)  d%u(zt)
Y=t T ozot (2.42)

In the case where harmonic motion exists, the displacement, strain, and strain rate are

formed as follows:

u(z, t) = U(z)e't (2.43)

y(z,t) = av e'@t =T (z)e'wt (2.44)
dz

y(z,t) = iwy(zt) (2.45)
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where
U(z) = the amplitude of displacement

['(z) = the amplitude of shear strain

By using Eq. (2.43), Eq. (2.44), and Eq. (2.45), the stress-strain relation (Eqg. (2.40))

becomes as follows when the loadings are harmonic:

. au . au .
(z,t) = Z(z)e“"t = (G + iwn)Ee“"t =G* Wt = G*y(z,t) (2.46)

E e
where
G* = the complex shear modulus
2.(z) = the amplitude of shear stress

After introducing the critical damping ratio ¢,

- 4 247
the complex shear modulus becomes:
G* =G +iwn = G(1 + 2i&) (2.48)
During a complete loading cycle, the energy dissipated (I#/;) can be written as:
]
W, = f tdy (2.49)
Tc
The maximum strain energy stored in the system is:
1 1,
W = ETC)/C = EGYC (2.50)
Moreover, the critical damping ratio ¢ is expressed in terms of W, and W, as:
_ Wa 2.50

2.6.1.1 1D Equivalent Linear Analysis

One-dimensional site response analysis considers only waves propagating in one
direction, which is vertical. These waves do not have the ability to handle refraction,
therefore, layer boundaries should be perpendicular to the wave propagation direction.
Among several programs, SHAKE [58] is the first and one of the most commonly used
site response analysis program which performs one-dimensional linear analysis. The

one-dimensional motion for vertically propagating shear waves can be written as:
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d0%u _ ot 250
otz 0z (2.52)
where

P = the unit mass in any layer

2.6.1.2 2D/3D Equivalent Linear Analysis

In this case, waves propagate in two and three dimensions. QUAD4 and FLUSH (e.g.
[59], [60]) are among the programs that can perform two- and three-dimensional site

response analysis, respectively.

2.6.2 Nonlinear Analysis

Nonlinear behavior of the soils during the seismic excitation plays a main role in the
site response analysis. The nonlinearity occurs in the model when material stress-strain
relationship depends on load history which is a plasticity problem, load duration which
is a creep problem, and temperature. Moreover, it can occur when the applied load
causes large strain, large displacement or rotation. Iwan and Mroz ([e.g. [61], [62])
proposed a model to represent the nonlinear stress-strain curves by utilizing a series of
n mechanical elements with different stiffnesses K; and sliding resistance R;. Their
model is known as the IM model. Figure 2.18 shows the IM model. The model’s
sliders have increasing resistance (i.e., R; < R; < -+ < R,). All the sliders have
residual stresses equal to zero at the beginning. Slider i yields when the shear stress t
becomes equal to R; during the monotonic loading. After that, the slider i saves a
positive residual stress equal to R;. The stress-strain curve is generated by using IM
model for two sliders, whereas the tangential modulus H and the corresponding slope
changes in steps. The tangential modulus is denoted as relationship between the stress
increasement dt and strain increasement dy, which is formed in the following

equation:
=— (2.53)

where the tangential modulus H is:
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( H1=K1 lfOST<R1

| H, =&+ KD if Ry <17 <R,
H= 4 Hy_i =K+ K+ +K;1)?! if Rp_y <T<R,_4

| H,=& T+K 1+ + K5 + KD if Rnoy ST <R,

k 0 ift=R,

The stress-strain curve is considered as a backbone curve during the loading process.
In the case where the load changes its direction (unloading), the residual stress in slider
i decreases. Hence, the slider i yields when its residual becomes equal to -R;. To
calculate the stress-strain curves an algorithm developed by Bardet and Tobita [63] is
used. This algorithm calculates the exact value of stress T independently of the strain

increment amplitude Ay.

In addition, the nonlinear backbone curve can be described in terms of shear modulus
G and shear strain y as below:
Giv1Yier — GiYi

H; = 2.54
' Yi+1 — Vi ( )

Assuming that the back-stress «; is equal to zero at the beginning, R; is:
Ri = Gl')/l' (255)

From Eq. (2.54) and Eq. (2.55), it can be concluded that the maximum shear resistance
is:

R, = G,Vn (2.56)
/ Kl KZ Kn.l Kn
- T
o R o
L
3 R, Ry |- |
Y

Figure 2.18 Nonlinear site response analysis model used by Iwan [61] and Mroz [62]

2.6.2.1 1D Nonlinear Analysis

There are three analysis programs that can be used for the one-dimensional nonlinear
site response analysis. They are DESRA, DMOD, and OpenSees (e.g. [64], [65], [66]).
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2.6.2.2 2D/3D Nonlinear Analysis

For two- and three-dimensional nonlinear site response analysis, the available
programs are TARA, FLAC, and PLAXIS (e.g. [67], [68], [69]).

2.7 Guidelines for Soil-Structure Interaction in Codes and Standards

Guidelines suggest recommendations for the soil-structure interaction buildings. These
recommendations are described in the following sections according to their guidelines.

2.7.1 ASCE 7-10

In the case where the effects of soil-structure interaction are considered, the
requirements of this code should be applied in the calculation of the design earthquake
forces and corresponding displacements of the structure. It should be noted that if the
structure has a flexible-base foundation, the requirements of this guideline should not
be used in the structural response model.

The following requirements should be taken into considerations:

1. The base shear, I/, should be reduced by AV as defined below:

V=V -4V (2.57)
. (0.05\%*
AV = [Cs — C} (ﬁ—> W' <03V (2.58)
where
Cs = the seismic design coefficient computed by using the fundamental natural

period of the fixed-base structure (T)

C¢ = the value of Cs computed by using the fundamental natural period of the
flexibly supported structure (T")

B' = the effective damping factor for the structure-foundation system.

W' = the effective seismic weight of the structure, that should be used as
0.7W, except that for structures where the gravity load is concentrated
at a single level, the effective seismic weight should be taken equal to
w

2. An effective building period T' should be calculated as below:

L K' K, (h')?
T —T\/1+K—<1+ K > (2.59)

y
where
T = the fundamental period of the structure
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h' = the effective height of the structure which is equal 0.7h, except that for
structures where the gravity load is effectively concentrated at a single
level, the effective height should be used as the height to that level

K, = the lateral stiffness of the foundation
Kg = the rocking stiffness of the foundation
g = the acceleration gravity

K' = the stiffness of the structure where fixed base at the base, which can be
calculated as below:

W’
K' = 47‘[2 <gT2> (260)

3. The effective damping factor B’ for the structure-foundation system should be
calculated as below:

0.05
B'= Bo—3 (2.61)

()
where

B, = the foundation damping factor, which is determined by linear
interpolation in (ASCE 7-10 Figure 19.2-1)

4. There are many other effects should be determined such as the modified story shears,
torsional effects, and overturning moments for the structures without interaction by

utilizing the reduced lateral forces.

5. The modified deflection 6, should be determined as below:
V' M,h
3 4 6x]

!

*“ v | K,

(2.62)

where
M, = the overturning moment at the base calculated by using the unmodified
seismic forces and not including the reduction allowed in the design of
the foundation

h,. = the height above the base to the considered level

&, = the deflection of the fixed-base structure calculated by using the
unmodified seismic forces
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6. The P-delta effects and the modified story drifts should be calculated by using the
modified story shears and deflections.

2.7.2 ATC-40

In this guideline, the basic steps to determine the stiffness properties of bearing
geotechnical components are explained. These properties represent the stiffness and
strength behavior of geotechnical components to be used in models of foundation
elements. The bearing stiffness calculation steps are summarized below:

1. Determination the uncoupled total surface stiffness K;, of the foundation element
through assuming that the foundation is a rigid plate bearing at the surface of semi-
infinite elastic half-space. Stiffness equations are listed in ATC-40 Table 10.2.

2. After determination the uncoupled total surface stiffnesses, modifications are
applied to them by multiplying the stiffnesses by embedment factors for generating the
uncoupled total embedment stiffnesses K;. Embedment factors are listed in ATC-40
Table 2.3.

3. Calculation of the individual distributed stiffness intensities, K;, by dividing the
uncoupled total embedment stiffness K;, by the corresponding area of contact or

moment of inertia as follows:

K,
K, =15 (2.63)
Ky
Ky =17 (2.64)
K,
K,
Ky, = % (2.66)
X
Ko
Ko, = Ty (2.67)

where
L = the length of footing

B = the width of the footing
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d = the thickness of footing
L, = the moment of inertia in the x-direction

I,, = the moment of inertia in the y-direction

4. Making a comparison of the vertical stiffness intensities K,, Kg,, and Kp,.
Generally, the stiffness intensities are not equal. In the case where two-dimensional
analysis exists, one of the rotational intensities is not used. If the difference between
the vertical translational stiffness intensity, K,, and the vertical rotational stiffness
intensity, Kp, is small, a representative average, might be used in the sixth step.
Whereas, if the difference is large, one of them may be used in sixth step when the
footing acts primarily in vertical translation or rotation. While, if the difference is large
and the actions are highly coupled, the approximate procedure in fifth step is used for

refining the component stiffnesses.

5. Creating end zones of the rectangular footings. The end zone length is one-sixth of

the footing width, as shown in Figure 2.19. The vertical intensity in the middle zone is
equal to the vertical translational of an infinitely long strip footing which is % = 00,
Whereas, the vertical stiffness intensity in the end zones on the vertical translational
stiffness is % of the isolated plate.

where
K = the appropriate stiffness per unit length for the end or middle zones

End zone Middle zone End zone

EEREEERII b

Component stiffnesses
Ll 6 I L | |

K, Ké Kg% m% K:

Figure 2.19 Winkler component model of rectangular spread footing
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6. Calculation of the individual geotechnical component stiffnesses by multiplying the
appropriate stiffness intensity by the spacing of the components in every direction.

In this guideline, the shear modulus, G, can be calculated as follows:

E

¢ =T

(2.68)

where
E = the modulus of elasticity

v = Poisson’s ratio can be obtained from Table 10.4 in ATC-40 for typical
soils

The initial shear modulus, G, represents the relationship between the shear wave
velocity at low strain, V;, and the mass density of the soil, P, as below:
G, = P*V? (2.69)

In the case where mass density is converted into unit weight, y, then the initial shear

modulus is calculated as follows:

G, =Yy (2.70)
g

where

g = the acceleration due to gravity

2.7.3 FEMA 356

According to FEMA 356, soil-structure interaction should be considered for the
buildings if the increase in the fundamental period due to SSI results in an increase in
spectral acceleration. The effects of damping can be neglected in the calculation of
soil-structure interaction when the SSI effects are required to be calculated. The soil-
structure interaction might modify the seismic demand on the structure. The effects of
soil-structure interaction on structures should be evaluated for the near-field and soft
soil sites in which the increase in period because the SSI increases the spectral
accelerations. Two procedures are adopted by this guideline the simplified and the
explicit modeling procedure. When the simplified procedure is used to calculate the
SSI effects, the calculation should conform to the procedure in ASCE 7-10 using

effective fundamental damping ratio and the effective fundamental period of the
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foundation-structure system. In the case where the simplified procedure is used, the
reduction in seismic demands on components and elements should not exceed 25% of
the demands obtained without the soil-structure interaction effects. In order to
calculate the SSI effects, the explicit modeling shall be used to model the stiffness and
damping of individual foundation elements explicitly. The foundation stiffness
parameters should conform with the requirements of Section 4.4.2 of FEMA 356.
Instead of using explicit modeling damping, the effective damping ratio S of the
structure-foundation system should be calculated using the simplified procedure. The
damping ratio which is used for individual foundation elements should not be more
than the value that is used for the elastic superstructure. The effective damping ratio
of the foundation-structure system should be utilized to account the spectral demands
for the nonlinear static procedure (NSP). In the case where the simplified procedure is
employed to calculate the effective damping ratio, the reduction in seismic demands
should not be more than 25% of the demands that is calculated without the soil-

structure interaction effects.

2.7.4 FEMA 450

This guideline has been based on the ASCE code. Hence, this guideline recommends
the same requirements as ASCE 7-10 to be applied in the case of soil-structure

interaction.
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CHAPTER 3

SOIL MODEL AND SEISMIC EXCITATION

In this chapter, the modeling of the soil medium and the seismic excitation considered
in this study are described.

3.1 Modeling of Soil Medium

3.1.1 Soil Profiles

Soil medium is often considered either as homogeneous isotropic linear elastic half-
space (uniform soil profile) or as layered linear elastic half-space (layered soil profile)
in most studies in the soil-structure interaction literature. In the following subsections,
these two soil models are briefly described. In this study, only homogeneous isotropic

linear elastic half-space is considered.

3.1.1.1 Homogeneous Isotropic Linear Elastic Half-Space (Uniform Soil Profile)

The homogeneous isotropic elastic half-space models are used for soil idealization.
There are two parameters which are used in these models, modulus of elasticity E and
poisson’s ratio v. The modulus of elasticity associates the deformation in the soil and
the stresses applied to soil in the case where these are in the same direction. The
horizontal deformation in the medium is related to the stress applied to the medium in
the vertical direction and vice versa. This relationship is expressed by Poisson’s ratio.
In order to represent the soil as a medium having homogeneous isotropic properties, a
half-space model is created as a continuum elastic body with infinite depth and infinite
horizontal dimensions. In this study, three cases are considered which are soft,

medium, and hard soil model.
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3.1.1.2 Layered Linear Elastic Half-Space (Layered Soil Profile)

A half-space is the geometry of structure with one side infinite or semi-infinite. The
layered half-space is a structure having multi-layers within the half-space. To model
the layered elastic half-space, four-node for two dimensional or eight-node for three
dimensional solid elements are used. Elements are based on fully integrated
formulation having three degrees of freedom per node. In this study, two cases are
considered. The first case is a soft layer placed on a hard layer, as shown in Figure 3.1
(). The second case is a soft layer placed on a hard layer then a hard layer placed on
the soft layer, as shown in Figure 3.1 (b). Every layer has its own characteristics as
listed in Table 3.1.

Four nodes
every node has three
degree of freedom

Four nodes
every node has three
degree of freedom

/ / Soft|layer

(a) (b)
Figure 3.1 Layered linear elastic half-space soil cases (2D Model): (a) soft on hard;
(b) hard on soft on hard

3.1.2 Elastic Continuum Model

In continuum mechanics, the continuum is defined as a continuously distributed matter
through space. Hook’s law describes the simplest elastic continuum with the
constitutive relation of linear elastic isotropic behavior (Irgens [70]). The elastic
medium has infinite compression and tension capacity without failure criteria. There
are many constitutive relations with different failure criteria in compression and
tension that appropriately capture soil behavior such as Mohr-Coulomb constitutive
relation. Reissner [71] developed a solution for a simplified continuum having finite

height. The following equation for an elastic medium presenting soil:

2
N

12 E,

E, G, H
q(x,y) — Viq(x,y) = ﬁW(x.y) - —Vw(x,y) (3.1

3
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where
H = the height
E¢ = the elasticity modulus
G, = the shear modulus
q = the distributed load

w = the vertical surface displacement at any point

The elastic medium is assumed as weightless in the Reissner equation (Horvath and
Colasanti [72]). Shear and horizontal normal stresses are zero also the horizontal
displacements at the top and the bottom of the medium. Therefore, Reissner
differential equation shall be applied near the surface only and it is not efficient for
studying stresses inside the medium (Teoduro [73]). A continuum model can be
analyzed with numerical methods such as FEM and BEM method for soil-structure

analysis.

3.1.2.1 Soil Elements

The soil can be defined as a continuum material and continuity of the soil-structure
corresponds to the transverse shear stress that is not taken into consideration in
Winkler models due to the presence of independent springs. The subgrade is modeled

by using the solid plane strain elements with a linear elastic isotropic material.

3.1.2.2 Interface Elements

The interface elements have been formulated to idealize interfacial behavior between
the underlying soil and foundation beam element supporting the plane framed
superstructure. The presence of the interface elements is important to get the practical
and real nature behavior of structures applied to the lateral load (Shoaei et al. [74]).
Many types of joint elements have been proposed and formulated for different
applications in the case where the interfacial behavior has been concerned. Generally,
the interface elements have been categorized into two main types, known as nodal
interfaces, zero-thickness and continuum elements (thin layer elements) (Wang and
Wang [75]).
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In order to model the gap elements, two parameters should be specified the spring
constant or stiffness, K, and the gap separation, d. The interface elements are
illustrated in Figure 3.2.

Foundation GAP elemenits

8¢ /"WK
=== == =T =

Soil surface

Figure 3.2 Interface gap elements

The force deformation relation for gap element is given as below:

fz{K(d+5) ifd+6<0
0 otherwise
where

& = the initial gap separation (6 = 0)

K = contact stiffness

3.1.2.3 Lateral Boundary Conditions

The artificial absorbing boundaries have been often used to represent the free-field
response. One of the widely used boundaries is the viscous boundary of Lysmer and
Kuhlemeyer [53]. This boundary is described by two series of dashpots oriented normal and
tangential to the boundary of the mesh. In this approach, the viscous boundaries are suitable

for harmonic and non-harmonic wave due to their frequency independence (Kontoe et al. [76]).

3.1.2.4 Bedrock Boundary Condition

In the bottom surface of the subgrade, a rigid condition is assumed. To represent the
rigid bedrock condition, the bottom surface of the subgrade is restricted in the

tangential and vertical direction.
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3.1.3 Winkler Model using Foundation Impedances

In the soil structure interaction problem, the first step is an evaluation of the foundation
impedance corresponding to each mode of vibration. In the case where the foundation
is rigid and soil is much softer than the foundation, there are six modes of vibration
which are three translational (dynamic displacements over the x, y, and z-axis) and
three rotational (dynamic rotations around the same axes). For each mode, the soil can
be substituted by a dynamic spring of stiffness K and by a dashpot of modulus C for
the dynamic analysis (Mylonakis et al. [77]). To find the dynamic stiffness functions,
approximate formulas are proposed for describing the variation with frequency of the
dynamic stiffnesses of foundations. Hence, Mylonakis, et al. [77] prepared formulas
to calculate the dynamic impedances for different shapes of the foundation by fitting
mathematical expressions to accurate numerical solutions. Pais and Kausel (1988) [78]

proposed impedance calculation formulas as well.

3.1.3.1 Static Stiffness of Rigid Footings

The proposed static stiffnesses of rigid footings by Pais and Kausel [78] are presented
in Table 3.2.

Table 3.1 Static spring stiffnesses for arbitrarily shaped foundations on surface of
homogeneous half-space

Stiffness DOF | Pais and Kausel (1988)
Ky sur = g _3.1 (E) + 1.6]
Ky sur = > 2 _6.8 (E) + 0.8 (E) + 1.6
Ky qur = 6.8 (—) + 2.4
’ 2—-v| ]
2.45 b
Koz sur = GB3 [4.25 (E) + 4.06
GB3 L\** :
Kyy sur = T [3.73 (E) + 0.27_
K = G [BZ(L)+O8]
xXX,Sur 1—1v . B '
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Table 3.1 (continued)

fzz

A
z

2L

—,
yy

K, sur = Translation along z-axis
K, «ur = Translation along y-axis
K, sur = Translation along x-axis
K, sur = Torsion about z-axis

K, sur = ROCKINg about y-axis
K, x sur = ROCKing about x-axis

B Ab
412
Ab = Area of the foundation considered

X

B and L= Half-width and half-length of a rectangular foundation,

respectively

Je = L + I, polar moment of inertia of the soil-foundation contact surface

I;= area moment of inertia of soil-foundation contact, i refers to the axis

G = Shear modulus

In the case where the foundation is embedded in the soil medium, correction factors
should be used for embedment case. For each degree of freedom K,,,, = nK,, Inthe

following Table embedment factors are shown according to Pais and Kausel [78].
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Table 3.2 Embedment correction factors for static spring stiffness of rigid footings

Stiffness DOF Pais and Kausel (1988)
— 0.25 \ /D\*®
n, = 1.0+ 0.25 +T <§>
! B
ny = 10+( 033+ 2% (9)0'8
Y B o14g)'B
Nx = My
1.32 \ /D\°?
Nzz = 1.0+ 13 +T <§>
! B
N = Lo+ D N 1.6 (D)Z
yy — VT T\ — 73 |\5
B \o3s+ (%) B
e = | [0+ 22 B2
R B o35+ L\B

Ground Level

where
n, = Translation along z-axis
n, = Translation along y-axis Dy, L
n, = Translation along x-axis T B
1,, = Torsion about z-axis $

1y, = Rocking about y-axis
N.x = ROCKINg about x-axis
D = the depth of foundation

d,, = the height of effective side wall contact (may be less than total
foundation height)

z,, = the depth to the centroid of effective sidewall contact

A,, = the sidewall-solid contact area, for constant effective contact height,
d,, along perimeter

3.1.3.2 Dynamic Stiffness and Radiation Damping Ratios of Rigid Footing

The proposed dynamic stiffness modifiers and radiation damping coefficients of rigid

footings by Pais and Kausel [78] are presented in Table 3.3.

53




Table 3.3 Dynamic stiffness modifiers and radiation damping ratios for rigid
footings (adapted from Pais and Kausel, 1988)

DOF Surface Stiffness Modifiers Radiation Damping

| 1
_ INT
_ | I _ 4 (E) a, ]
a, = | | ﬁz = Kz,sur zaz
10 GB
[ 1+3(%—1)+a(2, J
SVINE
= |10 g = 4(5) |1
y . y Ky,sur _zay
GB |
TN
Ox = x Kx,sur Z(Zx
GB

’L )
0.33-0.03 B~ 1)a

1
( d
azz = 10 — I ﬂzz
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where

a, = Translation along z-axis

a,, = Translation along y-axis

a,, = Translation along x-axis

a,, = Torsion about z-axis

a,,, = Rocking about y-axis
, = Rocking about x-axis

a, = wB/Vs
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P = 2(1-v) »<25
@ =2v) -

In the case where the foundation is embedded in the soil medium, correction factors

should be used for embedment case. The embedment factors according to Pais and

Kausel [78] are shown in Table 3.5.

Table 3.4 Dynamic stiffness modifiers and radiation damping ratios for embedded

footings (adapted from Pais and Kausel, 1988)

DOF Radiation Damping
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Bxx = Kewoms 18 o + (%) i Zaxx]
( ELE ) <1+1.75(§—1)> o |
where

B, = Translation along z-axis
B, = Translation along y-axis
B = Translation along x-axis
B.. = Torsion about z-axis
Byy = Rocking about y-axis
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Bxx = Rocking about x-axis

ao == (UB/VS
_ 2(1-v)
v= [G52 ¥s25

3.2 Design Response Spectra for Response Spectrum Analysis
3.2.1 Design Acceleration Spectra and SSI provisions in ASCE 7-10

In American Society of Civil Engineering (ASCE 7-10), soils are classified to site
classes which are based on soil properties such as shear wave velocity, standard
penetration resistance, undrained shear strength, and soil profile description. Hence,
there are A, B, C, D, E, F site classes which refer to the type of soil such as hard rock,
rock, very dense soil, and soft rock, stiff soil, soft clay soil, and needs site response
analysis (ASCE 7-10, Chapter 21), respectively. In order to choose a site class, there
are many parameters should be known as indicators to site class type as shown in Table
3.8.

Table 3.5 Site classification according to ASCE 7-10 (reproduced from ASCE 7-10

Table 20.3-1)
Site Class Ve N or N Sy
A. Hard rock >5,000 ft/s NA NA
B. Rock 2,500 to 5,000 ft/s NA NA
T 1,200 to 2,500 ft/s >50 >2,000 psf
D. Stiff soil 600 to 1,200 ft/s 15to 50 1,000 to 2,000 psf
<600 ft/s
Any profile with more than
10 ft of soil having the
following characteristics:
E. Soft clay soil -Plasticity index Pl > 20, <15 <1,000 psf

-Moisture content w > 40%,

-Undrained shear strength <
500 psf

F. Soils requiring site
response analysis See Section 20.3.1 in ASCE
in accordance with 7:10

Section 21.1 in ASCE B
7-10
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The main two parameters which refer to Mapped Acceleration are S, and S;. S is
Mapped Maximum Considered Earthquake (MCE), 5% damped, spectral response
acceleration parameter at short periods (at site class B). S; is Mapped Maximum
Considered Earthquake (MCE), 5% damped, spectral response acceleration parameter
at the period of 1.0 Sec (at site class B). These two parameters should be obtained from
the 0.2 and 1.0 sec spectral response accelerations given in Figures 22-1, 22-3, 22-5,
of the code for S, and Figures 22-4, 22-5, 22-6 for S,

The parameters S, for short periods and S,,, at 1.0 sec period should be calculated

in accordance to equations given below:

Smus = F4Ss (3.4)
SMl = F,,Sl (35
where
F,and F, are defined in Tables 3.8 and 3.9, respectively.
F, = short-period site coefficient (at 0.2 s-period)
E, = long-period site coefficient (at 1.0 s-period)
Table 3.6 Site coefficient, F,

CSI:';[SS Sy <0.25 Sg = 05 Sg= 0.75 S =10 | S, =1.25
A 0.8 0.8 0.8 0.8 0.8
B 1.0 1.0 1.0 1.0 1.0
C 1.2 1.2 1.1 1.0 1.0
D 1.6 1.4 1.2 1.1 1.0
E 2.5 1.7 1.2 0.9 0.9
= See section 14.7

in ASCE 7-10
Table 3.7 Site coefficient, F,
CSI:':ses $; <01 S =02 85 =03 S, =04 51 =05

A 0.8 0.8 0.8 0.8 0.8
B 1.0 1.0 1.0 1.0 1.0
C 1.7 1.6 15 1.4 1.3
D 2.4 2.0 1.8 1.6 15
E 35 3.2 2.8 2.4 2.4
F See section 14.7

in ASCE 7-10

Design earthquake spectral response acceleration parameters, S, for short period, and

Spiat 1.0 sec period should be obtained from Equations 3.6 and 3.7, respectively:
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SDS = §SMS (36)
2
Sp1 = §SM1 (3.7)
where
Sps = design, 5% damped, spectral response acceleration parameter at short
periods

Spy1 = design, 5 % damped, spectral response acceleration parameter at a
period of 1.0 sec

The design response spectrum is required by ASCE 7-10 but, site-specific ground
motion procedures are not. Hence, the ASCE 7-10 suggests a response spectrum curve
which should be developed by depending on the following points:

1. In the case where periods (T) are T < T, then, the design spectral response

acceleration, S,, should be taken as given in equation (3.8):

Sa = Sps <0.4 +0.6 (Tio)) (3.8)

2. In the case where periods (T) are T, < T < Tsthen, the design spectral response
acceleration, S,, should be taken as below:
Sqa = Sps (3.9

3. In the case where periods (T) are T;< T< T,then, the design spectral response

acceleration, S,, should be taken as given in equation (3.10):

5, =20t (3.10)

4. In the case where Periods (T) are T > T, then, the design spectral response

acceleration, S,, should be taken as given in equation (3.11):

L= SDleT L (3.11)
where
T = the fundamental period of the building
_0.25p,
° Sps
— SDl
y SDS
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T, = Long-period transition period (sec) is obtained from Figures 22-12
through 22-16 in ASCE 7-10.

= —— ASCE 7-10 SDC-C (Hard Soil} [RS1]
;ﬁ_’f 0.5 ---- ASCL 7-10 SDC-D (Medium Soil) [RS2]
5 _____ —— ASCE 7-10 SDC-E (Soft Soil) [RS3]
204

T 03

2

Z 0.2

£

£ 0.1

j=h

35)

Period, T (Sec)
Figure 3.3 Design response spectrum

Importance factor, I, is assigned to each structure by obtaining it from Table 3.10

Table 3.8 Importance factor, 1.

Risk Category from table Seismic Importance Factor,
1.5-1 in ASCE 7-10 I,
I 1.0
] 1.0
i 1.25
\Y/ 1.50

Each structure should be assigned to a seismic design category based on its risk
category and the design spectral response acceleration parameters S,; and Sp,. The

following tables are used for that purpose.

Table 3.9 Seismic design category based on short period response acceleration

parameter
Risk Category
Value of Sy, lorllorlll \Y
Sps < 0.167 A A
0.167 < Spe < 0.33 B C
0.33 < Sps < 0.50 C D
0.50 < Sy, D D
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Table 3.10 Seismic design category based on 1 sec period response acceleration
parameter
Risk Category

Value of Sp, lorllorlll
Sp1 < 0.067
0.067 < Sp; <0.133
0.133 < S5p; <0.20
0.20 < Sp,q

o0|m|>
Oo0>|<

In the case where Risk Category I, Il, or Il structures have mapped spectral response
acceleration parameter at 1.0 sec period, S;, is more than or equal to 0.75 then,
structures should be assigned to seismic design category E. Meanwhile, risk category
IV structures have mapped spectral response acceleration parameter at 1.0 sec period,
S1, i1s more than or equal to 0.75 should be assigned to seismic design category F. In
the case where S; < 0.75, the seismic design category is allowed to be obtained from
Table 3.9, alone where all of the following apply:

1. In each of the two perpendicular directions, an approximate fundamental period of
the structure is determined as below:

T,< 0.8 Ty, where T, and T, are determined according to below equations:

To = C1(hp)* (3.12)
S

T, = 22 (3.13)
SDS

where
C; and x from Table 2.5 in ASCE 7-10.

h,, = the structural height (The vertical distance from the base to the highest
level of the seismic force- resisting system of the structure)

2. In each of two perpendicular directions, the fundamental period of the structure, T,
which is utilized to calculate the story drift is not more than T.

3. In order to determine the seismic response coefficient C,, equation 12.8.2 in ASCE
10-7 is used.

4. Diaphragms are rigid or for flexible diaphragms, the vertical distance between

vertical elements of the seismic-force-resisting system does not pass 40 ft.

60



3.3 Earthquake Ground Motion Records for Time History Analysis

The seismic motion can be represented in terms of appropriate ground acceleration
time histories and related quantities like displacement and velocity. Selecting and
scaling the records define the seismic input for structural analysis. There are two main
things that define the seismic input for structural analysis which predicts the structure
response: selecting and scaling the records (Nevine et al. [79]). In the case where the
appropriate ground motion time histories satisfying duration and amplitude
requirements of seismic design codes are not available to carry out time history
analysis, the ground motion records should be scaled to make them consistent with the
code-specific hazards levels. In order to fit the ground motion to response spectra, a
process that consists of scaling ground motion in the time domain, matching spectra in
the frequency domain, matching spectral by wavelets, and generating artificial record

compatible with spectrum, should be performed.

3.3.1 Earthquake Ground Motion Record

1940 El Centro earthquake ground acceleration record is used for time history analyses
in this study. The ground acceleration record for this earthquake is plotted in Figure

3.4. No scaling is performed in this study.

—— 1940 Fl Centro

|H ! uH ” \.\H P lil LTI
i A

0.0 my

Ground Acceleration,(g)

0 10 20 30 40
Period, T (Sec)
Figure 3.4 Ground acceleration record for 1940 El Centro earthquake
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CHAPTER 4

SOIL-STRUCTURE INTERACTION EFFECTS IN 2D MODEL

This chapter presents the description of the two-dimensional analysis models used to
examine soil-structure interactions effects and discussion of the results obtained from

those models.

4.1 Description of Soil-Structure Models

This study considers the soil-structure interaction effects on buildings and investigates
the effects of some significant analytical modeling parameters on the static and
dynamic responses of the buildings under seismic excitations. There are many
parameters that affect the soil-structure interaction; therefore, this study concentrates
on the effects of structure type, foundation type, soil type and mass, the dimensions of

soil model and the boundary conditions.

The analysis models used in this study are prepared by using SAP2000’s Application
Programming Interface (API) for python programming language. For this purpose,
python scripts were written to prepare and run the SAP2000 models automatically.
The results of the analyses are also extracted and post-processed to prepare the figures

presented in this chapter.

A reinforced concrete building frame of 6 bay and 6 story, with three different levels
of total mass is considered in this chapter. Joint masses are applied uniformly
throughout the building frame to adjust the fundamental period of the fixed building
model to 0.5 s, 1.0 s, and 2.0 s, which are referred as stiff building, medium building,

and soft building, respectively.
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The reinforced columns and beams were modelled by using elastic frame elements
assuming cross-section properties. Geometric and material properties of the building
are shown in Table 4.1. Non-modeled parts of the building are considered indirectly
as part of the dead loads. The floor and roof dead loads are assumed to be 3 kN/m.

Building walls are indirectly modeled as a uniformly distributed load of 10.5 kN/m.

In addition to the fixed base model, a spring-supported building model and a direct
model of building frame along with the underlying soil are also considered. Similar to
the modelling of superstructure, three types of homogeneous, elastic half-space soil
are considered for the spring and direct models. The soil properties are selected such
that the fundamental period of soil model alone is 0.5 s, 1.0 s, and 2.0 s, which are
referred as hard soil, medium soil, and soft soil, respectively. The soil properties are

shown in Table 4.2.

ASCE 7-10 code is used to determine the design acceleration spectrum corresponding
to each type of soil. Using the selected soil properties, shear wave velocity is calculated
and then the site class is determined from Table 3.8, which is reproduced from ASCE

7-10 Table 20.3-1. To calculate the shear wave velocities Eq. (4.1) is used.

E
"= [Tra D

E = the elastic modulus

where

P = the mass density

v = the Poisson ratio

The building damping ratio is taken as 5 %, which is a typical value for reinforced
concrete structures. All models were subjected to three types of response spectrum
according to the type of soil hard (C site class), medium (D site class), and soft (E site
class), having S, equal to 0.5 g, S; equal to 0.4 g, and T, equal to 8. These response

spectra are selected in accordance with Section 3.2.1 of ASCE 7-10.
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Table 4.1 Geometric and materials properties of the building frame

Component Description Data
Number of stories 6
Number of bays 6
Story height 3m
Erimer}]sions Bay width > M
Size of beam 0.8mx0.4m
Size of column 0.6 mx0.6m
The thickness of the slab 0.15m
The elastic modulus of concrete (E) 33000000 kN/m?
Structural Poisson ratio (v) 0.2
Frame Material | Concrete compressive strength (fc) 30 MPa
The unit weight () 24.99 KN/m?

Table 4.2 Soil properties

Soil Properties

Modulus of elasticity (E) 2240000 KN/m?
Hard Poisson ratio (v) 0.28
The unit weight () 21 kN/m?
Site class C
Modulus of elasticity (E) 467000 KN/m?
Medium Poisson ratio (v) 0.35
The unit weight () 18 KN/m?
Site class D
Modulus of elasticity (E) 102000 kN/m?
Poisson ratio (v) 0.4
Soft S 3
The unit weight (y) 14 KN/m
Site class E

A parametric investigation was performed assuming three models of building fixity to
the ground. The first model is the fixed base model. The second model is the flexible
base model which is supported by springs based on the impedance functions. The third

one is the direct model that rests on viscoelastic-half space soil medium. The three

models are described in detail below.

4.1.1 Fixed Base Model

The properties explained above are assigned to the fixed base model. The fixed base

model is shown in Figure 4.1.
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Figure 4.1 Fixed base model (2D)

4.1.2 Spring Model

The soil-structure interaction effects are represented by using equivalent Winkler
springs with three degrees-of-freedom (DOF). The stiffnesses along these 3 degrees of
freedoms were calculated as per Pais and Kuasel (1988) [76], Table 3.2 in chapter 3.
Two types of foundation footing and raft foundation are considered in this research to
study the soil-structure interaction effects on buildings.

4.1.2.1 Footing Foundation

Footing foundation of size 2 m x 2 m with 0.8 m thickness is considered for the footing
case. The spring model for the footing foundation is presented in Figure 4.2. The shear

modulus, G, is calculated for each type of soil by using Eq. (4.2).

E

¢ = 2d+v)

(4.2)

where
E = Soil modulus of elasticity

v = Poisson ratio.

The values of static and dynamic stiffness for the hard, medium and soft soil are

calculated in presented as follows.

Table 4.3 Static spring stiffness values for footing foundation

Soil type G (KN/m?) K, (KN/m) K, (KN/m) K, (KN.m/rad)
Hard 875000.000 4680230 5711810 4.81x 10°
Medium 172962.965 964399 1250655 1.06 x 10°
Soft 36428.571 209464 285357 2.42 x 10°
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Table 4.4 Dynamic spring stiffness values for footing foundation

Soil type G (KN/m?) K, (KN/m) K, (KN/m) Ky, (kN.m/rad)
Hard 875000.000 4680230 5711672 4.86x 10°
Medium 172962.965 964399 1250534 1.06x 10°
Soft 36428.571 209464 2852640 2.42 x 10°
Table 4.5 Radiation damping ratios for footing foundation

Soil type G(kN/m?) B B, Byy

Hard 875000.000 7.36x 103 1.09x 1072 9.21 x 107
Medium 172962.965 1.43x 107 2.30x 102 8.05 x 10°
Soft 36428.571 2.56x 102 4.61x 10 5.43 x 10°

Figure 4.2 Spring model with footing foundation (2D)

4.1.2.2 Raft Foundation

For the second case of the spring model, a raft foundation of size 32 m x 32 m with
thickness 0.8 m is considered. The raft foundation is assumed to have modulus of
elasticity, E, equal to 39000 N/mm, Poisson ratio, v, equal to 0.2, the concrete
compressive strength, F., equal to 60 MPa, and unit mass equal to 24.99 kN/m?2. The
model for the raft foundation with spring supports is shown in Figure 4.3. To determine
the stiffnesses along 3 DOF, a special calculation should be made, using Pais and
Kuasel (1988) [76] formulas for raft foundation. For the side springs, the horizontal
K, and the vertical K, should be divided by the tributary area of the spring, however,

for the rocking K, is used same as the footing foundation case because the model is

a 2D model. At the side of the raft, the horizontal K, and the vertical K, involved in
the SSI representation. Whereas, at the center of the raft, three components involved
the horizontal K, the vertical K, and the rocking K, stiffness. The raft foundation

stiffnesses along 3 degrees of freedoms are shown in Table 4.6 through 4.8.

66



Table 4.6 Static Spring stiffness values for raft foundation

Soil type | Spring Location K, (KN/m) K,(KN/m) K, (kN.m/rad)
Hard End Springs 1170058.1 1427951.4 -
Between End and
Center Springs 2340116.3 2855902.8 -
Center Spring 2340116.3 2855902.8 1.991 x 10%
Medium | End Springs 241099.8 312663.8 -
Between End and | 4551997 625327.6 .
Center Springs
Center Spring 482199.7 625327.6 4.359 x 10°
Soft End Springs 52366.0 71339.2 -
Between End and
Center Springs 104732.1 142678.5 -
Center Spring 104732.1 142678.5 9.947 x 10°
Table 4.7 Dynamic Spring stiffness values for raft foundation
Soil type | Spring Location K, (KN/m) K, (KN/m) K, (KN.m/rad)
Hard End Springs 1170058.1 1420249.4 =
Between End and | »5/0916 3 2840498.8 i
Center Springs
Center Spring 2340116.3 2840498.8 1.943 x 10%
Medium | End Springs 241099.8 306011.4 -
Between End and | 4q5199 612022.8 .
Center Springs
Center Spring 482199.7 612022.8 3.987 x 10°
Soft End Springs 52366.0 66847.8 -
Between End and | 444795 4 133695.5 i
Center Springs
Center Spring 104732.1 133695.5 7.925 x 108
Table 4.8 Radiation damping ratios for raft foundation
Soil type | Spring Location By B Byy
Hard End Springs 6.87 x 10 2.59 x 103 -
Between End and | ;.0 14s 5.19 x 10° .
Center Springs
Center Spring 1.37 x 10° 5.18 x 10° 3.06 x 10°
Medium | End Springs 1.32 x 10° 533 x 10° -
Between End and 5 2
Center Springs 2.65 x 10 1.06 x 10 -
Center Spring 2.65 x 10® 1.07 x 107 2.12 x 10
Soft End Springs 2.29 x 10° 9.91 x 10° -
Between End and | ) oo s 1.98 x 107 i
Center Springs
Center Spring 4.59 x 10° 1.98 x 107 8.33 x 10?
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Figure 4.3 Spring model with a raft foundation (2D)

4.1.3 Direct Model

The direct model is used to investigate the soil-structure response when subjected to
seismic excitation. The soil is assumed to be 180 m length by 80 m deep, having
multilayers. The soil in the direct model is assumed to be massless. The soil depth is
taken as more than 2.5 times the foundation length of the structure. As explained in
Section 2.5.2, tied boundary conditions are used at the sides and pinned boundaries are
assumed at the bottom of the model. Gap link elements are used between the frame
and the soil. These gap elements consist of elastic springs with integrated opening that
does not allow the transmission of the tensile forces between the frame and the soil.
The behavior of gap elements is linear elastic under compressive forces. The
stiffnesses of the gap elements are calculated so that the compressive forces are
transferred with neglected relative displacements between the frame foundation and
the soil. Therefore, the gap elements located every one meter along the foundation
length, having sufficiently spring stiffness value equal to 10 kN/m. Moreover, linear
spring elements were used to resist the lateral forces, having 10* KN/m lateral spring
stiffness. The space between the bottom of the foundation and soil was assumed to be
0.01m. For all corresponding nodes between the foundation and soil, an equal
horizontal displacement constraint was imposed. In this research, two types of the
foundation were assumed footing and raft foundation to be investigated for the soil-

structure interaction effects on buildings.

4.1.3.1 Footing Foundation

The abovementioned frame properties were assigned to the structure. The frame

foundation was considered as a footing with 2 m x 2 m x 0.8 m length, width, and depth,
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respectively. The footing properties were assumed as modulus of elasticity, E, equal to
39000 N/mm, Poisson ratio, v, equal to 0.2, the concrete compressive strength, Fc,
equal to 60 MPa, and unit mass equal to 24.99 kN/m?. The soil element sizes increase
as we move far away from the structure to get the closest representation of reality,
starting from 1 m, 2 m, and 5 m. The soil medium was modelled using plan-strain
elements having thickness 2 m. The direct model with footing foundation is illustrated

in Figure 4.4.

Figure 4.4 Direct model with footing foundation (2D)

For all soil layers a damping ratio of 5 % is assumed. Gap link elements are shown in
Figure 4.5.

Figure 4.5 Gap link elements in direct model (2D)

4.1.3.2 Raft Foundation

For the raft foundation direct model, a raft foundation is placed under the frame with
the same properties as the raft foundation in spring raft foundation model. The gap link
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elements are put every one meter between the frame and the soil medium. The direct
raft foundation model is shown in Figure 4.6.

4.2 Results and Discussions

The results of the two-dimensional analysis models (i.e., natural periods and mode
shapes, base shear, story displacements, story drifts and foundation settlement) of

fixed, spring, and direct model are presented and discussed below.

4.2.1 Natural periods and Mode Shapes
4.2.1.1 Natural periods and Mode Shapes from Static Analysis

The fundamental periods (first mode natural periods) of the fixed base, spring and
direct models, having three types of soils (i.e., hard, medium and soft) are shown in
Table 4.9. For medium building only, the first mode shapes of the fixed base, spring,
and direct models are shown in Figures 4.7 through 4.12. From Table 4.9, it is observed
that the fundamental periods of the spring models (using static spring stiffnesses given
by Pais [78]) are lower than the fundamental periods of the corresponding direct
models for both the footing foundation and the raft foundation. In direct models,
footing foundation leads to higher fundamental periods (i.e., softer system) for all soil
types and structure types, whereas in spring models this is only the case for soft soils.
For structures on hard and medium soil, spring models with footing foundation are

stiffer than the ones with raft foundation.
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Table 4.9 Fundamental periods of the 2D static models

) Spring Model Direct Model
structure | Fixed Model _ Fundamental Period | Fundamental Period
Type Fund_amental Soil Type (s) (s)
Period (s) Footing Raft Footing Raft
Hard 0.503 0.522 0.634 0.535
Stiff 0.497 Medium 0.524 0.535 0.711 0.619
Soft 0.595 0.581 0.981 0.927
Hard 1.013 1.050 1.275 1.076
Medium 1.000 Medium 1.054 1.077 1.426 1.237
Soft 1.197 1.169 1.961 1.804
Hard 2.026 2.100 2.549 2.151
Soft 2.001 Medium 2.109 2.153 2.851 2.469
Soft 2.395 2.338 3.915 3.578
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Figure 4.7 First natural mode shapes for medium building with footing foundation
on hard soil: fixed (T;= 1 sec), spring (T;= 1.03 sec), and direct (T;= 1.276 sec)
models
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Figure 4.8 First natural mode shapes for medium building with footing foundation
on medium soil: fixed (T;= 1 sec), spring (T;= 1.05 sec), and direct (T, = 1.432 sec)
models
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Figure 4.9 First natural mode shapes for medium building with footing foundation
on soft soil: fixed (T;= 1 sec), spring (T;= 1.19 sec), and direct (T;= 1.98 sec) models

Figure 4.10 First natural mode shapes for medium building with raft foundation on
hard soil: fixed (T;= 1 sec), spring (T;= 1.05 sec), and direct (T;= 1.09 sec) models
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Figure 4.11 First natural mode shapes for medium building with raft foundation on
medium soil: fixed (T;,= 1 sec), spring (T;= 1.07 sec), and direct (T;= 1.26 sec)

il
T

T

T

TITTITT

HHIE% 1
Figure 4.12 First natural mode shapes for medium building with raft foundation on
soft soil: fixed (T,= 1 sec), spring (T;= 1.17 sec), and direct (T;= 1.83 sec) models

4.2.1.2 Natural Periods and Mode Shapes from Dynamic Analysis

The fundamental periods of the fixed base and spring models subjected to 1940 El
Centro earthquake, having three types of soils (hard, medium and soft) are shown in
Table 4.10. For medium building only, the first mode shapes of the fixed base, spring,

and direct models are shown in Figures 4.13 through 4.18. For both footing foundation

72



and raft foundation, the fundamental periods of spring models (using dynamic spring
stiffnesses given by Pais [78]) are almost identical to the values presented in Table 4.9

(based on static spring stiffnesses given by Pais [78]).

Table 4.10 Fundamental periods of the 2D dynamic models

cied Model Spring Model
ixed Mode Fundamental
St[rlg:;gre Fundamental Soil Type Period (s)
Period (s) Footing Raft
Hard 0.503 0.522
Stiff 0.497 Medium 0.524 0.535
Soft 0.595 0.584
Hard 1.013 1.050
Medium 1.000 Medium 1.054 1.077
Soft 1.197 1.170
Hard 2.026 2.100
Soft 2.001 Medium 2.109 2.153
Soft 2.395 2.338
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Figure 4.13 First natural mode shapes for medium building with footing foundation
on hard soil: fixed (T;= 1 sec) and spring (T;,= 1.01 sec) models
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Figure 4.14 First natural mode shapes for medium building with footing foundation
on medium soil: fixed (T;= 1 sec) and spring (T;= 1.05 sec) models
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Figure 4.15 First natural mode shapes for medium building with footing foundation
on soft soil: fixed (T;= 1 sec) and spring (T;= 1.19 sec) models
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Figure 4.16 First natural mode shapes for medium building with raft foundation on
hard soil: fixed (T;= 1 sec) and spring (T;= 1.05 sec) models
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Figure 4.17 First natural mode shapes for medium building with raft foundation on
medium soil: fixed (T;,= 1 sec) and spring (T;= 1.07 sec) models
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Figure 4.18 First natural mode shapes for medium building with raft foundation on
soft soil: fixed (T;= 1 sec) and spring (T;= 1.17 sec) models
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4.2.2 Response Spectrum Analysis Results
4.2.2.1 Base Shear and Story Shears

Story shear results of buildings with footing and raft foundations on different type soils
are plotted in Figures 4.19 and 4.20, respectively. Base shear values are also tabulated
in Table 4.11. From the figures and table below, it is observed that fixed based models
have lower (unconservative) base and story shears for the stiff structure on all three
types of soil (i.e., hard, medium, soft). As the structure and underlying soil become
softer, the fixed based models start to have higher (conservative) base and story shears.
This effect is more pronounced for direct models of medium and soft buildings on all
soil types whereas it becomes significant in spring models only for soft building on

soft soil.
6 . :
Hard Soil Medium Soil Soft, Seil
5 1 v T H
41
=,
737 !
14 L
0 ‘ — : : !
20000 0 20000 0 20000 40000
Story Shear (kN) Story Shear (kN) Story Shear (kN)
- T =050s (ixed) - T1=100s (fixed) - T7=2.00s (fixed)
— Ty =0.59 s (spring) — 77 =1.20s (spring) — T} =240 s (spring)
— Ty =098 s (direct) — 77 =196 s (direct) — Ty = 3.92 s (dirvect)

Figure 4.19 Story shears of buildings with footing foundation on hard, medium, and
soft soil
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Hard Scil I Medium Soil Soft Soil
i
Z, |
53 1 i
z, :
) | |
"9 20000 0 “20000 0 20000 40000
Story Shear (kN) Story Shear (kN) Story Shear (kN)
- Ty =050 s (fixed) - 77 =1.00s (fixed) -+ T3 =2.00s (fixed)
— Ty =0.58 s (spring) — Ty =1.17 s (spring) — Tj =2.34 s (spring)
— Ty =093 s (direct) — 77 =180 s (direct) —~ 77 = 3.38 s (direct)
Figure 4.20 Story shears of buildings with raft foundation on hard, medium, and soft
soil
Table 4.11 Base shears of buildings on hard, medium, and soft soil
Fixed Model Spring Model Direct Model
Structure Soil Type Base Shear Base Shear (kN) Base Shear (kN)
Type (kN) . .
Footing Raft Footing Raft
Hard 3548 3570 3655 3943 3752
Stiff Medium 4144 4244 4291 4700 4742
Soft 5023 5339 5273 5814 6058
Hard 13502 13434 13284 11656 13098
Medium | Medium 15518 15114 14933 12066 13564
Soft 20250 20422 20468 13339 14457
Hard 27449 27326 27004 23464 26605
Soft Medium 31472 30758 30404 24429 27438
Soft 46526 41480 41976 26780 29060

4.2.2.2 Story Displacements and Drifts

Story displacements and drifts of the fixed base, spring and direct models are plotted
in Figures 4.21 through 4.24 for footing and raft foundation cases. The values of story

displacements and drifts are also tabulated in Tables 4.12 through 4.17.
For both footing and raft foundations, as building and soil become softer, story

displacements increase as expected due to two reasons, which are: (i) higher flexibility

of building and soil, and (ii) higher design spectral acceleration for softer soil.
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For a given structure with footing or raft foundation, as soil becomes softer, the

differences between the fixed model and SSI models (spring and direct) become more
pronounced. For any given soil, the difference between fixed model and SSI models

increases as the structure becomes stiffer. This effect is more visible in direct models

(compared to the spring models) and in spring models on soft soil.

Soft Soil

Medium Soil

61
5 4
Z 4
23
(@8]
94
1 4
0 - ; ‘ S :
200 0 200 4000 500
Story Displacement (mm)  Story Displacement (mm)
----- 71 =2.00 s (fixed)

Story Displacement (mm)
----- T =050 s (fixed) - T)=1.00s (fixed)
— Ty =1.20 3 [spring) — T} =240 s (spring)
— T =3.92 s (direct)

spring)
direct)

(
— T1=098s( — 11 =1.96 s [direct)
Figure 4.21 Story displacements of buildings with footing foundation on hard,

T =059 s

medium, and soft soil
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4 Medium Soil Soft Soil
)1 i i ,"' j'
51
= 41
-
w | ;
21}
11 117
0k ‘ : : - / : :
0 100 200 0 200 0 250 500
Story Displacement (mm)  Story Displacement (mm)  Story Displacement (mm)
----- Ty =050 s (fixed) - T =100 (fixed) -~ T} =2.00s (fixed)
— Ty =058s (spring) — Ty =117 s (spring) — T) =234 s (spring)
— Ty =10.93 5 (direct) — T =1.80s (divect) — T =23.58 s (direct)

Figure 4.22 Story displacements of buildings with raft foundation on hard, medium,
and soft soil

Tables 4.12 through 4.17 present the story drifts both in mm and as percentage of the
story height. Similar to the story displacements, the story drift values increase as the
structure and the soil get softer. For fixed base models, the largest story drift occurs in
the second story columns, whereas the largest story drift occurs in the first story
columns for direct models with footing or raft foundation. Spring models on hard and
medium soil have the largest drift in the second story columns similar to the fixed
models, but as the soil becomes softer, the largest drift occurs in the first story columns

of the spring models.

For a given structure as the soil gets softer, the drifts of the SSI models (spring and
direct) increases with respect to fixed based model drifts for both footing and raft
foundations. This effect is higher in direct models. For a given soil, as the structure
gets softer, the drifts of the SSI models decrease with respect to fixed base model drifts

for both footing and raft foundations.
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Soft Soil

Medium Soil

Hard Soil

6 J
5 4
= 4
23
o]
21 j
1 i
50 100 0 50 100 0 50 100
Story Drift (mm) Story Drift (mm)
- 11 =200 s (fixed)
— T} =240 s (spring)

0
Story Drift (mm)
- 1 =100 s (tixed)
— T1 =1.20 s (spring)
— T1 =3.92 s (direct)

- 11 =050 s (fixed)
— T} =0.59 s (spring)
— 11 =1.96 s (direct)

— Ty =0.98 s (direct)
Figure 4.23 Story drifts of buildings with footing foundation on hard, medium, and

soft soil
Soft Soil

Medium Soil

Hard Soil

6 4
5 4
= 4
23
i
94
1 4
25 50 0 25 50 0 30 100
Story Drift (imm) Story Drift (mm)
Ty =1.00 s (fixed) -- 71 =2.00 s (fixed)
— Ty =2.34 s (spring)

0
Story Drift (mm)

— T =050 s (fixed) -
— Ty =1.17 s (spring)
— Ty =3.38 5 (direct)

— T} =0.58 s (spring)
— Ty =0.93 s (direct) — Ty =180 s (direct)
Figure 4.24 Story drifts of buildings with raft foundation on hard, medium, and soft
soil
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Table 4.12 Story displacements and drifts of stiff building with footing foundation
on hard, medium, and soft soil

- Fixed Spring Direct
Soil | S| Disp. | Drift | Drift | Disp. | Drift | Drift | Disp. | Drift | Drift
@ (mm) | (mm) % (mm) | (mm) % (mm) | (mm) %
6 | 31.36 | 219 | 0.07 | 3215 | 225 | 0.08 | 49.19 | 2.44 | 0.08
= 512917 | 397 | 013 | 2990 | 401 | 0.13 | 46.75 | 419 | 0.14
n 4 | 2520 | 553 | 0.18 | 2589 | 559 | 0.19 | 4256 | 586 | 0.19
= 3 | 1967 | 6.75 | 0.23 | 20.30 | 6.81 | 0.23 | 36.70 | 7.34 | 0.25
T 2 | 1292 | 738 | 025 | 1349 | 748 | 0.25 | 29.36 | 9.23 | 0.31
1| 554 | 554 | 019 | 6.01 | 589 | 0.19 | 20.13 | 17.72 | 0.59
_ 6 | 36.62 | 256 | 0.09 | 40.66 | 281 | 0.09 | 71.62 | 3.61 | 0.12
S 5 | 3406 | 463 | 0.15 | 3785 | 4.88 | 0.16 | 68.01 | 564 | 0.19
c 4 | 2943 | 646 | 022 | 3297 | 6.73 | 0.22 | 62.37 | 7.58 | 0.25
= 3 | 2297 | 789 | 026 | 26.24 | 820 | 0.27 | 54.79 | 9.36 | 0.31
S 2 | 15.00 | 860 | 0.29 | 18.04 | 9.12 | 0.30 | 4543 | 11.70 | 0.39
1] 648 | 648 | 022 | 892 | 825 | 0.28 | 33.73 | 21.57 | 0.72
6 | 4445 | 311 | 0.10 | 63.04 | 432 | 0.14 | 160.3 | 8.17 | 0.27
= 5 14134 | 562 | 0.19 | 58.72 | 6.80 | 0.23 | 152.2 | 10.56 | 0.35
3 4 | 3572 | 785 | 0.26 | 51.92 | 9.10 | 0.30 | 141.6 | 12.89 | 0.43
i= 3 | 2787 | 957 | 032 | 42.82 | 10.99 | 0.37 | 128.7 | 15.10 | 0.50
@ 2 | 1830 | 1045 | 0.35 | 31.83 | 12.63 | 0.42 | 113.6 | 18.27 | 0.61
1] 78 | 785 | 0.26 | 19.20 | 1530 | 0.51 | 95.35 | 29.51 | 0.98

Table 4.13 Story displacements and drifts of medium building with footing
foundation on hard, medium, and soft soil

- Fixed Spring Direct
Soil | S | Disp. | Drift | Drift | Disp. | Drift | Drift | Disp. | Drift | Drift
Pl @mm) | (mm)| % | mm) | @mm) | % | (mm)]| (mm)| %
6 | 1196 | 856 | 0.29 | 121.3 | 8.65 | 0.29 | 1457 | 7.40 | 0.25
= 5 | 1111 | 1522 | 051 | 112.6 | 15.23 | 0.51 | 138.3 | 1254 | 0.42
2 4 | 9584 | 21.10 | 0.70 | 97.38 | 21.07 | 0.70 | 125.8 | 17.37 | 0.58
= 3 | 7474 | 25,65 | 0.86 | 76.31 | 25.61 | 0.85 | 108.4 | 21.68 | 0.72
I 2 | 49.09 | 28.00 | 0.93 | 50.70 | 28.08 | 0.94 | 86.75 | 27.28 | 0.91
112109 | 21.09 | 0.70 | 22.62 | 22.18 | 0.74 | 59.47 | 52.35 | 1.75
_ 6 | 1374 | 9.83 | 0.33 | 145.1 | 1025 | 0.34 | 183.9 | 9.44 | 0.32
'g 5 11276 | 1749 | 058 | 1349 | 1751 | 0.58 | 1745 | 14.64 | 0.49
= 4 | 110.1 | 2424 | 0.81 | 1173 | 24.01 | 0.80 | 159.9 | 19.54 | 0.65
= 3 | 8588 | 29.46 | 0.98 | 93.33 | 29.16 | 0.97 | 140.3 | 24.00 | 0.80
S 2 | 5642 | 32.18 | 1.07 | 64.17 | 32.43 | 1.08 | 116.3 | 30.01 | 1.00
1 | 2424 | 2424 | 081 | 31.74 | 29.36 | 0.98 | 86.32 | 55.36 | 1.85
6 | 179.6 | 12.84 | 0.43 | 242.0 | 16.88 | 0.56 | 365.5 | 18.98 | 0.63
= 5 | 166.8 | 22.86 | 0.76 | 225.1 | 26.32 | 0.88 | 346.5 | 24.43 | 0.81
3 4 | 1439 | 3171 | 1.06 | 198.8 | 34.94 | 1.17 | 322.1 | 29.71 | 0.99
E 3 | 1122 | 3854 | 1.29 | 163.9 | 4210 | 1.40 | 292.3 | 34.67 | 1.16
@ 2 | 73.69 | 42.05 | 140 | 121.8 | 4833 | 1.61 | 257.7 | 41.89 | 1.39
1 | 3164|3164 | 1.06 | 73.45 | 5853 | 1.95 | 2158 | 67.73 | 2.26
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Table 4.14 Story displacements and drifts of soft building with footing foundation on
hard, medium, and soft soil

- Fixed Spring Direct
Soil S | Disp. | Drift | Drift | Disp. | Drift | Drift | Disp. | Drift | Drift
@ (mm) | (mm) % (mm) | (mm) % (mm) | (mm) %
6 | 236.7 | 17.36 | 0.58 | 240.3 | 17.56 | 0.59 | 290.8 | 15.07 | 0.50
= 5 | 2194 | 30.07 | 1.00 | 222.7 | 30.14 | 1.00 | 275.7 | 25.16 | 0.84
n 4 | 189.3 | 41.07 | 1.37 | 192.6 | 41.05 | 1.37 | 250.6 | 34.33 | 1.14
= 3 | 148.3 | 50.06 | 1.67 | 1515 | 50.01 | 1.67 | 216.2 | 42.69 | 1.42
L 2 | 9822 | 5560 | 1.85 | 101.5 | 55.77 | 1.86 | 1735 | 54.17 | 1.81
1 |42.62 | 42,62 | 142 | 4574 | 44.86 | 1.49 | 1194 | 105.1 | 3.50
_ 6 | 271.1 | 19.90 | 0.66 | 287.8 | 20.83 | 0.69 | 369.2 | 19.33 | 0.64
S 5 | 251.2 | 3442 | 1.15 | 266.9 | 34.73 | 1.16 | 349.9 | 29.54 | 0.99
c 4 | 216.8 | 46.97 | 157 | 232.2 | 46.80 | 1.56 | 320.4 | 38.92 | 1.29
= 3 1169.8 | 57.28 | 1.91 | 1854 | 56.89 | 1.89 | 281.4 | 47.57 | 1.59
S 2 | 1125 | 63.67 | 2.12 | 128.5 | 64.30 | 2.14 | 233.9 | 59.87 | 1.99
14885 | 48.85 | 1.63 | 64.20 | 59.36 | 1.98 | 173.9 | 111.7 | 3.72
6 | 405.9 | 2951 | 0.98 | 484.1 | 34.30 | 1.14 | 728.4 | 38.23 | 1.27
= 5 | 3764 | 51.63 | 1.72 | 449.8 | 52.72 | 1.76 | 690.2 | 48.90 | 1.63
3 4 | 3248 | 7091 | 2.36 | 397.1 | 69.21 | 2.31 | 641.3 | 59.13 | 1.97
i= 3 | 2539 | 8631 | 2.88 | 327.8 | 83.18 | 2.77 | 582.2 | 68.78 | 2.29
@ 2 | 167.6 | 95.16 | 3.17 | 244.7 | 96.25 | 3.21 | 513.4 | 83.13 | 2.77
1 7242 | 7242 | 241 | 1484 | 118.2 | 3.94 | 430.3 | 135.2 | 4.51

Table 4.15 Story displacements and drifts of stiff building with raft foundation on
hard, medium, and soft soil

- Fixed Spring Direct
Soil | S | Disp. | Drift | Drift | Disp. | Drift | Drift | Disp. | Drift | Drift
Pl mm) | (mm)| % | mm) | @mm) | % | mm)]| (mm)| %
6 | 3136 | 219 | 0.07 | 3447 | 227 | 0.08 | 36.96 | 2.53 | 0.08
= 512917 | 397 | 013 | 3220 | 4.04 | 014 | 3443 | 433 | 0.14
2 4 | 2520 | 553 | 0.18 | 28.16 | 5.64 | 0.19 | 30.10 | 595 | 0.19
= 3 (1967 | 675 | 023 | 2252 | 6.91 | 0.23 | 2415 | 7.24 | 0.24
I 2 [ 1292 | 738 | 025 | 1561 | 7.76 | 0.26 | 16.91 | 8.03 | 0.27
1| 554 | 554 | 019 | 7.85 | 769 | 0.26 | 8.88 | 7.04 | 0.24
_ 6 | 3662 | 256 | 0.09 | 4243 | 291 | 0.09 | 59.03 | 3.84 | 0.13
S 5 | 34.06 | 463 | 015 | 3952 | 497 | 0.17 | 55.19 | 6.00 | 0.20
c 4 | 29.43 | 6.46 | 022 | 3455 | 6.84 | 0.23 | 49.19 | 7.96 | 0.27
= 3 2297 | 789 | 026 | 2771 | 834 | 0.28 | 41.23 | 9.59 | 0.32
S 2 | 15.08 | 860 | 0.29 | 19.37 | 9.35 | 0.31 | 31.64 | 10.67 | 0.36
1| 648 | 648 | 0.22 | 10.02 | 935 | 0.31 | 2097 | 9.64 | 0.32
6 | 4445 | 311 | 010 | 61.02 | 463 | 0.15 | 1529 | 872 | 0.29
= 5 (4134 | 562 | 019 | 5639 | 7.12 | 0.24 | 1442 | 11.25| 0.38
3 4 | 3572 | 785 | 026 | 49.27 | 9.39 | 0.31 | 132.9 | 13.66 | 0.46
E 3 | 2787 | 957 | 032 | 39.88 | 11.23 | 0.38 | 119.3 | 1579 | 0.53
@ 2 1830 | 1040 | 0.35 | 28.65 | 12.49 | 0.42 | 1035 | 17.37 | 0.58
1| 785 | 7.85 | 0.26 | 16.16 | 12.72 | 0.42 | 86.09 | 16.45 | 0.55
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Table 4.16 Story displacements and drifts of medium building with raft foundation
on hard, medium, and soft soil

- Fixed Spring Direct
Soil | S| Disp. | Drift | Drift | Disp. | Drift | Drift | Disp. | Drift | Drift
@ (mm) | (mm) % (mm) | (mm) % (mm) | (mm) %
6 | 119.6 | 856 | 0.29 | 1256 | 845 | 0.28 | 129.4 | 9.03 | 0.30
= 5 | 1111 | 1522 | 051 | 117.1 | 1482 | 0.49 | 1204 | 15.28 | 0.51
n 4 | 9584 | 21.10 | 0.70 | 102.3 | 20.53 | 0.68 | 105.1 | 20.85 | 0.69
= 3 | 7474 | 2565 | 0.86 | 81.76 | 25.09 | 0.84 | 84.24 | 25.32 | 0.84
T 2 | 49.09 | 28.00 | 0.93 | 56.67 | 28.15 | 0.94 | 58.92 | 28.03 | 0.93
112109 | 21.01 | 0.70 | 2852 | 2795 | 0.93 | 30.89 | 24.61 | 0.82
_ 6 | 1374 | 983 | 033 | 1479 | 1035 | 0.35 | 167.2 | 11.15 | 0.37
S 5 | 1276 | 1749 | 058 | 1376 | 17.47 | 0.58 | 156.0 | 17.27 | 0.58
c 4 | 1101 | 2424 | 0.81 | 120.2 | 23.85 | 0.79 | 138.8 | 22.83 | 0.76
= 3 | 8588 | 29.46 | 0.98 | 96.30 | 28.98 | 0.97 | 115.9 | 27.44 | 0.92
S 2 | 5642 | 3218 | 1.07 | 67.32 | 32.46 | 1.08 | 88.49 | 30.56 | 1.02
112424 | 2424 | 081 | 34.86 | 32.54 | 1.09 | 57.93 | 27.66 | 0.92
6 | 179.6 | 12.84 | 043 | 237.6 | 18.30 | 0.61 | 346.0 | 20.89 | 0.69
= 5 | 166.8 | 22.86 | 0.76 | 219.3 | 27.92 | 0.93 | 325.1 | 26.91 | 0.89
3 4 | 1439 | 3171 | 1.06 | 1914 | 36.61 | 1.22 | 298.2 | 32.59 | 1.09
= 3 | 1122 | 3854 | 1.29 | 1548 | 43.64 | 1.46 | 265.6 | 37.58 | 1.25
@ 2 | 7369 | 42.05 | 140 | 1111 | 4849 | 1.62 | 228.0 | 41.28 | 1.38
1 [3164 | 3164 | 1.06 | 62.64 | 49.39 | 1.65 | 186.8 | 39.04 | 1.30

Table 4.17 Story displacements and drifts of soft building with raft foundation on
hard, medium, and soft soil

- Fixed Spring Direct
Soil S | Disp. | Drift | Drift | Disp. | Drift | Drift | Disp. | Drift | Drift
Pl @mm) | (mm)| % | mm) | @mm) | % | (mm)]| (mm)| %
6 | 236.8 | 17.36 | 0.58 | 249.6 | 17.20 | 0.57 | 256.8 | 18.34 | 0.61
= 5 (2194 | 30.07 | 1.00 | 232.4 | 29.47 | 0.98 | 238.,5 | 30.33 | 1.01
2 4 | 189.4 | 41.07 | 1.37 | 202.9 | 40.16 | 1.34 | 208.1 | 40.76 | 1.36
-c% 3 ] 148.3 | 50.06 | 1.67 | 162.7 | 49.13 | 1.64 | 1674 | 49.50 | 1.65
I 2 | 98.22 | 55.60 | 1.85 | 113.6 | 55.93 | 1.86 | 117.9 | 55.62 | 1.85
1 | 4262 | 4262 | 1.42 | 57.67 | 56.51 | 1.88 | 62.25 | 49.62 | 1.65
_ 6 | 271.1 | 19.90 | 0.66 | 293.9 | 21.05 | 0.70 | 330.5 | 22.54 | 0.75
'g 5 12512 | 3442 | 115 | 2729 | 3472 | 1.16 | 3079 | 3433 | 114
c 4 | 216.8 | 46.97 | 157 | 238.2 | 46.62 | 1.55 | 273.6 | 44.65 | 1.49
= 3 |169.8 | 57.28 | 1.91 | 191.6 | 56.67 | 1.89 | 228.9 | 53.49 | 1.78
S 2 | 1125 | 63.67 | 212 | 1349 | 64.46 | 2.15 | 1755 | 60.18 | 2.01
1 |4885 | 4885 | 163 | 70.46 | 65.77 | 219 | 1153 | 55.27 | 1.84
6 | 4059 | 2951 | 0.98 | 477.1 | 37.27 | 1.24 | 679.2 | 41.82 | 1.39
= 5 | 3764 | 51.63 | 1.72 | 439.8 | 56.09 | 1.87 | 637.4 | 53.52 | 1.78
3 4 | 324.8 | 70.91 | 2.36 | 383.7 | 72.75 | 2.43 | 583.9 | 64.43 | 2.15
E 3 | 2539 | 8631 | 2.88 | 310.9 | 86.68 | 2.89 | 519.4 | 73.99 | 2.47
@ 2 | 167.6 | 95.16 | 3.17 | 2243 | 97.20 | 3.24 | 4455 | 81.28 | 2.71
1 | 7242 | 7242 | 241 | 127.1 | 100.1 | 3.34 | 364.2 | 76.91 | 2.56

4.2.2.3 Foundation Displacement

Foundation vertical and lateral displacements of spring and direct models with
different types of soil are presented in Table 4.18. Foundation displacements are given
at three points (Loc. 1, 2, 3) in Table 4.18, such that Loc. 1 is leftmost point at the
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bottom of the foundation, Loc. 2 is the center point at the bottom of the foundation,
and Loc. 3 is the rightmost point at the bottom of the foundation. Foundation
settlement (vertical displacement) is also plotted in Figures 4.25 and 4.26 for footing

and raft foundations, respectively.

As the soil and/or structure gets softer, the foundation vertical and lateral
displacements increase as expected. It is observed that spring models indicate lower
vertical and lateral displacements compared to direct models, leading to less
conservative results for foundation displacements. Spring models indicate a larger
difference in foundation settlement between footing and raft foundations compared to
direct models. Also, it is observed that spring models indicate larger foundation
settlements in raft foundation for any soil and structure type whereas direct models

indicate larger foundation settlements in raft foundation only for stiff structure.

Table 4.18 Foundation vertical and lateral displacements

Spring Model Direct Model

Soil | Structure il Footing Raft Footing Raft
Type | Type : U, Uy U, Uy U, Uy U, Uy
(mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm)
1 -0.23 0.09 | -0.17 | 0.06 | -0.87 | 2.01 | -1.64 | 1.740
Stiff 2 -0.28 012 | -0.32 | 0.06 | -3.63 | 1.95 | -4.02 | 1.770
_ 3 0.23 0.09 | -0.17 | 0.10 | -0.87 | 1.24 | -1.64 | 1570
S 1 -0.15 034 | 043 | 0.21 | -5.35 | 6.24 | -5.62 | 5.960
o Medium 2 -1.08 044 | -1.16 | 0.22 | -13.7 | 5.76 | -13.0 | 6.030
£ 3 -0.15 035 | -043 | 0.37 | -5.35 | 3.35 | -5.62 | 5.310
1 -2.45 0.70 | -1.81 | 0.26 | -32.4 | 15.32 | -32.,5 | 12.61
Soft 2 -4.25 0.88 | -4.47 | 0.44 | -53.7 | 11,655 | -48.9 | 12.13
3 -2.45 0.70 | -1.81 | 0.89 | -32.4 | 3.94 | -32.,5 | 10.10
1 0.14 052 | -0.83 | 0.42 | -3.95 | 10.48 | -6.41 | 10.83
Stiff 2 -1.29 0.67 | -1.24 | 054 | -13.6 | 11.05 | -15.8 | 11.10
= 3 0.14 054 | -0.83 | 042 | -3.95 | 8.27 | -6.41 | 10.90
n 1 -0.40 1.88 | 194 | 149 | -244 | 28.06 | -25.3 | 28.94
% Medium 2 -4.93 238 | 437 | 1.87 | -51.3 | 28.11 | -51.4 | 29.62
3 3 -0.40 190 | 194 | 140 | -24.4 | 19.63 | -25.3 | 28.98
= 1 -10.58 | 3.86 | -7.46 | 3.17 | -123 | 64.74 | -130 | 57.54
Soft 2 -19.41 | 484 | -16.9 | 3.78 | -201 | 56.61 | -193 | 58.81
3 -10.58 | 3.88 | -7.46 | 275 | -129 | 31.49 | -130 | 57.49
1 -1.19 3.09 | -346 | 2.76 | -12.8 | 56.10 | -22.5 | 67.65
Stiff 2 -5.62 390 | -5.15 | 3.22 | -51.5 | 61.72 | -61.3 | 68.38
3 -1.19 3.18 | -3.46 | 271 | -12.8 | 52.42 | -22.5 | 68.23
S 1 -2.62 | 1194 | 12.80 | 10.74 | -98.1 | 129.2 | -105 | 143.
;n_._ Medium 2 -21.55 | 14.92 | -18.2 | 12.41 | -196 | 138.7 | -200 | 144.8
3 3 -2.62 | 12.03 | 12.80 | 10.24 | -98.1 | 114.6 | -105 | 144.5
1 -36.36 | 24.36 | -16.8 | 22.70 | -525 | 272.2 | -525 | 277.2
Soft 2 -85.05 | 30.23 | -70.0 | 25.29 | -771 | 276.5 | -753. | 282
3 -36.36 | 24.45 | -16.8 | 20.40 | -525 | 214.1 | -525 282
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Figure 4.25 Foundation settlements of buildings with footing foundation on hard,
medium, and soft soil
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Figure 4.26 Foundation settlements of buildings with raft foundation on hard,
medium, and soft soil

4.2.3 Time History Analysis Results

The time history analysis is carried out for the fixed base models and spring models
using 1940 EI Centro earthquake acceleration record. For the dynamic analysis, the
natural periods and mode shapes, base and story shears, story displacements and drifts,

and foundation displacements are presented in the following sections.
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4.2.3.1 Base and Story Shears

Maximum story shears in the fixed base models and spring models on three types of
soil (hard, medium, soft) are plotted in Figure 4.27 for footing foundation, and in
Figure 4.29 for raft foundation. Sample base shear time histories are also plotted for
fixed and spring models on soft soil in Figures 4.28 and 4.30 for footing foundation
and raft foundation, respectively. Maximum values of base shears are also tabulated in
Table 4.19.

From the figures below, it is observed that maximum story shears are very similar for
all three buildings with footing foundation when they are on hard soil. As the soil gets
softer, the maximum story shears start to differ more between the fixed base model
and spring model, especially in soft building on soft soil. Similar trends can be
observed in maximum story shears for buildings with raft foundation. In this case, the
differences between fixed base and spring models are noticeable for medium and soft
buildings on all three types of soil (hard, medium, soft) considered in this study.

From the figures and table below, it is observed that fixed based models have slightly
lower (unconservative) base and story shears for the stiff structure on hard and medium
soil. As the structure and underlying soil become softer, the fixed based models start
to have higher (conservative) base and story shears. This effect becomes significant in
spring models primarily for medium and soft buildings on soft soil. The dynamic base
and story shear results are in general consistent with response spectrum analysis
results, with minor discrepancies most likely due to using an unscaled ground
acceleration for all soil types and effect of dominant frequency components in the

ground motion record.

85



i Hard Soil || | Medium Soil ||| Soft, Soil
27 T
4 ,
< |
< i
231
T2y
] | 7 TT
0 i A L
0 20000 0 20000 0 20000
Story Shear (kN) Story Shear (kN) Story Shear (kN)
— Ty =0.50 s (ﬁxod) ------ Ty = 1.00 s (fixed) - T = 2.00 s (fixed)
— T1 =059 s (spring) — 77 =1.20s (spring) — T; = 2.40 s (spring)

Figure 4.27 Maximum story shears of buildings with footing foundation on hard,
medium, and soft soil under 1940 EI Centro earthquake
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Figure 4.28 Base shear time-histories of buildings with footing foundation on soft
soil under 1940 EI Centro earthquake
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Figure 4.29 Maximum story shears of buildings with raft foundation on hard,
medium, and soft soil under 1940 EI Centro earthquake
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Figure 4.30 Base shear time-histories of buildings with raft foundation on soft soil
under 1940 EI Centro earthquake
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Table 4.19 Maximum base shears of buildings on hard, medium, and soft soil

Structure Fixed Model Soil Type Spring Model Base Shear (kN)
Type Base Shear (kN) Footing Raft
Hard 6565 7080
Stiff 6519 Medium 7031 6960
Soft 6273 6381
Hard 18691 16242
Medium 19303 Medium 15846 14238
Soft 12718 12575
Hard 31183 31208
Soft 31035 Medium 30949 29827
Soft 21892 24871

4.2.3.2 Story Displacements and Drifts

Maximum story displacements and drifts of the fixed base and spring models are
plotted in Figures 4.31, 4.33, 4.35, and 4.37 for footing and raft foundation cases on
all three types of soil. Sample top floor displacement and first floor drift histories are
plotted for footing and raft foundation cases on soft soil only in Figures 4.32, 4.34,
4.36, and 4.38. The values of story displacements and drifts are also tabulated in Tables
4.20 through 4.37.

For both footing and raft foundations, as building and soil become softer, maximum
story displacements increase as expected due to two reasons, which are: (i) higher
flexibility of building and soil, and (ii) higher design spectral acceleration for softer
soil. For a given structure with footing or raft foundation, as soil becomes softer, the

differences between the fixed model and spring model become more pronounced.

Similar to the story displacements, the story drift values increase as the structure and
the soil get softer. For fixed base models, the largest story drift (maximum value)
occurs in the second story columns. Spring models on hard and medium soil have the
largest drift in the second story columns similar to the fixed models, but as the soil
becomes softer, the largest drift occurs in the first story columns of the spring models.
For a given structure as the soil gets softer, the story drifts of the spring model increase

with respect to fixed based model story drifts for both footing and raft foundations.
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Figure 4.31 Maximum story displacements of buildings with footing foundation on
hard, medium, and soft soil under 1940 EI Centro earthquake
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Figure 4.32 Top story displacement time-histories of buildings with footing
foundation on soft soil under 1940 El Centro earthquake
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Figure 4.33 Maximum story displacements of buildings with raft foundation on hard,
medium, and soft soil under 1940 EI Centro earthquake
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Figure 4.34 Top story displacement time-histories of buildings raft foundation on
soft soil under 1940 EIl Centro earthquake
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Figure 4.35 Maximum story drifts of buildings with footing foundation on hard,
medium, and soft soil under 1940 EI Centro earthquake
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Figure 4.36 First story drift time-histories of buildings with footing foundation on
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Figure 4.37 Maximum story drifts of buildings with raft foundation on hard,
medium, and soft soil under 1940 El Centro earthquake
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Figure 4.38 First story drift time-histories of buildings raft foundation on soft soil
under 1940 EI Centro earthquake
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Table 4.20 Maximum story displacements and drifts of stiff building with footing
foundation on hard soil

Story Fixed Spring

Disp. Drift Drift Disp. Drift Drift

(mm) (mm) (%) (mm) (mm) (%)
6 56.2 3.9 0.1 57.7 4.0 0.1
5 52.2 7.2 0.2 53.7 7.3 0.2
4 44.9 9.9 0.3 46.3 10.0 0.3
3 35.1 11.9 0.4 36.3 12.0 0.4
2 23.2 13.1 0.4 24.3 13.3 0.4
1 10.1 10.1 0.3 10.9 10.8 0.4

Table 4.21 Maximum story displacements and drifts of stiff building with footing
foundation on medium soil

Story Fixed Spring

Disp. Drift Drift Disp. Drift Drift

(mm) (mm) (%) (mm) (mm) (%)
6 56.2 3.9 0.1 67.8 4.7 0.2
5 52.2 7.2 0.2 63.1 8.4 0.3
4 44.9 9.9 0.3 54.8 114 0.4
3 35.1 11.9 0.4 43.3 13.6 0.5
2 23.2 13.1 0.4 29.7 14.9 0.5
1 10.1 10.1 0.3 14.7 13.6 0.5

Table 4.22 Maximum story displacements and drifts of stiff building with footing
foundation on soft soil

Story Fixed Spring

Disp. Drift Drift Disp. Drift Drift

(mm) (mm) (%) (mm) (mm) (%)
6 56.2 3.9 0.1 74.1 74.1 0.2
5 52.2 7.2 0.2 69.1 69.1 0.3
4 44.9 9.9 0.3 61.1 61.1 0.4
3 35.1 11.9 0.4 50.5 50.5 0.4
2 23.2 13.1 0.4 37.4 37.4 0.5
1 10.1 10.1 0.3 22.6 22.6 0.6

Table 4.23 Maximum story displacements and drifts of medium building with
footing foundation on hard soil

Story Fixed Spring

Disp. Drift Drift Disp. Drift Drift

(mm) (mm) (%) (mm) (mm) (%)
6 150 8.8 0.3 152.5 9.2 0.3
5 141 16.5 0.5 143.3 17.2 0.6
4 124 24.8 0.8 126.1 25.2 0.8
3 100 325 1.1 100.9 325 1.1
2 67.6 37.8 1.3 68.5 37.4 1.2
1 29.8 29.8 0.9 31.1 30.5 1.0
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Table 4.24 Maximum story displacements and drifts of medium building with

footing foundation on medium soil

Story Fixed Spring

Disp. Drift Drift Disp. Drift Drift

(mm) (mm) (%) (mm) (mm) (%)
6 150 8.8 0.3 156 10.5 0.4
5 141 16.5 0.5 145 19.1 0.6
4 124 24.8 0.8 126 26.5 0.9
3 100 32.5 1.1 99.3 31.7 1.1
2 67.6 37.8 1.3 67.7 344 1.1
1 29.8 29.8 0.9 33.2 30.7 1.0

Table 4.25 Maximum story displacements and drifts of medium building with
footing foundation on soft soil

Story Fixed Spring

Disp. Drift Drift Disp. Drift Drift

(mm) (mm) (%) (mm) (mm) (%)
6 150 8.8 0.3 147 10.5 0.4
5 141 16.5 0.5 136 15.8 0.5
4 124 24.8 0.8 121 20.6 0.7
3 100 32.5 1.1 100 25.1 0.8
2 67.6 37.8 1.3 74.9 29.4 0.9
1 29.8 29.8 0.9 45.5 36.3 1.2

Table 4.26 Maximum story displacements and drifts of soft building with footing
foundation on hard soil

Story Fixed Spring

Disp. Drift Drift Disp. Drift Drift

(mm) (mm) (%) (mm) (mm) (%)
6 238 19.2 0.6 246 21.8 0.7
5 219 27.6 0.9 225 29.5 0.9
4 191 35.6 1.2 195 35.6 1.2
3 155 48.3 1.6 160 47.9 1.6
2 107 59.4 1.9 112 60.1 2.0
1 47.6 47.6 1.6 51.6 50.6 1.7

Table 4.27 Maximum story displacements and drifts of soft building with footing
foundation on medium soil

Story Fixed Spring

Disp. Drift Drift Disp. Drift Drift

(mm) (mm) (%) (mm) (mm) (%)
6 238 19.2 0.6 272 23.4 0.8
5 219 27.6 0.9 248 40.8 1.4
4 191 35.6 1.2 207 36.6 1.2
3 155 48.3 1.6 171 46.5 1.6
2 107 59.4 1.9 124 60.4 2.0
1 47.6 47.6 1.6 63.9 59.0 1.9
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Table 4.28 Maximum story displacements and drifts of soft building with footing
foundation on soft soil

Story Fixed Spring

Disp. Drift Drift Disp. Drift Drift

(mm) (mm) (%) (mm) (mm) (%)
6 238 19.2 0.6 314 27.2 0.9
5 219 27.6 0.9 287 42.7 1.4
4 191 35.6 1.2 244 54.5 1.8
3 155 48.3 1.6 189 57.7 1.9
2 107 59.4 1.9 132 54.1 1.8
1 47.6 47.6 1.6 77.6 61.7 2.1

Table 4.29 Maximum story displacements and drifts of stiff building with raft
foundation on hard soil

Story Fixed Spring

Disp. Drift Drift Disp. Drift Drift

(mm) (mm) (%) (mm) (mm) (%)
6 56.2 3.9 0.1 66.6 4.4 0.1
5 52.2 7.2 0.2 62.2 7.9 0.3
4 44.9 9.9 0.3 54.2 11.0 0.4
3 35.1 11.9 0.4 43.2 13.3 0.4
2 23.2 13.1 0.4 29.9 14.8 0.5
1 10.1 10.1 0.3 15.1 14.8 0.5

Table 4.30 Maximum story displacements and drifts of stiff building with raft
foundation on medium soil

Story Fixed Spring

Disp. Drift Drift Disp. Drift Drift

(mm) (mm) (%) (mm) (mm) (%)
6 56.2 3.9 0.1 72.6 5.3 0.2
5 52.2 7.2 0.2 67.3 9.0 0.3
4 44.9 9.9 0.3 58.3 12.1 0.4
3 35.1 11.9 0.4 46.2 14.3 0.5
2 23.2 13.1 0.4 31.9 15.5 0.5
1 10.1 10.1 0.3 16.4 15.3 0.5

Table 4.31 Maximum story displacements and drifts of stiff building with raft
foundation on soft soil

Story Fixed Spring

Disp. Drift Drift Disp. Drift Drift

(mm) (mm) (%) (mm) (mm) (%)
6 56.2 3.9 0.1 73.5 5.5 0.2
5 52.2 7.2 0.2 68.0 8.6 0.3
4 44.9 9.9 0.3 59.5 11.3 0.4
3 35.1 11.9 0.4 48.1 13.5 0.4
2 23.2 13.1 0.4 34.7 15.2 0.5
1 10.1 10.1 0.3 19.5 15.3 0.5

95




Table 4.32 Maximum story displacements and drifts of medium building with raft
foundation on hard soil

Story Fixed Spring

Disp. Drift Drift Disp. Drift Drift

(mm) (mm) (%) (mm) (mm) (%)
6 150 8.8 0.3 156 10.3 0.3
5 141 16.5 0.5 145 18.5 0.6
4 125 24.8 0.8 127 25.9 0.9
3 100 32.5 1.1 101 314 1.0
2 67.6 37.8 1.3 69.4 34.7 1.2
1 29.8 29.8 0.9 34.8 34.1 1.1

Table 4.33 Maximum story displacements and drifts of medium building with raft
foundation on medium soil

Story Fixed Spring

Disp. Drift Drift Disp. Drift Drift

(mm) (mm) (%) (mm) (mm) (%)
6 150 8.8 0.3 153 115 0.4
5 141 16.5 0.5 142 19.4 0.6
4 125 24.8 0.8 122 26.1 0.9
3 100 325 1.1 96.3 30.4 1.0
2 67.6 37.8 1.3 65.9 32.3 1.1
1 29.8 29.8 0.9 33.6 314 1.0

Table 4.34 Maximum story displacements and drifts of medium building with raft
foundation on soft soil

Story Fixed Spring

Disp. Drift Drift Disp. Drift Drift

(mm) (mm) (%) (mm) (mm) (%)
6 150 8.8 0.3 143 11.6 0.4
5 141 16.5 0.5 132 16.9 0.6
4 125 24.8 0.8 115 21.5 0.7
3 100 325 1.1 93.3 25.8 0.9
2 67.6 37.8 1.3 67.5 29.2 1.0
1 29.8 29.8 0.9 38.3 30.2 1.0

Table 4.35 Maximum story displacements and drifts of soft building with raft
foundation on hard soil

Story Fixed Spring

Disp. Drift Drift Disp. Drift Drift

(mm) (mm) (%) (mm) (mm) (%)
6 238 19.2 0.6 268 22.0 0.7
5 219 27.6 0.9 246 38.7 1.3
4 191 35.6 1.2 207 35.4 1.2
3 155 48.3 1.6 172 45.8 1.5
2 107 59.4 1.9 126 60.2 2.0
1 47.6 47.6 1.6 65.9 64.6 2.2
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Table 4.36 Maximum story displacements and drifts of soft building with raft
foundation on medium soil

Story Fixed Spring

Disp. Drift Drift Disp. Drift Drift

(mm) (mm) (%) (mm) (mm) (%)
6 238 19.2 0.6 284 24.5 0.8
5 219 27.6 0.9 259 42.1 1.4
4 191 35.6 1.2 217 44.2 1.5
3 155 48.3 1.6 173 45.8 1.5
2 107 59.4 1.9 127 58.8 1.9
1 47.6 47.6 1.6 68.2 63.6 2.1

Table 4.37 Maximum story displacements and drifts of soft building with raft
foundation on soft soil

Story Fixed Spring

Disp. Drift Drift Disp. Drift Drift

(mm) (mm) (%) (mm) (mm) (%)
6 238 19.2 0.6 313 29.2 0.9
5 219 27.6 0.9 284 44.9 1.5
4 191 35.6 1.2 239 56.7 1.9
3 155 48.3 1.6 182 56.3 1.9
2 107 59.4 1.9 126 53.8 1.8
1 47.6 47.6 1.6 72.0 56.4 1.9

4.2.3.3 Foundation Displacement

Maximum values of the foundation vertical and lateral displacements of spring models
on hard, medium and soft soils are presented in Tables 4.38 through 4.40. Foundation
displacements are given at three points (Loc. 1, 2, 3) as described in Section 4.2.2.3.
Maximum values of the foundation settlement (vertical displacement) is also plotted
in Figures 4.39 through 4.40 for footing and raft foundations. As the soil and/or

structure gets softer, the foundation vertical lateral displacements increase as expected.
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Table 4.38 Maximum foundation vertical and lateral displacements in buildings on

hard soil
Spring Model
St_rru;;gre Loc. Footing Raft

U, (mm) Uy (mm) U, (mm) | Uy (mm)

1 -0.646 0.171 -1.214 0.170

Stiff 2 -0.282 0.212 -0.324 0.116

3 -0.601 0.167 -1.113 0.133

1 -1.982 0.397 -2.968 0.367

Medium 2 -1.078 0.493 -1.156 0.227

3 -2.116 0.393 -3.401 0.212

1 -6.078 0.785 -8.752 0.926

Soft 2 -4.251 0.966 -4.472 0.494

3 -5.972 0.781 -8.775 0.302
Table 4.39 Maximum foundation vertical and lateral displacements in buildings on

medium soil
Spring Model
St_rrL;c;gre Loc. Footing Raft

U, (mm) U, (mm) U, (mm) | Uy (mm)

1 -3.074 0.892 -5.009 0.669

Stiff 2 -1.289 1.107 -1.264 0.878

3 -2.787 0.874 -4.535 0.669

1 -8.292 1.738 -11.634 1.180

Medium 2 -4.925 2.140 -4.393 1.555

3 -9.362 1.721 -13.185 1.266

1 -27.834 3.890 -36.625 2.722

Soft 2 -19.414 4.751 -16.872 3.614

3 -26.847 3.872 -35.525 3.150

Table 4.40 Maximum foundation vertical and lateral displacements in buildings on

soft soil
Spring Model
St_rrl;c;gre Loc. Footing Raft
U, (mm) Uy (mm) U, (mm) | Uy (mm)
1 -10.599 3.463 -14.752 3.073
Stiff 2 -5.618 4.205 -5.491 3.603
3 -12.089 3.377 -16.932 3.124
1 -32.589 6.753 -39.119 5.492
Medium 2 -21.556 8.150 -18.472 6.609
3 -34.773 6.667 -42.659 5.997
1 -120.622 13.021 -135.706 11.928
Soft 2 -85.055 15.903 -70.308 14.788
3 -114.841 12.934 -128.899 14.234
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Figure 4.39 Maximum foundation settlements of buildings with footing foundation
on hard, medium, and soft soil
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Figure 4.40 Maximum foundation settlements of buildings with raft foundation on
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CHAPTER 5

SOIL-STRUCTURE INTERACTION EFFECTS IN 3D MODEL

This chapter presents the description of the three-dimensional analysis models used to
examine soil-structure interactions effects and discussion of the results obtained from

those models.

5.1 Description of Soil-Structure Models

For the three-dimensional models, same dimensions and material properties are used
to model and analyze the fixed, spring, and direct model. The floor and roof dead loads
are 1.5 kN/m. The wall load is 10.5 kN/m. The building damping ratio is used equal to
5%. All models were subjected to three types of response spectrum according to the
type of soil hard (C site class), medium (D site class), and soft (E site class), having S;
equal to 0.5¢g, S; equal to 0.4g, and T, equal to 8. These response spectrums designed
according to ASCE 7-10 code in 3.2.1 subchapter.

5.1.1 Fixed Base Model

The fixed base model is shown in Figure 5.1.

Figure 5.1 Fixed base model (3D)
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5.1.2 Spring Model

The soil-structure interaction effects are represented by using equivalent Winkler
springs with 6 DOF. The stiffnesses along these 6 degrees of freedoms are calculated
as per Pais and Kuasel (1988) [76], and shown in Table 3.2. Two types of foundation
footing and raft foundation are considered in this research to study the soil-structure
interaction effects on buildings.

5.1.2.1 Footing Foundation

Footing foundation of size 4 m x 4 m with 0.8 m thickness is considered. The spring

model for the footing foundation is shown in Figure 5.2. The shear modulus, G, is

calculated for each type of soil by using Eq. (5.1).

G

where

E = Soil modulus of elasticity

- 2(1+v)

v = Poisson ratio.

The values of static and dynamic spring stiffness and dashpots coefficients for the hard,

medium and soft soil are calculated and presented as follows:

Table 5.1 Static spring stiffness values for footing foundation

DOE Stiffness of equivalent soil spring (kN/m)
Hard Soil Medium Soil Soft Soil
K, 5711810 1250660 285357
K, 4680230 964400 209464
Ky 4680230 964400 209464
K,, 7271200 1437320 302721
Ry 481110 1064390 242857
Kyx 481110 1064390 242857
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Table 5.2 Dynamic spring stiffness values for footing foundation

DOE Stiffness of equivalent soil spring (kN/m)
Hard Soil Medium Soil Soft Soil
K, 5711670 1250530 285264
K, 4680230 964400 209464
K, 4680230 964400 209464
K,, 7267270 1434060 300403
Ky, 486059 1063920 242496
Kyx 486059 1063920 242496
Table 5.3 Radiation damping ratios for footing foundation
DOE Radiation damping ratios
Hard Soil Medium Soil Soft Soil
B, 1.09 x 10 2.3 x 107 4.6 x 102
By 7.36 x 10° 1.4 x 107 2.56 x 107
B, 7.36 x 10° 1.4 x 10% 2.56 x 107
Bzz 8.74 x 107 7.35 x 10 452 x 10°
Byy 9.21 x 107 8.05 x 10° 5.41 x 10°
Brx 9.21 x 107 8.05 x 10 5.41 x 107

Figure 5.2 Spring model with footing foundation (3D)

5.1.2.2 Raft Foundation

For the second case of the spring model, a raft foundation of size 32m x 32m with
thickness 0.8 m is considered. The raft foundation is assumed to have the same
properties as the 2-D model. The raft foundation with spring supports is shown in
Figure 5.4. To determine the stiffnesses along 6 DOF, a special calculation should be
made, using Pais and Kuasel (1988) [76] formulas. For the corner springs, the

horizontal K, horizontal K,, and the vertical K, should be divided by the tributary

area of the spring. At the side of the raft, the horizontal K, horizontal K,,, and the
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vertical K, involved in the SSI representation. Whereas, at the center side springs of
the raft, four components are involved the horizontal K, horizontal K,, , the vertical

K,, and the rocking K,, or the rocking K, depending on which axis the springs are

yl
stiffness. Moreover, the center spring has six involved spring stiffnesses. The raft
foundation stiffnesses and radiation damping ratios along 6 degrees of freedoms are

shown in Tables 5.4 through 5.12. Springs distribution is shown in Figure 5.3.

@ Cormner Springs
O Exterior Springs at X and Y axis
@ Interior Springs
O Center Springs at X and Y axis
@ Center Spring O—O—0—0—0
e 6 o6 ¢ o o o
e 6 6 o o o o
e &6 o6 o o o o
e 6 6 & o o o
e ¢ 6 o o o o
e ¢ o6 & o o o
31 e & 6 & o o o
X O0—O0—0—0—0—0—=0
Figure 5.3 Springs distribution

Table 5.4 Static spring stiffness values for raft foundation on hard soil

Soil type Spring K, K, K, K,, Ky, Ky
Location | (KN/m) | (kN/m) | (kN/m) | (kN.m/rad) | (kN.m/rad) | (KN.m/rad)
Corner 182821 | 18282.1 | 223117 ; ; ;
Springs
EXterior x | sor6a3 | 36564.3 | 44623.4 - ; ;
Spring
EXterior y | ser643 | 36564.3 | 44623.4 - ; ;
Spring

Hard Interior 73128.6 | 73128.6 | 89246.9 - - -
Spring
Center x| 360643 | 36564.3 | 446234 - - 4.97 x10°
Spring
Center 'y | 365643 | 36564.3 | 446234 - 4.9 x10° -
Spring
ggﬂtneé 73128.6 | 73128.6 | 89246.9 | 2.9x10° | 9.9x10° | 9.9x10°
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Table 5.5 Static spring stiffness values for raft foundation on medium soil

Soil type | Spring K, K, K, K,, Ky, Kyx
Location | (kKN/m) | (kN/m) | (kN/m) | (kN.m/rad) | (kN.m/rad) | (KN.m/rad)
Corner 3767.2 | 3767.2 | 4885.4 - - -
Springs
EXterior x | 75244 | 75344 | 9770.7 - - -
Spring
EXerior y | 7344 | 75344 | 9770.7 - - -
Spring

Medium | nterior 15068.7 | 15068.7 | 195415 - - -
Spring
Center x| 75344 | 7534.4 | 97707 - - 1.1 x10°
Spring
Center vy | 75344 | 75344 | 97707 - 1.1 x10° -
Spring
gggfé 15068.7 | 15068.7 | 195415 | 59x10° | 2.2x10° | 2.2x10°

Table 5.6 Static spring

stiffness values for raft foundation on soft soil

Soil type Spring K, K, K, K,, K,y K,y
Location (kN/m) | (kN/m) | (KN/m) | (kN.m/rad) | (kN.m/rad) | (KN.m/rad)
Corner 8182 | 8182 | 11147 - - -
Springs
EXterior x | qe364 | 16364 | 2229.4 . ; ;
Spring
EXterior y | 16364 | 16364 | 2229.4 - - .
Spring
Soft 'S“te.”or 32728 | 3272.8 | 44587 - - ;
pring
ge“.ter X | 16364 | 1636.4 | 22294 ; ; 2.4 x10°
pring
ge“.ter Y| 1636.4 | 16364 | 2229.4 ; 2.4 x10° ;
pring
ggﬂtneé 3272.8 | 3272.8 | 44587 | 1.2x10° | 4.9x10] | 4.9x108

Table 5.7 Dynamic spring stiffness values for raft foundation on hard soil

Soil Spring K, K, K, K,, Ky, Ky
type | Location (KN/m) (kN/m) (kN/m) | (kN.m/rad) | (kN.m/rad) | (KN.m/rad)
gor.“er 182821 | 182821 | 22371.1 ; ; -
prings
EXt.e”or X | 365643 | 365643 | 447422 - - -
pring
EXt.e”or Y| 365643 | 365643 | 444742 - ; -
pring
- )
5 | Interior 731286 | 731286 | 88948.4 - ; -
I | Spring
ge“.ter ¥ | 365643 | 36564.3 | 44474.2 - - 4.9 x10°
pring
ge“.ter Y| 365643 | 36564.3 | 44474.2 - 4.9 x10° -
pring
gg:‘ltne; 73128.6 | 731286 | 88948.4 | 2.7x10° | 9.8x10° 9.8 x10°
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Table 5.8 Dynamic spring stiffness values for raft foundation on medium soil

Soil Spring K, K, K, K,, Ky, Ky
type | Location (KN/m) (kN/m) (kN/m) | (kN.m/rad) | (kN.m/rad) | (KN.m/rad)
Corner 3767.2 | 3767.2 | 48239 - - -
Springs
EXerior x | 7ea44 | 75344 | 96478 - - -
Spring
EXerior y | 7es44 | 75344 | 96478 - - -
e | Spring
= Interior
= : 15068.7 | 15068.7 | 19295.6 - - -
§ Spring
Center x| o344 | 75344 | 9647.8 - ; 1.0 x10°
Spring
Center y | o344 | 75344 | 9647.8 . 1.0 x10° -
Spring
gﬁﬂfé 15068.7 | 15068.7 | 19295.6 | 4.1 x10° 2.1 x10° 2.1 x10°

Table 5.9 Dynamic spring stiffness values for raft foundation on soft soil

Soil Spring K, K, K, K,, Ky, Ko
type | Location (KN/m) (kN/m) (kN/m) | (kN.m/rad) | (kN.m/rad) | (KN.m/rad)
Corner 818.2 8182 | 10784 ‘ - -
Springs
EXterior x | 16354 | 16364 | 2156.8 - - -
Spring
EXterior y | 16354 | 16364 | 2156.8 - - -
Spring
f/é; 'S“te.”or 3272.8 | 32728 | 43137 : - -
pring
ge“.ter X1 16364 | 16364 | 2156.8 ; ; 2.2 108
pring
ge“.ter Y| 16364 | 16364 | 2156.8 ; 2.2 x10° ;
pring
ge“.ter 3272.8 | 32728 | 43137 | 4.4x108 4.4 x108 4.4 x108
pring
Table 5.10 Radiation damping ratios for raft foundation on hard soil
Soil Spring
type Location Bx By Bz Bzz Byy Bxx
gor.“er 8.4x10% | 8.4x10° | 3.2 x10% ; ; -
prings
EXt.e”or X 1.7x107 | 1.7x107 | 6.4 x10% - - -
pring
EXt.e”or Y| 1.7x107 | 1.7x107 | 6.4 x10% - - -
pring
S | Interior 7 7 4
:‘l:s Spring 3.4x10 3.4x10 1.3 x10 - - -
Center x| 4 24107 | 1.7x107 | 6.4 x10° - - 2.3 10"
Spring
ge“.ter Y| 1.6x107 | 1.6x107 | 6.3x10% ; 3.8 x10* -
pring
gg:‘ltne; 34x107 | 34x107 | 1.3x10% | 8.0x10M | 7.6x10% | 4.6x10™%
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Table 5.11 Radiation damping ratios for raft foundation on medium soil

Soil Spring

type | Location Bx By Bz Bz Byy Bix
Corner 7 7 5 _ - -
Springs | 16107 | 16x107 | 6.4x10
EXterior x | 354107 | 3.2x107 | 1.3 x10% - - -
Spring
EXterior y | 354107 | 3.2x107 | 1.3 x10% - - -

e | Spring

= Interior

2 | spring 6.3 x107 | 6.3x107 | 2.6 x10* - - -

=
ggﬂfé *132x107 | 32x107 | 1.3x10* - - 1.6 X101
ggﬂfé Y132x107 | 32x107 | 1.3x10* - 2.6 x10° -
ggﬂfé 63x107 | 63x107 | 2.6 x10* | 4.1x10° | 53x10% | 3.1 x107°

Table 5.12 Radiation damping ratios for raft foundation on soft soil

Soil Spring

type | Location B By Bz Bzz Byy Bux
Corner = 7 4 F _ ;
Springs | 25107 | 25x107 | 11x10
Exterior x | 5 55107 | 5.0x107 | 2.2 x10* - - -
Spring
EXterior y | 5 5107 | 5.0 x107 | 2.2 x10* - - -
Spring

€ | Interior | 1 9%10% | 1.0x10° | 4.5 x10* - - -

v | Spring
gﬁﬂfé *150x107 | 50x107 | 2.2 x10* - - 5.9 x101°
gg;‘lg Y| 5.0x107 | 5.0x107 | 2.2 x10* . 9.8 x10? -
gﬁﬂfé 1.0x10° | 1.0x10° | 45x10* | 40x10% | 1.9x10? | 1.2x10°

Figure 5.4 Spring model with a raft foundation (3D)
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5.1.3 Direct Model

The direct model is considered to have the same dimensions and material properties as
the 2D model. The direct footing and raft foundation are shown in Figures 5.5 and 5.6,

respectively.

Figure 5.5 Direct model with footing foundation (3D)

Figure 5.6 Direct model with raft foundation (3D)

5.2 Results and Discussions

The results of the two-dimensional analysis models (i.e., natural periods and mode
shapes, base shear, story displacements, story drifts and foundation settlement) of

fixed, spring, and direct model are presented and discussed below.
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5.2.1 Natural Periods and Mode Shapes
5.2.1.1 Natural Periods and Mode Shapes from Static Analysis

The fundamental periods (first mode natural periods) of the fixed base, spring and
direct models, having three types of soils (i.e., hard, medium and soft) are shown in
Table 5.13. For medium building only, the first mode shapes of the fixed base, spring,
and direct models are shown in Figures 5.7 through 5.12. From Table 5.13, it is
observed that the fundamental periods of the spring models (using static spring
stiffnesses given by Pais [78]) are lower than the fundamental periods of the
corresponding direct models for the footing foundation, whereas, the fundamental
periods of the direct models are lower than fundamental periods of the corresponding
spring models for the raft foundation. In direct models, footing foundation leads to
higher fundamental periods (i.e., softer system) for all soil types and structure types,
whereas, footing foundation leads to lower fundamental periods in spring models for
all soil types and structure types. For structures on hard, medium, and soft soil, spring
models with footing foundation are stiffer than the ones with raft foundation.

Table 5.13 The natural periods of the three types of structures with three types of

soils
. Spring Model Direct Model
Structure Fixed Model . Fundamental Period Fundamental Period
Type Fund_amental Soil Type (s) s)
P Footing Raft Footing Raft
Hard 0.504 0.664 0.657 0.655
Stiff 0.497 Medium 0.525 0.700 0.679 0.675

Soft 0.599 0.830 0.768 0.759
Hard 1.013 1.327 1.313 1.310
Medium 1.001 Medium 1.056 1.402 1.356 1.350
Soft 1.203 1.659 1.534 1.512
Hard 2.026 2.649 2.619 2.614
Soft 2.000 Medium 2.111 2.797 2.706 2.693
Soft 2.403 3.310 3.060 3.014
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Figure 5.7 First natural mode shapes for medium building with footing foundation
on hard soil: fixed (T;= 1 sec), spring (T;= 1.01 sec), and direct (T;= 1.31 sec) model
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Figure 5.8 First natural mode shapes for medium building with footing foundation
on medium soil: fixed (T;= 1 sec), spring (T;= 1.05 sec), and direct (T;= 1.35 sec)
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Figure 5.9 First natural mode shapes for medium building with footing foundation
on soft soil: fixed (T;= 1 sec), spring (T;= 1.2 sec), and direct (T;= 1.53 sec) model

Figure 5.10 First natural mode shapes for medium building with raft foundation on
hard soil: fixed (T;= 1 sec), spring (T;= 1.32 sec), and direct (T;= 1.31 sec) model
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Figure 5.11 First natural mode shapes for medium building with raft foundation on
medium soil: fixed (T;,= 1 sec), spring (T;= 1.4 sec), and direct (T;= 1.35 sec) model

Figure 5.12 First natural mode shapes for medium building with raft foundation on
soft soil: fixed (T,= 1 sec), spring (T,= 1.65 sec), and direct (T;= 1.51 sec) model

5.2.1.2 Natural periods and Mode Shapes from Dynamic Analysis

The fundamental periods of the fixed base and spring models subjected to 1940 El
Centro earthquake, having three types of soils (hard, medium and soft) are shown in
Table 5.14. For medium building only, the first mode shapes of the fixed base, spring,
and direct models are shown in Figures 5.13 through 5.18. For both footing foundation
and raft foundation, the fundamental periods of spring models (using dynamic spring
stiffnesses given by Pais [78]) are almost identical to the values presented in Table

5.13 (based on static spring stiffnesses given by Pais [78]).

Table 5.14 The natural periods of the three types of structures with three types of soils

Structure Fixed Model _ Spring Modt_sl

Type Fund_amental Soil Type Fundgmental Period (s)

Period (s) Footing Raft

Hard 0.504 0.664

Stiff 0.497 Medium 0.525 0.701

Soft 0.599 0.834

Hard 1.013 1.327

Medium 1.001 Medium 1.056 1.402

Soft 1.203 1.661

Hard 2.026 2.649

Soft 2.000 Medium 2.111 2.797

Soft 2.403 3.311
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Figure 5.13 First natural mode shapes for medium building with footing foundation

on hard soil: fixed (T;= 1 sec) and spring (T;= 1.01 sec) model
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Figure 5.14 First natural mode shapes for medium building with footing foundation

I

on medium soil: fixed (T;= 1 sec) and spring (T;= 1.05 sec) model
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Figure 5.15 First natural mode shapes for medium building with footing foundation

on soft soil: fixed (T;= 1 sec) and spring (T;= 1.20 sec) model
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Figure 5.16 First natural mode shapes for medium building with raft foundation on
hard soil: fixed (T;= 1 sec) and spring (T;= 1.32 sec) model
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Figure 5.17 First natural mode shapes for medium building with raft foundation on
medium soil: fixed (T;= 1 sec) and spring (T;,= 1.40 sec) model
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Figure 5.18 First natural mode shapes for medium building with raft foundation on
soft soil: fixed (T;= 1 sec) and spring (T;= 1.66 sec) model

5.2.2 Response Spectrum Analysis Results

For the three-dimensional analysis, models are subjected to the same response

spectrum as the two-dimensional models in the previous chapter.

5.2.2.1 Base and Story Shears

Story shear results of buildings with footing and raft foundations on different type soils
are plotted in Figures 5.19 and 5.20, respectively. Base shear values are also tabulated
in Table 5.15. From the figures and table below, it is observed that fixed based models
have lower (unconservative) base and story shears for the stiff structure on all three
types of soil (i.e., hard, medium, soft). As the structure and underlying soil become
softer, the fixed based models start to have higher (conservative) base and story shears.
This effect is more pronounced for direct (footing and raft) and spring (raft) models of
medium and soft buildings on all soil types whereas it becomes significant in spring

footing models only for soft building on soft soil.
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— T7 =1.20 s (spring)
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71 =2.00 s (fixed)

— T} =240 s (spring)
— T =3.06 s (direct)

— Ty =097 8 (direct) — Ty = 1.33 s (direct)
Figure 5.19 Story shears of buildings with footing foundation on hard, medium, and
soft soil
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— Ty =0.76 s (direct) — T =151 s (direct) —~ T; =3.01 s (divect)

Figure 5.20 Story shears of buildings with raft foundation on hard, medium, and soft
soil

113



Table 5.15 The base shear of the three types of structures with three types of soils

Fixed Model Spring Model Direct Model

St_rl_ucture Soil Type Base Shear Base Shear (kN) Base Shear (kN)

ype (kN) Footing Raft Footing Raft
Hard 26704 26871 29891 29904 29971
Stiff Medium 31188 31967 35039 35071 35421
Soft 37804 40243 42168 42929 44318
Hard 98866 98324 82554 83680 83901
Medium Medium 113629 110532 | 88790 92800 93535
Soft 148327 148973 | 110140 | 123457 | 126270
Hard 199290 198163 | 165473 | 167416 | 167746
Soft Medium 228488 223010 | 179583 | 186395 | 187400
Soft 337880 299697 | 223440 | 246022 | 249767

5.2.2.2 Story Displacements and Drifts

Story displacements and drifts of the fixed base, spring and direct models are plotted
in Figures 5.21 through 5.24 for footing and raft foundation cases. The values of story

displacements and drifts are also tabulated in Tables 5.16 through 5.21.

For both footing and raft foundations, as building and soil become softer, story
displacements increase as expected due to two reasons, which are: (i) higher flexibility
of building and soil, and (ii) higher design spectral acceleration for softer soil.

For a given structure with footing or raft foundation, as soil becomes softer, the
differences between the fixed model and SSI models (spring and direct) become more
pronounced. For any given soil, the difference between fixed model and SSI models
increases as the structure becomes stiffer. This effect is more visible in direct models
(compared to the spring models) and in spring raft models. Furthermore, this effect is

more visible in spring footing models on soft soil.
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----- Ty =050 s (fixed)  —- 77 =1.00s (fixed) — 77 =2.00s (fixed)
— T} =0.60 s (spring) — T3 =1.20s (spring) —- T} =240 s (spring)
— Ty =0.97 s (direct) — Ty =133 s (divect) - T} =3.06 s (direct)

Figure 5.21 Story displacements of buildings with footing foundation on hard,
medium, and soft soil

Hard Soil Medium Soil Soft Soil
T 7 7

Story No.

0 200 0 200 4000 9250 500

Story Displacement (mm)  Story Displacement (mm)  Story Displacement (mm)
----- Ty =050 s (fixed) - T1=1.00s (fixed) - T3 =2.00s (fixed)
— T, =0.83 s (spring) — 71 =1.66s (spring) — 77 =3.31s (spring)
— Ty =0.76 s (direct) — Ty =131 s (direct) — Tj =3.01 s (dirvect)

Figure 5.22 Story displacements of buildings with raft foundation on hard, medium,
and soft soil

Figures 5.23 and 5.24 show the story drifts. Tables 5.16 through 5.21 present the story
drifts both in mm and as percentage of the story height. Similar to the story
displacements, the story drifts increase as the structure and the soil gets softer. For
fixed base models, the largest story drift occurs in the second story columns, whereas
the largest story drift occurs in the first story columns for direct models with footing

or raft foundation. Spring footing models on hard and medium soil have the largest
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drift in the second story columns similar to the fixed models, but as the soil becomes
softer, the largest drift occurs in the first story columns of the spring models. Spring

models with raft foundation have largest story drift occurs in the first story columns.
Soft Soil
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Hard Soil

It
L
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Story No.
[o\]

100 0 100 200
Story Drift (mm)

0
Story Drift (mm)
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(i — Ty =240 s (spring)
(

[\
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L

50 100

Story Drift (mm)

0
Ty =0.50 s (fixed)
— T1=120s

spring)
— 11 =3.06 s (direct)

— T} =0.60 s (spring)
— Ty =097 s (direct) — 77 = 1.33 s (direct)
Figure 5.23 Story drifts of buildings with footing foundation on hard, medium, and
soft soil
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Figure 5.24 Story drifts of buildings with raft foundation on hard, medium, and soft
soil
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Table 5.16 Story displacements and drifts of stiff building with footing foundation
on hard, medium, and soft soil

- Fixed Spring Direct
Soil S | Disp. | Drift | Drift | Disp. | Drift | Drift | Disp. | Drift | Drift
@ (mm) | (mm) % (mm) | (mm) % (mm) | (mm) %
6 | 3157 | 193 | 0.06 | 32.39 | 1.97 | 0.07 | 52.06 | 1.99 | 0.07
= 52964 | 381 | 0.13 | 3042 | 3.86 | 0.13 | 50.07 | 3.82 | 0.13
2 4 | 2583 | 553 | 0.18 | 26.56 | 559 | 0.19 | 46.25 | 5.63 | 0.19
= 3 12030 | 687 | 023 | 2097 | 6.94 | 0.23 | 40.62 | 7.28 | 0.24
T 2 | 1343 | 761 | 025 | 1403 | 7.71 | 0.26 | 3334 | 9.71 | 0.32
1|58 | 58 | 019 | 6.32 | 6.22 | 0.21 | 23.63 | 23.25 | 0.78
_ 6 | 36.86 | 2.25 | 0.08 | 41.10 | 251 | 0.08 | 65.05 | 2.64 | 0.09
S 5 3461 | 444 | 015 | 3859 | 470 | 0.16 | 6241 | 479 | 0.16
£ 4 13017 | 646 | 022 | 3389 | 6.73 | 0.22 | 5762 | 6.90 | 0.23
= 3 12371 | 803 | 027 | 2716 | 835 | 0.28 | 50.72 | 8.84 | 0.29
S 2 [ 1568 | 883 | 0.29 | 1881 | 941 | 0.31 | 41.88 | 11.69 | 0.39
1] 680 | 680 | 023 | 940 | 882 | 0.29 | 30.19 | 28.11 | 0.94
6 | 4474 | 273 | 0.09 | 6426 | 3.99 | 0.13 | 101.0 | 486 | 0.16
= 5 4201 | 539 | 0.18 | 60.27 | 6.62 | 0.22 | 96.16 | 7.44 | 0.25
3 4 | 3662 | 785 | 0.26 | 53.65 | 9.11 | 0.30 | 88.72 | 9.99 | 0.33
i= 3 12877 | 975 | 033 | 4454 | 11.21 | 037 | 78.73 | 12.37 | 041
@ 2 | 19.02 | 10.78 | 0.36 | 33.33 | 13.02 | 0.43 | 66.36 | 1591 | 0.53
1] 824 | 824 | 028 | 20.31 | 16.89 | 0.56 | 50.45 | 37.97 | 1.27

Table 5.17 Story displacements and drifts of medium building with footing
foundation on hard, medium, and soft soil

- Fixed Spring Direct
Soil | S Disp. | Drift | Drift | Disp. | Drift | Drift | Disp. | Drift | Drift
Pl mm) | mm)| % | mm) | (mm) | % | (mm) | (mm)| %
6 | 1199 | 829 | 028 | 1216 | 839 | 0.28 | 1483 | 6.43 | 0.21
= 5 1116 | 15.04 | 0.50 | 113.2 | 15.06 | 0.50 | 1419 | 11.48 | 0.38
2 4 | 96.56 | 21.06 | 0.70 | 98.13 | 21.02 | 0.70 | 130.4 | 16.28 | 0.54
= 3 | 7550 | 25.72 | 0.86 | 77.11 | 25.67 | 0.86 | 114.1 | 20.68 | 0.69
I 2 | 49.78 | 28.22 | 0.94 | 51.44 | 28.30 | 0.94 | 9345 | 27.28 | 0.91
1 | 2156 | 2156 | 0.72 | 23.14 | 22.78 | 0.76 | 66.17 | 65.19 | 2.17
_ 6 | 1378 | 952 | 032 | 1456 | 9.97 | 033 | 1752 | 7.99 | 0.27
S 5 | 1282 |17.29 | 058 | 135.7 | 17.33 | 0.58 | 167.2 | 13.56 | 0.45
c 4 |1109 | 2419 | 0.81 | 118.3 | 23.95 | 0.79 | 153.6 | 18.85 | 0.63
= 3 | 86.75 | 2955 | 0.99 | 9437 | 29.21 | 0.97 | 134.8 | 23.73 | 0.79
S 2 | 5720 | 3242 | 1.08 | 65.16 | 32.64 | 1.09 | 111.0 | 31.08 | 1.04
1 | 2478 | 2478 | 0.83 | 32.52 | 30.54 | 1.02 | 79.94 | 74.84 | 2.49
6 180.1 | 1244 | 0.42 | 243.6 | 16.58 | 0.55 | 295.2 | 1541 | 051
— 5 | 1677 | 22.60 | 0.75 | 227.0 | 26.12 | 0.87 | 279.8 | 22.71 | 0.76
3 4 | 1451 | 3165 | 1.06 | 200.9 | 34.87 | 1.16 | 257.0 | 29.69 | 0.99
£ 3 | 1134 | 38.66 | 1.29 | 166.1 | 42.16 | 1.41 | 2274 | 36.17 | 1.21
» 2 74.74 | 42.38 | 141 | 1239 | 4856 | 1.62 | 191.2 | 46.11 | 154
1 | 3236|3236 | 1.08 | 7533 | 62.82 | 2.09 | 145.1 | 110.4 | 3.68
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Table 5.18 Story displacements and drifts of soft building with footing foundation on
hard, medium, and soft soil

- Fixed Spring Direct
Soil | S | Disp. | Drift | Drift | Disp. | Drift | Drift | Disp. | Drift | Drift
@ (mm) | (mm) % (mm) | (mm) % (mm) | (mm) %
6 | 2368 | 17.17 | 0.57 | 2404 | 17.38 | 0.58 | 296.1 | 13.44 | 0.45
= 5 [219.6 | 29.91 | 0.99 | 223.0 | 29.99 | 1.00 | 282.7 | 23.28 | 0.78
n 4 1189.7 | 4091 | 1.36 | 193.0 | 40.90 | 1.36 | 259.4 | 32.36 | 1.08
= 3 [148.8 | 49.94 | 1.67 | 152.1 | 49.88 | 1.66 | 227.0 | 40.79 | 1.36
T 2 [98.87 | 5564 | 1.86 | 102.2 | 55.82 | 1.86 | 186.2 | 54.07 | 1.80
1 4323 | 4323 | 144 | 46.41 | 45.69 | 1.52 | 132.2 | 130.9 | 4.37
_ 6 [ 2711 | 19.68 | 0.66 | 288.2 | 20.66 | 0.69 | 350.8 | 16.69 | 0.56
S 5 [ 2514 | 3424 | 114 | 2675 | 3457 | 1.15 | 334.1 | 2758 | 0.92
c 4 12172 | 46.79 | 156 | 2329 | 46.64 | 1.56 | 306.5 | 37.59 | 1.25
= 3 [ 1704 | 57.13 | 190 | 186.3 | 56.73 | 1.89 | 268.9 | 46.94 | 1.57
S 2 [ 1133 | 63.71 | 2.12 | 129.6 | 64.32 | 2.14 | 222.0 | 61.79 | 2.06
1 | 4956 | 4956 | 1.65 | 65.25 | 61.25 | 2.04 | 160.2 | 152.7 | 5.09
6 |4059 | 29.19 | 0.97 | 4855 | 34.16 | 1.14 | 586.7 | 31.51 | 1.05
= 5 [ 3768 | 51.34 | 1.71 | 4514 | 5256 | 1.75 | 555.2 | 45.68 | 1.52
3 4 | 3255 | 7065 | 2.36 | 398.8 | 68.94 | 2.29 | 509.5 | 58.94 | 1.97
= 3 | 2548 | 86.10 | 2.87 | 329.9 | 82.90 | 2.76 | 450.5 | 71.35 | 2.38
% 2 |168.7 | 9524 | 3.18 | 246.9 | 96.07 | 3.20 | 379.2 | 91.09 | 3.04
1 | 7346 | 7346 | 245 | 150.9 | 125.7 | 4.19 | 288.1 | 227.2 | 7.58

Table 5.19 Story displacements and drifts of stiff building with raft foundation on
hard, medium, and soft soil

- Fixed Spring Direct
Soil S | Disp. | Drift | Drift | Disp. | Drift | Drift | Disp. | Drift | Drift
Pl @mm) | (mm)| % | mm) | @mm) | % | (mm)]| (mm)| %
6 | 3157 | 193 | 0.06 | 53.58 | 2.24 | 0.08 | 51.95 | 1.97 | 0.07
= 5 (2964 | 381 | 0.13 | 51.34 | 4.08 | 0.14 | 49.98 | 3.81 | 0.13
2 4 | 2583 | 553 | 0.18 | 47.26 | 5.89 | 0.19 | 46.17 | 5.62 | 0.19
= 3 12030 | 687 | 023 | 4137 | 7.54 | 0.25 | 40.55 | 7.28 | 0.24
I 2 [ 1343 | 761 | 025 | 33.83 | 9.96 | 0.33 | 33.27 | 9.70 | 0.32
1| 582 | 582 | 0.19 | 23.87 | 23.03 | 0.77 | 2357 | 23.13 | 0.77
_ 6 [ 3686 | 225 | 0.08 | 70.83 | 3.61 | 0.12 | 65.04 | 2.60 | 0.09
'g 513461 | 444 0.15 | 67.22 | 5.76 0.19 | 62.44 | 4.78 0.16
c 4 | 3017 | 6.46 | 022 | 6146 | 7.88 | 0.26 | 57.66 | 6.90 | 0.23
= 3 2371 | 803 | 0.27 | 5358 | 9.82 | 0.33 | 50.76 | 8.86 | 0.29
S 2 | 1568 | 8.88 | 0.29 | 43.76 | 12.64 | 0.42 | 41.90 | 11.73 | 0.39
1] 680 | 680 | 023 | 31.12 | 27.81 | 0.93 | 30.17 | 27.60 | 0.92
6 | 4474 | 273 | 0.09 | 1224 | 8.62 | 0.29 | 101.8 | 4.76 | 0.16
= 5 | 4201 | 5.39 0.18 | 113.7 | 11.21 | 0.37 | 97.07 | 7.43 0.25
3 4 | 36.62 | 785 | 0.26 | 1025 | 13.71 | 0.46 | 89.64 | 10.04 | 0.34
E 3 2877 | 975 | 0.33 | 88.81 | 15.99 | 0.53 | 79.60 | 12.48 | 0.42
@ 2 [19.02 | 10.78 | 0.36 | 72.82 | 19.37 | 0.65 | 67.12 | 16.10 | 0.54
1| 824 | 824 | 028 | 53.45 | 3750 | 1.25 | 51.02 | 35.94 | 1.19
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Table 5.20 Story displacements and drifts of medium building with raft foundation
on hard, medium, and soft soil

- Fixed Spring Direct
Soil S | Disp. | Drift | Drift | Disp. | Drift | Drift | Disp. | Drift | Drift
@ (mm) | (mm) % (mm) | (mm) % (mm) | (mm) %
6 | 119.9 | 829 | 0.28 | 150.7 | 7.08 | 0.24 | 1481 | 6.39 | 0.21
= 5 | 1116 | 15.04 | 0.50 | 143.6 | 12.06 | 0.40 | 141.7 | 11.45 | 0.38
2 4 | 9656 | 21.06 | 0.70 | 131.6 | 16.79 | 0.56 | 130.2 | 16.26 | 0.54
= 3 | 7550 | 25.72 | 0.86 | 1148 | 21.15 | 0.71 | 113.9 | 20.68 | 0.69
T 2 | 49.78 | 2822 | 0.94 | 93.61 | 27.63 | 0.92 | 93.30 | 27.28 | 0.91
1 | 2156 | 2156 | 0.72 | 65.98 | 63.39 | 2.11 | 66.02 | 64.76 | 2.16
_ 6 | 137.8 | 952 | 032 | 1826 | 10.18 | 0.34 | 1747 | 7.88 | 0.26
S 5 1282 | 1729 | 058 | 1724 | 1551 | 0.52 | 166.9 | 13.49 | 0.45
c 4 | 1109 | 2419 | 0.81 | 156.9 | 20.57 | 0.69 | 153.4 | 18.83 | 0.63
= 3 | 86.75 | 29.55 | 0.99 | 136.3 | 25.21 | 0.84 | 1345 | 23.74 | 0.79
S 2 | 57.20 | 3242 | 1.08 | 111.1 | 32.21 | 1.07 | 110.8 | 31.13 | 1.04
112478 | 2478 | 0.83 | 78.9 | 70.14 | 2.34 | 79.67 | 72.92 | 2.43
6 | 180.1 | 12.44 | 0.42 | 322.8 | 23.92 | 0.79 | 2935 | 14.96 | 0.49
= 5 | 167.7 | 2260 | 0.75 | 298.8 | 30.47 | 1.02 | 278.6 | 22.41 | 0.75
3 4 | 1451 | 31.65 | 1.06 | 268.4 | 36.67 | 1.22 | 256.2 | 29.55 | 0.99
i= 3 | 1134 | 38.66 | 1.29 | 231.7 | 42.30 | 1.41 | 226.6 | 36.18 | 1.21
@ 2 | 7474 | 4238 | 141 | 189.4 | 50.86 | 1.69 | 190.4 | 46.21 | 1.54
1 [3236 | 3236 | 1.08 | 1385 | 9751 | 3.25 | 1442 | 102.6 | 3.42

Table 5.21 Story displacements and drifts of soft building with raft foundation on
hard, medium, and soft soil

- Fixed Spring Direct
Soil | & | Disp. | Drift | Drift | Disp. | Drift | Drift | Disp. | Drift | Drift
Pl mm | mm) | % [ mm) | (mm)| % | (mm)]| (mm)| %
6 | 236.8 | 17.17 0.57 | 301.1 | 1475 | 0.49 | 2954 | 13.34 | 0.45
= 5 [219.6 | 29.91 | 0.99 | 286.3 | 24.46 | 0.82 | 282.1 | 23.21 | 0.77
2 4 |189.7 | 4091 | 136 | 261.9 | 33.39 | 1.11 | 258.9 | 32.30 | 1.08
= 3 1488 | 49.94 | 1.67 | 2285 | 41.71 | 1.39 | 226.6 | 40.76 | 1.36
I 2 19887 | 55.64 | 1.86 | 186.8 | 54.82 | 1.83 | 185.8 | 54.05 | 1.80
1 | 4323 | 43.23 144 | 1319 | 125.7 | 4.19 | 131.8 | 1295 | 4.32
_ 6 | 2711 | 19.68 | 0.66 | 366.5 | 21.17 | 0.71 | 349.1 | 16.43 | 0.55
'(,5) 5 | 251.4 | 34.24 114 | 3453 | 31.56 | 1.05 | 332.7 | 27.38 | 0.91
= 4 | 2172 | 46.79 156 | 313.7 | 41.02 | 1.37 | 305.3 | 37.46 | 1.25
= 3 | 170.4 | 57.13 | 1.90 | 272.7 | 49.86 | 1.66 | 267.9 | 46.86 | 1.56
S 2 | 1133 | 63.71 | 212 | 2229 | 6410 | 2.14 | 221.0 | 61.74 | 2.06
1 | 4956 | 49.56 1.65 | 158.8 | 139.7 | 4.66 | 159.3 | 146.1 | 4.87
6 | 4059 | 29.19 | 0.97 | 640.7 | 48.35 | 1.61 | 578.6 | 30.36 | 1.01
- 5 | 376.8 | 51.34 1.71 | 592.4 | 60.80 | 2.03 | 548.3 | 44.77 | 1.49
3 4 | 3255 | 70.65 | 2.36 | 531.6 | 72.35 | 2.41 | 503.5 | 58.23 | 1.94
£ 3 | 254.8 | 86.10 | 2.87 | 459.2 | 82.98 | 2.77 | 4453 | 70.83 | 2.36
@ 2 11687 | 95.24 | 3.18 | 376.2 | 100.0 | 3.33 | 374.4 | 90.64 | 3.02
1 | 7346 | 7346 | 245 | 276.2 | 192.6 | 6.42 | 283.8 | 202.9 | 6.77

5.2.2.3 Foundation Displacements

Foundation vertical and lateral displacements of spring and direct models with
different types of soil are presented in Tables 5.22 through 5.24. Four points are

considered to report foundation vertical and horizontal displacements. First point is the
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center point of the foundation, second point is one of the four corner points of the
foundation with the maximum value, third point is one of the center points of the
foundation sides parallel to x axis with the maximum value, fourth point is one of the
center points of the foundation sides parallel to y axis with the maximum value.
Foundation settlement (vertical displacement) is also plotted in Figures 5.25 and 5.26
for footing and raft foundations, respectively.

As the soil and/or structure gets softer, the foundation vertical lateral displacements
increase as expected. It is observed that spring models indicate lower foundation
vertical and lateral displacements compared to direct models, leading to less
conservative results for foundation displacements. Spring models indicate a larger
difference in foundation settlement between footing and raft foundations compared to
direct models.

Table 5.22 Foundation displacements of buildings on hard soil

Spring Model Direct Model

S Footing Raft Footing Raft
Structure Type S U, U, U, U, U, U, U, U,
(mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm)
1 -0.34 012 | -1.25 | 045 | -1.34 | 047 | -1.35 | 0.45
2 -0.06 010 | -1.04 | 022 | -0.04 | 0.30 | -0.17 | 0.36
Stiff 3 -0.01 0.10 | -043 | 0.35 | -0.20 | 0.47 | -0.40 | 0.45
4 -0.25 012 | -166 | 048 | -0.95 | 0.47 | -0.99 | 0.45
1 -1.17 046 | -3.68 | 1.23 | -468 | 1.33 | -419 | 1.26
2 -0.10 036 | -1.17 | 040 | -1.08 | 0.78 | -1.27 | 0.98
Medium 3 -0.16 036 | -0.46 | 1.06 | -1.52 | 1.38 | -1.74 | 1.28
4 -1.07 045 | 639 | 1.32 | -368 | 1.33 | -342 | 1.26
1 -4.45 092 | -134 | 246 | -17.9 | 2.65 | -155 | 2.50
Soft 2 -2.49 0.72 | -23.2 | 0.03 | -8.02 | 1.02 | -8.21 | 1.70
3 -2.53 0.73 | -13.3 | 2.72 | -10.0 | 3.30 | -9.68 | 2.82
4 -4.35 091 | -25.2 | 2.64 | -145 | 265 | -13.1 | 250
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Table 5.23 Foundation displacements of buildings on medium soil

Spring Model Direct Model
Footing Raft Footing Raft
Structure Type Loc. U, U U, U U, U U, A
(mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm)
1 -1.56 | 072 | -512 | 254 | -5.18 | 2.63 | -5.55 | 2.50
2 -0.38 | 058 | -280 | 197 | -0.34 | 1.91 | -0.84 | 2.40
Stiff 3 -0.09 | 059 | -155 | 218 | -0.96 | 249 | -1.74 | 2.39
4 -1.17 | 071 | -6.07 | 257 | -3.73 | 2.63 | -4.10 | 2.50
1 -533 | 249 | -149 | 640 | -18.2 | 6.97 | -17.3 | 6.56
2 -0.21 | 198 | -432 | 454 | -481 | 481 | -5.38 | 6.25
Medium 3 -045 | 2.00 | -2.16 | 5.75 | -6.68 | 6.83 | -7.48 | 6.29
4 -4.93 | 247 | 219 | 646 | -142 | 6.97 | -13.8 | 6.56
1 -20.3 | 5.02 | -53.8 | 12.87 | -70.0 | 13.96 | -63.8 | 13.08
Soft 2 -10.8 | 400 | -674 | 786 | -31.9 | 7.79 | -32.2 | 12.39
3 -10.9 | 4.03 | -44.6 | 12.89 | -40.3 | 1554 | -39.7 | 12.62
4 -19.9 | 498 | -85.0 | 13.01 | -55.9 | 13.96 | -52.4 | 13.08
Table 5.24 Foundation displacements of buildings on soft soil
Spring Model Direct Model
S Footing Raft Footing Raft
Structure Type S U, U, U, U, U, U, U, U,

(mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm)
1 -6.73 | 420 | -22.16 | 13.99 | -20.5 | 14.7 | -22.5 | 14.64
2 192 | 342 | -10.33 | 1297 | -0.95 | 118 | -3.14 | 1453
Stiff 3 -0.94 | 3.45 -8.14 | 13.23 | -2.86 | 13.2 | -6.03 | 14.14
4 -5.39 | 417 | -23.85 | 1397 | -15.8 | 14.70 | -17.9 | 14.64
1 -23.2 | 1557 | -67.84 | 35.36 | -73.1 | 42.03 | -70.6 | 40.20
2 -3.16 | 1251 | -0.57 | 32.12 | -15.8 | 33.00 | -18.5 | 39.80
Medium 3 239 | 1259 | -3.21 | 33.80 | -21.6 | 38.24 | -25.3 | 38.86
4 -21.9 | 1546 | -81.79 | 35.30 | -59.8 | 42.03 | -59.6 | 40.20
1 -88.9 | 31.27 | -2495 | 71.00 | -282 | 83.37 | -262 | 78.68
Soft 2 -37.4 | 25.16 | -170.7 | 62.92 | -128 | 60.51 | -129 | 78.50
3 -37.9 | 25.32 | -135.1 | 70.02 | -157 | 80.92 | -156 | 75.42
4 -87.5 | 31.05 | -312.1 | 70.96 | -234 | 83.37 | -225 | 78.68
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Figure 5.25 Foundation settlements of buildings with footing foundation on hard,
medium, and soft soil
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Figure 5.26 Foundation settlements of buildings with raft foundation on hard,

medium, and soft soil

5.2.3 Time History Analysis Results

For the three-dimensional analysis, models are subjected to the 1940 EIl Centro

earthquake as the two-dimensional models in the previous chapter.
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5.2.3.1 Base and Story Shears

Maximum story shears in the fixed base models and spring models on three types of
soil (hard, medium, soft) are plotted in Figure 5.27 for footing foundation, and in
Figure 5.29 for raft foundation. Sample base shear time histories are also plotted for
fixed and spring models on soft soil in Figures 5.28 and 5.30 for footing foundation
and raft foundation, respectively. Maximum values of base shears are also tabulated in
Table 5.25.

From the figures below, it is observed that maximum story shears are very similar for
all three buildings with footing foundation when they are on hard soil. As the soil gets
softer, the maximum story shears start to differ more between the fixed base model
and spring model, especially in soft building on soft soil. Similar trends can be
observed in maximum story shears for buildings with raft foundation. In this case, the
differences between fixed base and spring models are noticeable for medium and soft
buildings on all three types of soil (hard, medium, soft) considered in this study.

From the figures and table below, it is observed that fixed based models have slightly
lower (unconservative) base and story shears for the stiff structure on hard and medium
soil for building with footing foundation. As the structure and underlying soil become
softer, the fixed based models start to have higher (conservative) base and story shears.
This effect is more pronounced for spring models of medium and soft buildings on all
soil types whereas it becomes significant in spring models primarily for medium and
soft buildings on soft soil. For buildings with raft foundation, it is observed that fixed
base models have larger (conservative) base and story shears in all types of structure
and soil. The dynamic base and story shear results are in general consistent with
response spectrum analysis results, with minor discrepancies most likely due to using
an unscaled ground acceleration for all soil types and effect of dominant frequency

components in the ground motion record.
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Figure 5.27 Maximum story shears of buildings with footing foundation on hard,
medium, and soft soil under 1940 EI Centro earthquake
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soil under 1940 EI Centro earthquake

124



6 T
. i Hard Soil Medium Soil Soft Soil
d 7 ' : T

. : I | I ,

S . ! 3

= : i i

23] Y - !

P a4 - -1 e
1 iy Ly
0 100000 200000 0 100000 200000 0 100000 200000

Story Shear (kN) Story Shear (kN) Story Shear (kN)
— Ty =0.50 s (fixed) - Ty = 1.00 s (fixed) - T = 2.00 s (fixed)
— Ty =083 s (spring) — Ty =1.66s (spring) - T =331 s (spring)
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Figure 5.30 Base shear time-histories of buildings raft footing foundation on soft soil
under 1940 EI Centro earthquake
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Table 5.25 Maximum base shears of buildings on hard, medium, and soft soil

Structure Fixed Model Soil Type Spring Model Base Shear (kN)
Type Base Shear (kN) Footing Raft
Hard 49664 40848
Stiff 49285 Medium 53323 41200
Soft 47161 42848
Hard 136191 73369
Medium 140672 Medium 115988 60537
Soft 92354 55305
Hard 229880 141140
Soft 226736 Medium 228393 140004
Soft 154064 75766

5.2.3.2 Story Displacement and Drift

Maximum story displacements and drifts of the fixed base, spring and direct models
are plotted in Figures 5.31, 5.33, 5.35, and 5.37 for footing and raft foundation cases
on all three types of soil. Sample top floor displacement and first floor drift histories
are plotted for footing and raft foundation cases on soft soil only in Figures 5.32, 5.34,
5.36, and 5.38. The values of story displacements and drifts are also tabulated in Tables
5.26 through 5.43.

For both footing and raft foundations, as building and soil become softer, maximum
story displacements increase as expected due to two reasons, which are: (i) higher
flexibility of building and soil, and (ii) higher design spectral acceleration for softer
soil. For a given structure with footing or raft foundation, as soil becomes softer, the

differences between the fixed model and spring model become more pronounced.

Similar to the story displacements, the story drift values increase as the structure and
the soil get softer. For fixed base models, the largest story drift (maximum value)
occurs in the second story columns. Spring footing models on hard and medium soil
have the largest drift in the second story columns similar to the fixed models, but as
the soil becomes softer, the largest drift occurs in the first story columns of the spring
models. Whereas, the largest drift occurs in the first story columns of raft spring
models for different types of structure and soil. For a given structure as the soil gets
softer, the story drifts of the spring model increase with respect to fixed based model

story drifts for both footing and raft foundations.
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Figure 5.31 Maximum story displacements of buildings with footing foundation on
hard, medium, and soft soil under 1940 EI Centro earthquake
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Figure 5.33 Maximum story displacements of buildings with raft foundation on hard,
medium, and soft soil under 1940 EI Centro earthquake
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Figure 5.34 Top story displacement time-histories of buildings raft footing
foundation on soft soil under 1940 El Centro earthquake
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Figure 5.35 Maximum story drifts of buildings with footing foundation on hard,
medium, and soft soil under 1940 El Centro earthquake
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Figure 5.36 First story drift time-histories of buildings with footing foundation on
soft soil under 1940 EIl Centro earthquake
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Figure 5.37 Maximum story drifts of buildings with raft foundation on hard,
medium, and soft soil under 1940 EI Centro earthquake
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Figure 5.38 First story drift time-histories of buildings raft foundation on soft soil
under 1940 EI Centro earthquake
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Table 5.26 Maximum story displacements and drifts of stiff building with footing
foundation on hard soil

Story Fixed Spring

Disp. Drift Drift Disp. Drift Drift

(mm) (mm) (%) (mm) (mm) (%)
6 56.6 3.5 0.1 58.1 3.5 0.1
5 53.1 6.9 0.2 54.6 7.0 0.2
4 46.1 9.8 0.3 47.6 9.9 0.3
3 36.3 12.0 0.4 37.6 12.2 0.4
2 24.2 13.6 0.5 25.4 13.8 0.5
1 10.6 10.6 0.4 11.6 114 0.4

Table 5.27 Maximum story displacements and drifts of stiff building with footing
foundation on medium soil

Story Fixed Spring

Disp. Drift Drift Disp. Drift Drift

(mm) (mm) (%) (mm) (mm) (%)
6 56.6 3.5 0.1 68.7 4.2 0.1
5 53.1 6.9 0.2 64.5 7.9 0.3
4 46.1 9.8 0.3 56.5 115 0.4
3 36.3 12.0 0.4 45.1 13.9 0.5
2 24.2 13.6 0.5 31.1 15.5 0.5
1 10.6 10.6 0.4 15.6 14.7 0.5

Table 5.28 Maximum story displacements and drifts of stiff building with footing
foundation on soft soil

Story Fixed Spring

Disp. Drift Drift Disp. Drift Drift

(mm) (mm) (%) (mm) (mm) (%)
6 56.6 3.5 0.1 75.3 4.8 0.2
5 53.1 6.9 0.2 70.5 7.9 0.3
4 46.1 9.8 0.3 62.5 10.6 0.4
3 36.3 12.0 0.4 51.9 13.0 0.4
2 24.2 13.6 0.5 38.9 15.2 0.5
1 10.6 10.6 0.4 23.7 19.8 0.7

Table 5.29 Maximum story displacements and drifts of medium building with
footing foundation on hard soil

Story Fixed Spring

Disp. Drift Drift Disp. Drift Drift

(mm) (mm) (%) (mm) (mm) (%)
6 151 8.7 0.3 153 8.8 0.3
5 141 16.3 0.5 144 17.1 0.6
4 126 24.7 0.8 127 25.4 0.8
3 101 32.4 1.1 102 32.4 1.1
2 68.4 38.1 1.3 69.2 375 1.2
1 30.4 30.4 1.0 31.8 31.3 1.0
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Table 5.30 Maximum story displacements and drifts of medium building with

footing foundation on medium soil

Story Fixed Spring

Disp. Drift Drift Disp. Drift Drift

(mm) (mm) (%) (mm) (mm) (%)
6 151 8.7 0.3 156 10.7 0.4
5 141 16.3 0.5 146 19.1 0.6
4 126 24.7 0.8 126 26.5 0.9
3 101 32.4 1.1 99.9 31.7 1.1
2 68.4 38.1 1.3 68.2 34.2 1.1
1 30.4 30.4 1.0 33.9 31.9 1.1

Table 5.31 Maximum story displacements and drifts of medium building with
footing foundation on soft soil

Story Fixed Spring

Disp. Drift Drift Disp. Drift Drift

(mm) (mm) (%) (mm) (mm) (%)
6 151 8.7 0.3 147 9.9 0.3
5 141 16.3 0.5 137 15.6 0.5
4 126 24.7 0.8 122 20.7 0.7
3 101 32.4 1.1 101 25.2 0.8
2 68.4 38.1 1.3 75.9 29.5 0.9
1 30.4 30.4 1.0 46.5 38.7 1.3

Table 5.32 Maximum story displacements and drifts of soft building with footing
foundation on hard soil

Story Fixed Spring

Disp. Drift Drift Disp. Drift Drift

(mm) (mm) (%) (mm) (mm) (%)
6 238 19.4 0.6 247 21.9 0.7
5 218 27.2 0.9 225 29.2 0.9
4 191 34.9 1.2 196 35.6 1.2
3 156 48.0 1.6 160 47.1 1.6
2 108 59.5 1.9 113 59.8 1.9
1 48.6 48.6 1.6 53.1 52.3 1.7

Table 5.33 Maximum story displacements and drifts of soft building with footing
foundation on medium soil

Story Fixed Spring

Disp. Drift Drift Disp. Drift Drift

(mm) (mm) (%) (mm) (mm) (%)
6 238 19.4 0.6 247 21.9 0.7
5 218 27.2 0.9 225 29.2 0.9
4 191 34.9 1.2 196 35.6 1.2
3 156 48.0 1.6 160 47.1 1.6
2 108 59.5 1.9 113 59.8 1.9
1 48.6 48.6 1.6 53.1 52.3 1.7
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Table 5.34 Maximum story displacements and drifts of soft building with footing
foundation on soft soil

Story Fixed Spring

Disp. Drift Drift Disp. Drift Drift

(mm) (mm) (%) (mm) (mm) (%)
6 238 19.4 0.6 317 30.7 1.0
5 218 27.2 0.9 287 45.3 1.5
4 191 34.9 1.2 241 53.3 1.8
3 156 48.0 1.6 188 54.9 1.8
2 108 59.5 1.9 133 54.7 1.8
1 48.6 48.6 1.6 78.4 65.5 2.2

Table 5.35 Maximum story displacements and drifts of stiff building with raft
foundation on hard soil

Story Fixed Spring

Disp. Drift Drift Disp. Drift Drift

(mm) (mm) (%) (mm) (mm) (%)
6 56.5 3.5 0.1 77.5 3.6 0.1
5 53.1 6.9 0.2 73.9 6.3 0.2
4 46.1 9.8 0.3 67.6 9.1 0.3
3 36.3 12.0 0.4 58.5 114 0.4
2 24.2 13.6 0.5 47.1 14.3 0.5
1 10.6 10.6 0.4 32.8 31.8 1.1

Table 5.36 Maximum story displacements and drifts of stiff building with raft
foundation on medium soil

Story Fixed Spring

Disp. Drift Drift Disp. Drift Drift

(mm) (mm) (%) (mm) (mm) (%)
6 56.5 3.5 0.1 84.3 4.4 0.1
5 53.1 6.9 0.2 79.9 6.9 0.2
4 46.1 9.8 0.3 72.9 9.5 0.3
3 36.3 12.0 0.4 63.5 11.7 0.4
2 24.2 13.6 0.5 51.7 15.0 0.5
1 10.6 10.6 0.4 36.7 32.9 1.1

Table 5.37 Maximum story displacements and drifts of stiff building with raft
foundation on soft soil

Story Fixed Spring

Disp. Drift Drift Disp. Drift Drift

(mm) (mm) (%) (mm) (mm) (%)
6 56.5 3.5 0.1 125 8.8 0.3
5 53.1 6.9 0.2 116 11.6 0.4
4 46.1 9.8 0.3 105 14.2 0.5
3 36.3 12.0 0.4 90.6 16.5 0.6
2 24.2 13.6 0.5 74.1 19.9 0.7
1 10.6 10.6 0.4 54.2 38.3 1.2
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Table 5.38 Maximum story displacements and drifts of medium building with raft
foundation on hard soil

Story Fixed Spring

Disp. Drift Drift Disp. Drift Drift

(mm) (mm) (%) (mm) (mm) (%)
6 151 8.7 0.3 122 4.3 0.1
5 142 16.3 0.5 118 7.7 0.3
4 126 24.7 0.8 110 11.9 0.4
3 101 32.4 1.1 97.9 16.5 0.5
2 68.4 38.1 1.3 814 23.3 0.8
1 30.4 30.4 1.0 58.1 56.3 1.9

Table 5.39 Maximum story displacements and drifts of medium building with raft
foundation on medium soil

Story Fixed Spring

Disp. Drift Drift Disp. Drift Drift

(mm) (mm) (%) (mm) (mm) (%)
6 151 8.7 0.3 108 4.4 0.1
5 142 16.3 0.5 104 6.9 0.2
4 126 24.7 0.8 97.0 10.2 0.3
3 101 32.4 1.1 86.8 14.1 0.5
2 68.4 38.1 1.3 72.8 20.1 0.7
1 30.4 30.4 1.0 52.7 47.4 1.6

Table 5.40 Maximum story displacements and drifts of medium building with raft
foundation on soft soil

Story Fixed Spring

Disp. Drift Drift Disp. Drift Drift

(mm) (mm) (%) (mm) (mm) (%)
6 151 8.7 0.3 145 9.2 0.3
5 142 16.3 0.5 135 12.3 0.4
4 126 24.7 0.8 123 15.4 0.5
3 101 324 1.1 108 18.4 0.6
2 68.4 38.1 1.3 89.3 22.8 0.8
1 30.4 30.4 1.0 66.5 46.9 1.6

Table 5.41 Maximum story displacements and drifts of soft building with raft
foundation on hard soil

Story Fixed Spring

Disp. Drift Drift Disp. Drift Drift

(mm) (mm) (%) (mm) (mm) (%)
6 238 19.4 0.6 289 21.5 0.7
5 218 27.2 0.9 268 34.9 1.2
4 191 34.9 1.2 233 42.4 1.4
3 156 48.0 1.6 191 34.1 1.1
2 108 59.5 1.9 156 44.7 1.5
1 48.6 48.6 1.6 112 108 3.6
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Table 5.42 Maximum story displacements and drifts of soft building with raft
foundation on medium soil

Story Fixed Spring

Disp. Drift Drift Disp. Drift Drift

(mm) (mm) (%) (mm) (mm) (%)
6 238 19.4 0.6 287 16.5 0.6
5 218 27.2 0.9 271 24.7 0.8
4 191 34.9 1.2 246 32.2 1.1
3 156 48.0 1.6 214 39.4 1.3
2 108 59.5 1.9 175 50.5 1.7
1 48.6 48.6 1.6 124 111 3.7

Table 5.43 Maximum story displacements and drifts of soft building with raft
foundation on soft soil

Story Fixed Spring

Disp. Drift Drift Disp. Drift Drift

(mm) (mm) (%) (mm) (mm) (%)
6 238 19.4 0.6 238 22.3 0.7
5 218 27.2 0.9 216 26.1 0.9
4 191 34.9 1.2 190 29.1 0.9
3 156 48.0 1.6 161 31.9 1.1
2 108 59.5 1.9 129 36.7 1.2
1 48.6 48.6 1.6 91.9 65.7 2.2

5.2.3.3 Foundation Displacement

Maximum values of the foundation vertical and lateral displacements of spring models
on hard, medium and soft soils are presented in Tables 5.44 through 5.46. Foundation
displacements are given at four points (Loc. 1, 2, 3, 4) as described in Section 5.2.2.3.
Maximum values of the foundation settlement (vertical displacement) is also plotted
in Figures 5.39 through 5.40 for footing and raft foundations. As the soil and/or

structure gets softer, the foundation vertical lateral displacements increase as expected.
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Table 5.44 Maximum foundation displacements in buildings on hard soil

Spring Model
St?;;gre Loc. Footing Raft
U, (mm) Uy (mm) | U, (mm) | Uy (mm)
1 -0.34 0.23 -1.25 0.58
Stiff 2 -0.60 0.18 -6.02 0.30
3 -0.69 0.19 -4.51 0.33
4 -0.25 0.23 -1.67 0.62
1 -1.17 0.51 -3.69 0.92
Medium 2 -1.98 0.39 -15.97 0.28
3 -2.08 0.40 -10.78 0.38
4 -1.07 0.50 -6.39 0.98
1 -4.45 0.99 -13.38 2.09
Soft 2 -6.198 0.79 -58.02 0.06
3 -6.32 0.80 -37.59 0.38
4 -4.35 0.98 -25.20 2.24
Table 5.45 Maximum foundation displacements in buildings on medium soil
Spring Model
St_rlyyc;gre Loc. Footing Raft
U, (mm) Uy (mm) | U, (mm) | Uy (mm)
1 -1.56 1.20 -5.19 2.99
Stiff 2 -2.91 0.96 -18.18 2.32
B -3.27 0.97 -15.32 2.34
4 -1.17 1.19 -6.14 3.03
1 -5.33 2.20 -14.96 3.77
Medium 2 -8.29 1.77 -43.33 2.58
3 -8.69 1.79 -33.17 2.65
4 -4.93 2.18 -21.99 3.82
1 -20.30 4.91 -53.85 10.06
Soft 2 -28.44 3.98 -168.01 5.69
3 -28.94 4.01 -122.53 5.89
4 -19.91 4.87 -85.06 10.16
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Table 5.46 Maximum foundation displacements in buildings on soft soil

Spring Model
St?;;gre Loc. Footing Raft
U, (mm) Uy (mm) | U, (mm) | U, (mm)
1 -6.73 4.49 -22.91 13.49
Stiff 2 -10.13 3.69 -59.16 12.61
3 -11.40 3.72 -55.14 12.59
4 -5.39 4.46 -24.61 13.48
1 -23.24 8.38 -68.46 17.81
Medium 2 -32.83 6.89 -137.93 16.04
3 -34.28 6.94 -120.63 16.02
4 -21.89 8.32 -82.43 17.82
1 -88.86 16.14 -250.06 23.39
Soft 2 -123.83 12.94 -447.36 18.92
3 -125.45 13.02 -380.21 18.83
4 -87.52 16.03 -312.76 23.47
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Figure 5.39 Maximum foundation settlements of buildings with footing foundation
on hard, medium, and soft soil
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CHAPTER 6

CONCLUSION

6.1 Summary

Soil-structure interaction effects in buildings are studied in this thesis using relatively
simple models prepared by a general-purpose structural analysis software (SAP2000).
A symmetrical, 6-story, 6-bay reinforced concrete moment resisting frame is
considered for both 2D and 3D building models. Seismic responses of three different
building structures (with varying dynamic characteristics) on three different
homogeneous, elastic soil mediums are computed and compared with the responses of
the corresponding fixed base models. Soil-structure interaction effects are modeled by
two approaches: (i) defining soil springs representing the soil impedance functions
(substructure method), and (ii) modeling the soil medium directly along with the
structure and the foundation (direct analysis method). Two types of foundation are
considered in the models: footing foundation (i.e., isolated footings) and raft
foundation. ASCE 7-10 acceleration response spectra are determined based on the soil
properties and used to examine the seismic response of the models considered. A
limited study is also performed by time-history analyses using an actual earthquake

ground acceleration record (1940 EI Centro).

6.2 Concluding Remarks

The main conclusions of this study are as follows:

1. Including soil-structure interaction effects cause a period lengthening in the
fundamental mode. This is a well-known fact stated by many publications in the

literature and major design codes.
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. Among the SSI models, it is observed that the direct models lead to a larger period
lengthening in the fundamental period compared to the spring models. This effect
is more pronounced in footing foundation than raft foundation, especially as the
soil gets softer.

Base shear increases as the soil gets softer due to higher design spectral
acceleration for softer soil. For a given structure and soil, consideration of soil-
structure interaction effects through a spring model or a direct model decrease the
base shear (and the story shears) due to period lengthening, compared to the fixed

base model. This effect is again more pronounced in direct models.

Story displacements increase as the building and soil become softer due to higher
flexibility of building and soil, and higher design spectral acceleration for softer
soil. For a given structure with footing or raft foundation, as soil becomes softer,
the differences between the fixed model and SSI models (spring and direct)
become more pronounced. For any given soil, the difference between fixed model
and SSI models increases as the structure becomes stiffer. This effect is more
visible in direct models (compared to the spring models) and in spring models on

soft soil.

Similar to the story displacements, the story drift values increase as the structure
and the soil get softer. For fixed base models, the largest story drift occurs in the
second story columns, whereas the largest story drift occurs in the first story
columns for direct models with footing or raft foundation. Spring models on hard
and medium soil have the largest drift in the second story columns similar to the
fixed models, but as the soil becomes softer, the largest drift occurs in the first
story columns of the spring models.

For a given structure as the soil gets softer, the story drifts of the SSI models (spring
and direct) increases with respect to fixed based model story drifts for both footing
and raft foundations. This effect is higher in direct models. For a given soil, as the
structure gets softer, the drifts of the SSI models decrease with respect to fixed
base model drifts for both footing and raft foundations.

. Vertical and lateral displacements of the foundation increase as the soil and/or
structure gets softer. It is observed that spring models indicate lower vertical and

lateral displacements compared to direct models, leading to less conservative
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results for foundation displacements. Spring models indicate a larger difference in
foundation settlement between footing and raft foundations compared to direct
models. Also, it is observed that spring models indicate larger foundation
settlements in raft foundation for any soil and structure type whereas direct models
indicate larger foundation settlements in raft foundation only for stiff structure.

A limited study using time-history response analysis with a single ground
acceleration record indicates that the dynamic responses are in general consistent
with response spectrum analysis results summarized above, with minor
discrepancies most likely due to using an unscaled ground acceleration for all soil
types and effect of dominant frequency components in the ground motion record.
A more detailed study including many ground acceleration records that are scaled
to be representative of the design acceleration spectrum is required for a more

rational analysis of dynamic soil-structure interaction effects.
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