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ABSTRACT

Earthquakes cause damages to structures and result in great human casualties and
economic loss. A fraction of the kinetic energy released from earthquakes is trans-
ferred into buildings through soils. The investigation on the mechanism of the energy
transferring from soils to buildings during earthquakes is critical for the design of
earthquake resistant structures and for upgrading existing structures. In order to un-
derstand this phenomena well, a wave-soil-structure interaction analysis is presented.
The earthquake wave-soil-structure interaction analysis of tall buildings is the main
focus of this research. There are two methods available for modeling the soil-structure
interaction (SSI): the direct method and substructure method. The direct method is
used for modeling the soil and a tall building together. However, the substructure
method is adopted to treat the unbounded soil and the tall building separately. The
unbounded soil is modeled by using the Scaled Boundary Finite-Element Method
(SBFEM), an infinitesimal finite-element cell method, which naturally satisfies the

radiation condition for the wave propagation problem. The tall building is modeled



v

using the standard Finite Element Method (FEM). The SBFEM results in fewer de-
grees of freedom of the soil than the direct method by only modeling the interface
between the soil and building. The SBFEM is implemented into a 3-Dimensional
Dynamic Soil-Structure Interaction Analysis program (DSSIA-3D) in this study and
is used for investigating the response of tall buildings in both the time domain and
frequency domain. Three different parametric studies are carried out for buildings
subjected to external harmonic loadings and earthquake loadings. The peak displace-
ment along the height of the building is obtained in the time domain analysis. The
coupling between the building’s height, hysteretic damping ratio, soil dynamics and
soil-structure interaction effect is investigated. Further, the coupling between the
structure configuration and the asymmetrical loadings are studied. The findings sug-
gest that the symmetrical building has a higher earthquake resistance capacity than
the asymmetrical buildings. The results are compared with building codes, field mea-
surements and other numerical methods. These numerical techniques can be applied

to study other structures, such as TV towers, nuclear power plants and dams.
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Chapter 1
Introduction

The earthquake wave-soil-structure interaction analysis of of tall buildings with a
symmetrical or an asymmetrical configuration is studied here. The urgency of carrying
out such study is stressed again from the devastating aftermath of recent major
earthquakes. The collapse of tall apartment buildings, such as in the Izmit, Turkey
1999 earthquake and the Pakistan/India 2005 earthquake, astonished the earthquake
engineering and civil engineering communities. The Soil-Structure Interaction (SSI)
effect is still not well understood due to the inadequate modeling of soil properties
and the radiation condition in an unbounded media. Since the end of last century,
the Scaled Boundary Finite-Element Method (SBFEM) has been developed from the
idea of similarity, which means taking the limit of the thickness of an infinitesimal
finite-element cell along a soil-structure interface. The unbounded half-space soil
is modeled in this SBFEM with the radiation condition satisfied naturally. The
substructure concept is used for attacking these complex modeling issues involving
different type of soils and geometrical characters. The substructure method results
in fewer degrees of freedom of the soil in this numerical model compared with a
direct method where modeling a large amount of soil adjacent to the building is
necessary for satisfying the radiation condition. In this research, the SSI effect on the
vibration of tall buildings is investigated in both time and frequency domains. The
fundamental frequency, equivalent damping ratio, dynamic response of tall buildings
with symmetrical and asymmetrical configuration are provided. The various factors,
including the soil types, building heights, the floor plan configuration and loading
types are examined for achieving a better understanding of the behaviour of tall

buildings during an earthquake.



1.1 Summary of the work

First, references on modeling of tall buildings, unbounded soil, and soil-structure
interaction are reviewed. The method for modeling the structure is an important
field due to the complexity of modeling the structural elements, such as, the steel-
reinforced concrete, the configuration of the core, and the openings in the walls. For
research in the field of building vibration, the reader is referred to [21].

In the time domain, the SSI effect on the vibration of tall buildings is analyzed by
studying the detailed dynamic responses of symmetrical tall buildings under simulated
seismic loadings. The dynamic response of this soil-structure system depends upon
frequency content of the ground vibration, type and input angle of ground motion,
stiffness and height of the building, the number of levels in its multi-level basement,
and the stiffness of the adjacent soil.

In the frequency domain, the SSI effect of buildings with 5-, 10-, 15-, 20-, and
25-stories is modeled. In each case, the fundamental frequency and corresponding
radiation damping ratio are obtained. The relationship between the SSI effect and the
building height is examined. This relationship is the dominant factor in determining
the free vibration of a tall building. A 15-story building is chosen to investigate further
the relationship between the material properties of soils and the dynamic response of
the building.

Further, the structural response to dynamic loading, which is expressed in terms
of displacements of the structure, is studied. A two-way asymmetrical multistory
building model is subjected to bidirectional loadings. The time histories of the vertical
and horizontal displacements and rotation of the roof are obtained using the SBFEM.
The SBFEM, implemented in the 3-Dimensional Dynamic Soil-Structure Interaction
Analysis program (DSSIA-3D), takes into account the soil-structure interaction effects
and is applied to study two-way asymmetrical buildings. These results are compared
with those of symmetrical buildings. Recommendations for improving the seismic
design of tall buildings are given from this comparison.

In summary, the work has resulted in the following conclusions:

(1) The vibration of tall buildings with symmetrical or asymmetrical configuration
is simulated for harmonic and earthquake loadings. This research confirms the field
observation that the largest deformation of buildings occurred at the basement level.
P waves cause more deformation and movement along the input direction. Shear

waves cause much more inter-story drift and damages.



(2) The influence of different soil types to the earthquake response of tall buildings is
investigated. The soil of larger stiffness results in a higher fundamental frequency of
the building in a non-linear relationship fashion.

(3) The response of asymmetrical tall buildings is stronger in general than the cor-
responding symmetrical buildings. This indicates the symmetrical building is more
seismic resistant than an asymmetrical building in an earthquake.

(4) The building is modeled with more complex structural features during the course

of investigations.

1.2 Introduction

Vibrations of tall buildings are mainly caused by either strong winds or ground mo-
tions. In both situations, the mechanism that influences the vibration characteristics
of tall buildings is the dynamic Soil-Structure Interaction (SSI), which is mainly gov-
erned by soil properties. The boundary condition between the soil and the foundation
of the tall building is assumed free. That permits six Degrees-Of-Freedom (DOF):
three translational and three rotational DOF for a rigid foundation. The contact
between the foundation and the soil is dynamic.

In this study, two types of ground motion are used, harmonic loading and seismic
loading. Seismic waves consist of body waves (such as dilatational and shear waves)
and surface waves (such as Rayleigh and Love waves). The body waves can strike
buildings at any angle in the half-space [2]. The seismic wave is the primary manifes-
tation of the energy released from an earthquake. The energy from the incoming wave
is transferred to the building through the interaction with the adjacent soil excited by
the wave propagation. The amount of energy transferred to the building is different
for waves with different input angles.

In the time domain analysis of this study, the response of the building is repre-
sented by the peak displacement of the building geometric centerline, and is given in
Chapter 5. The characteristics of the building vibration include, for example, the peak
displacement of the building centerline, the maximum stress on the basement wall,
and the stress underneath the foundation mat. The contact mechanism between the
foundation and supporting soil can be modified for improving the earthquake-resistant
design of buildings. This information can be used to assess the vulnerability of an

existing building for the purpose of upgrading protection measures.



In an earthquake, the wave reflection from the foundation to the surrounding semi-
infinite soil results in energy dissipation. In the SSI system, not all of the outgoing
wave energy will be reflected back into the system. This dynamic SSI system is a
damping system. The effect of the energy dissipation can be understood by studying
the changes of the fundamental frequency and corresponding radiation damping ratio,
which means the wave propagating outward will not be reflected back into the soil-
structure system. In Chapter 6, a group of tall buildings, ranging from 10- to 25-story,
are modeled and their fundamental frequencies and associated radiation damping
ratios are calculated. In a parametric study, the material properties of the soil are
shown to have influence on the response of the building. In particular, the effects of
the structural hysteretic damping ratio and soil stiffness are investigated.

Asymmetrical buildings are more vulnerable to earthquakes than symmetrical
buildings. In this study, a two-way asymmetrical 15-story building with one level
basement is modeled. The two-way asymmetrical is the result from the mass eccen-
tricity of the building. The location of the mass center is located away from the
geometrical center in the first quadrant. Seismic acceleration recordings are applied
at the origin of the coordinate system, which is the control point. It is observed that
the response of the asymmetrical building is characterized by the magnitude of the
dominant peak displacement. The two-way asymmetrical building coupled with the
asymmetrical earthquake loadings are studied in chapter 7. These results are com-
pared with the case of symmetrical buildings and verified by references [23] and [59].

This part of research is published in a recent journal paper [90].



Chapter 2
Problem

The earthquake response of tall buildings with symmetrical or asymmetrical configu-
ration is studied here. The dynamic Wave-Soil-Structure Interaction (WSSI) analysis
involves studying the earthquake responses of a wide range of structures, such as
dams, tall buildings, TV towers, nuclear power plants, buried pipelines and subway
tunnels. During major earthquakes, some of the infrastructures can be severely dam-
aged causing devastating consequences to the local economy and society. In strong
earthquakes , there could be tens of thousands of fatalities and millions of buildings
damaged. For example, in Pakistan/India 2005 earthquake, some residential build-
ings, including adobe-wall houses, stone masonry, brick masonry, and tall apartment
buildings with steel reinforced concrete (SRC) structures, suffered severe damages.
In some cases, walls cracked and failed to support the overlying heavy slabs, which
caused many fatalities. The collapse of the wall and SRC columns resulted in a
toppled or pancaked structures.

However, in the past, especially in some jurisdictions, the structural design codes
do not include dynamic design criteria, but simply use the weighted load method. This
method cannot guarantee a safe design for resisting earthquakes without undergoing
a series of shaking table tests of the building model. In the investigation carried
out by Benedetti et al [7], the scaled 1:2 masonry building models were all severely
damaged in the shaking table tests. Furthermore, the interaction between soil and
structure is far more complicated than what a shaking table can simulate. Also, in
the shaking table test, especially for a tall structure, the table-structure interaction
must be taken into consideration in interpreting the testing results and can not be

considered as a form of foundation-structure interaction or soil-structure interaction

[70].



With the increasing computational power and emerging numerical methods, such
as the Finite-Element Method (FEM), Boundary-Element Method (BEM), Meshfree
Method (MFM) ([6], [40], and [92]) and Scaled Boundary Finite-Element Method
(SBFEM) [63], the soil-structure interaction can be effectively modeled and simulated.

In the field of soil-structure interaction research, structures are usually assumed
to be elastic and modeled by a standard FEM. However, the soil is an unbounded
half-space medium with a nonlinear stress-strain relationship. The soil is also in-
homogeneous. The soil is usually composed of rock particles, organic matter and
water. The structure of soil is typically made of a solid framework of grains with
the interstitial space filled with water and gas. In general, the mechanical properties
of soils are influenced by the water content and the type of the solid ingredients in
its compositions. The mechanical properties of soil vary in geographic locations, in
climate conditions, and in the presence of earthquake waves. There is not a universal
constitutive law for soils in every situation [49]. In this present study, the dynamic
character of soils will be the dominant factor for choosing a proper soil model. Con-
sidering this, the plasticity of soils will not be included in the dynamic studies, even
though the plasticity is a very important character of soils for static and quasi-static
problems. Thus the modeling of soils becomes a critical issue in the soil-structure
interaction analysis.

In this study, the 3-Dimensional Dynamic Soil-Structure Interaction Analysis
(DSSIA-3D) program is used [94]. In DSSIA-3D, the SBFEM is used to model the
unbounded elastic medium for its theoretical advantages, since the SBFEM satisfies
the radiation condition naturally [63]. Further, the soil-structure interaction of a
two-way asymmetrical building subjected to 1940 El Centro earthquake loadings is
studied. The comparison between this two-way asymmetrical building and the cor-
responding symmetrical building under the same loadings clearly demonstrates the
critical influence of the asymmetrical factor on the earthquake response.

In summary, the objective of this research is to investigate the earthquake re-
sponse of tall buildings with the soil-structure interaction effect. Both symmetrical
and asymmetrical tall buildings are studied and compared with references and field
observations ([23] and [59]). The findings are valuable for designing base isolator,
mass damper, and structural seismic resistance upgrading. The research also can be
extended to study the earthquake response of other structures such as, TV towers,

dams, buried pipelines, and underground structures.



Chapter 3
Background

There are many methods for modeling the SSI in the frequency domain (Fourier
or Laplace transformation) and the time domain. There are also hybrid methods
obtained by combining the Finite Element Method (FEM) [5] and Boundary Element
Method (BEM) ([22] and [91]). These include the interfacial FEM, the joint element
method, or a simple physical model which adopts the spring-dashpot system for
representing the interaction between the soil and structure. The building foundation
can be modeled as a massless flexible, or rigid plate either lying on the soil surface or
embedded in the soil. The interface between the soil and structure is modeled as joint

connection by enforcing the same displacement and stress on the interfacial nodes.

3.1 Modeling of tall buildings

In the 1950’s and early 1960’s ([19], [25], and [31]), a building was modeled as a
cantilever beam. In these early studies, a digital computer was first used to solve the
analytical equations for vibration of tall buildings and obtain their natural periods
and damping ratios. At that time, the discretization method and massive calculations
were not popular yet. The computer speed and memory storage limited the accuracy
of approximation and the level of complexity of modeling. The method for modeling
structural vibration needed to avoid generating a large number of DOF's and a large
size matrix, such as the mass and stiffness coefficient matrix, in the equation of
motion. Other methods have been developed in the past few decades. A simple model
of the building using coupled shear plates with openings was applied to investigate

the shear wall vibrations and mode shapes for a building damaged in the Alaskan



earthquake of 1964 [28]. Under this guideline, other methods such as the finite strip
model and the continuum model were developed ([4], [11], and [32]). All of the above
methods result in fewer DOFs. The size of the resulting coefficient matrices was small
compared with those using FEM for volume discretization. But these methods lose
nonlinear information such as the material nonlinearity and geometrical nonlinearity,
and usually are applied only to linear elastic structures. Since a slender structure
is significantly nonlinear at large deformation, the small deformation assumption
is no longer accurate enough. Usually after a strong earthquake, inside structural
component failure occurs, such as the failure of welded points and joints between the
steel beams, and dislocation between the steel and attached concrete is often found.
These material discontinuities can be modeled as uncertainties in some methods [37].

In recent years, the vibration of the tall buildings is of an increasing interest
among the research community. The research on the three dimensional structural
dynamics of the vibration of the tall buildings in typhoon active areas such as Hong
Kong and Singapore proved that monitoring and controlling the vibration of the tall
building is essential for providing a comfortable residential environment ([8] and [38]).
It is important to compare the natural frequency of one building and the frequency
spectrum of the typhoon recorded in situ. Researchers in Japan ([47], [48], and [54])
studied the reduction of the vibration amplitude of a tall building subject to a strong
wind load or strong earth motion using a hybrid mass damper system.

Most methods do not include the soil-structure interaction effects when studying
the vibration of the building. Some researchers did consider the SSI effects but were
limited to a two dimensional analysis [68]. The consideration of the soil-structure
interaction effect on the response of the building in three dimensions is necessary to
pursue more accurate results from the viewpoint of engineering practice [69].

Asymmetrical buildings are more vulnerable to earthquake hazards compared to
the buildings with symmetrical configuration. The recognition of this sensitivity has
led researchers to concentrate their studies on earthquake characteristics, evaluation
of the structural parameters and validity of the system models ([29], [30], [24], [12],
[58], [46], [60]). So far, several researchers have attempted to evaluate the seismic
response behaviour of torsionally coupled buildings for the linear analysis of three
dimensional dynamic soil-structure interactions of asymmetrical buildings [3]. The
influence of dynamic soil-structure interaction on seismic response was studied in
[59], selecting a set of reinforced concrete structures with gravitational loads and

representative systems designed for earthquake resistance in accordance with current



criteria and methods.

In this study, the soil-structure interaction of a tall building is numerically sim-
ulated, and the results are compared with building codes, field measurements and
results from other numerical methods. The soil-structure interaction effect is inves-
tigated and evaluated in both the time domain and frequency domain. Further, the
loading mode and asymmetrical structural configurations are taken into consideration,

together with the soil-structure interaction effect.

3.2 Modeling of unbounded soil

Soil constituents exist in solid, liquid and gas states. The solid phase is a mixture of
mineral and some organic matter. Soil shows strong nonlinearity in material proper-
ties. It is necessary to include the nonlinearity of the soil material in the numerical
modeling, such as using a FEM. For a large scale case, improving the accuracy requires
a large number of finite elements with smaller dimension. The coefficient matrix of
each element is assembled into the total coefficient matrix of the structure. The ra-
diation condition can not be satisfied by the FEM equations without an artificial
transmitting boundary. In order to satisfy the radiation condition for wave propaga-
tion in the unbounded soil domain, the artificial transmitting boundary behaves as an
energy sink for the outgoing waves. In some researches, a linear elastic homogeneous
soil is assumed in the problem for large scale structures, such as highrise buildings,
dams, and underground lifelines. Using this assumption, the BEM is widely used in
modeling unbounded soil with a transmitting boundary for accommodating energy
radiation [35]. In earlier studies, ([55] and [15]), it is assumed that the three dimen-
sional wavefield is composed of a free field and a scattered wavefield. The wavefield
is given by solving the Navier’s equation in terms of spherical Hankel and Bessel
functions, associated with Legendre polynomials ([67] and [1]). The radiation condi-
tion is satisfied at infinity in the unbounded half-space. But the stress free boundary
condition along the surface of the half-space needs to be set locally. In the above
methods, the body force is assumed to be equal to zero. Furthermore, the hysteretic
damping ratio, which indicates the internal energy loss due to building vibrations, can
be included by using the complex elastic constants ([52] and [26]). The steady-state
elastodynamic field equation is used to model the soil which is assumed to be a linear
elastic solid [10].

The wave expansion method is used for solving the wave equation for unbounded
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soil [15]. In this case, a wavefield is expressed as a linear combination of wave func-
tions of a free field and a reflected wavefield. By imposing boundary conditions and
free-field stresses on the boundary, the coefficient of displacement can be obtained
after solving the equations. Furthermore, the displacement and stress fields can be
evaluated. There are no stress tractions on the free boundary which is set locally as
in the other methods.

Based on linear elastodynamic theory, a new method was developed by Song and
Wolf [62] and is known as the consistent infinitesimal finite-element cell method. The
same equation is obtained for the dynamic-stiffness matrix by limiting the cell width
derived in the Scaled Boundary Finite-Element Method (SBFEM). In the SBFEM,
the dynamic behaviour of a unbounded soil is described by using a dynamic stiff-
ness matrix in the frequency domain and the same force-displacement relationship is

represented in the time domain by a unit-impulse response matrix.

3.3 Modeling of soil-structure interaction

Extensive literature has appeared in the last two decades on modeling soil-structure
interactions. This problem is modeled from many points of view by using advanced
numerical techniques such as FEM, BEM, and hybrid methods. As a whole, all of the
above methods involve approximate simulations of the real soil-structure interaction
with some simplifications. Each method has its own merit in modeling soil and
soil-structure interface. These methods can be divided into the following groups as

follows.

3.3.1 The analytical method

Mario E. Rodriguez et. al. [51] evaluated the importance of SSI effects on the seismic
response and the damage of buildings in Mexico City during a 1985 earthquake and
compared the results with a rigid case. A simple one degree of freedom model was
used for analyzing the overall seismic behaviour of multi-story building structures
built on soft soil. Wolf also used this method to study the vibration of the foundation
[82]. The mass-spring-dashpot system is widely used to model the interaction of the

soil and structure. The analytical method can only be applied to simple structures.
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3.3.2 The system identification method

Jonathan P. Stewart and Gregory L. Fenves [65] evaluated the unknown properties of
a system by using a pair of known inputs and known outputs for the system. In their
method, a simple spring-mass system is used for the initial interaction. The equa-
tions are solved in the Laplace domain by using the parametric system identification
method. This method was developed from Luco’s method for non-parametric proce-
dure [42]. Fifty-eight sites with instrumentation were investigated for both flexible
and fixed boundary condition cases by the authors. The responses of the systems to
the designed inputs were compared and the SSI effects were addressed. The applica-

tion of the system identification method in the SSI effect research is efficient.

3.3.3 Nonlinear soil-structure interaction analysis

The nonlinearities of the interaction between the soil and structure are contributed
by material nonlinearities of the soil and the structure, and geometrical nonlinearity
from motions such as separation, sliding, and rocking. These nonlinear phenomena
usually occur concurrently. The coupling from the separation, sliding, and rocking are
difficult to simulate. In analyzing a nonlinear dynamic response of SSI, the nonlinear
impedance method is a modification of the linear impedance method [79]. The time-
dependent contact area between the structure base-slab and the soil can be determined
([66] and [50]). The time domain framework is limited to the mat foundation. In [79]
and [87], nuclear containment structures including the effects of liftoff and sliding
of the basemat foundation were studied. The rocking and normal separation of the
foundation and soil is the primary nonlinear interaction effect [50].

In [85], complete equations were given and the uplift was calculated. A unit
impulse matrix was obtained for describing the dynamic response of the soil. In [86],
the Green function was calculated and Bessel functions were used. The uplift was
examined in the time domain by John P. Wolf and Georges R. Darbre [84]. In this
study, the boundary element method is used to model an embedded foundation.

Toki and Fu [69] studied a three dimensional stress redistribution of soil based on
the Mohr-Coulomb failure law. A generalized method for a full nonlinear earthquake
analysis with joint elements was derived for both soil nonlinearity and geometrical
nonlinearity, including uplift and sliding.

The dynamic process can be simulated at a series of states calculated in each

infinitesimal time interval. Kawakami [36] used an iterative method to simulate the
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rocking procedure with the modification of the traction and displacement of the foun-
dation and soil. The contact and partial uplift phenomenon were modeled by using
a FE model of the surface rigid foundation under the assumption of no sliding.
McCallen and Romastad [44] designed an interface element to model the interac-
tion between foundation and the soil. The material nonlinearity of the soil and the
components of the building were considered. Since the soil is unable to support a ten-
sile stress, a geometrical nonlinearity exists for uplifting. The geometric nonlinearity
of the tall building due to large transverse deflections and the separation between the

foundation and soil were studied in [44].

3.3.4 BEM in the linear soil-structure interaction

The BEM involves Green’s function for the boundary integral equation [13]. By
applying the BEM to the unbounded media, it avoids the time consuming implemen-
tation of appropriate border elements and finding the necessary finiteness of mass.
The Hankel transform of the Navier’s equations in each layer is used to determine
the impedance of a rigid, surface or embedded circular foundation. The continuity
of the stress vector and displacement at a given interface is satisfied with the help of
transmission and reflection coefficients. Extensive calculations which are required for
obtaining Green’s function and Hankel transformation are the limitations for these
methods.

3.3.5 The FE-BE coupling method

The FE-BE coupling method for SSI has been developed by Karabalis and Beskos [33],
Spyrakos and Beskos, [64], and Fukui [17]. In later papers ([72] and [73]) the structure
was modeled as a linear elastic solid using FEM and the halfspace was modeled as a
homogeneous linear elastic solid using BEM. To satisfy the wave radiation condition,
transmitting boundaries were developed ([34], [35], [74], and [80]).

In another study [2], the Fourier transformation was used to transform the equa-
tion of motion from the time domain into the frequency domain for analyzing transient
analysis of dynamic soil-structure interaction. In a free field, the displacement is com-
posed of the incident wave, the reflected wave and the scattered wave. In solving the
equations describing the scattered wave, the Hankel function and Green’s function
were used. The displacement and traction along the interface were obtained. The

coupling between FE and BE is accomplished by invoking the traction and displace-
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ment continuity across the interface boundary. The displacement and traction are
discontinuous at some portion of the interface.

The limitation in BEM is that only a linearly elastic homogeneous domain can
be treated. The structure and a small portion of the supporting soil are discretized
by FEM, the rest by BEM. This method ignores the rigid foundation and soft soil

contact. Consequently, this type of technique avoids this complex interaction.

3.3.6 Kinematics soil-structure interaction effects

Due to input soil motion in an oblique direction instead of a vertical direction, a
rigid foundation can not accommodate the variability of the motion of the soil [56].
The foundation will average out the variable input motion and subject the structure
to the average motion of the foundation. The averaging process depends on the
size of the foundation in depth along the direction of the wave traveling, and also the
wave velocity. Some complex methods using the radiating or transmitting boundaries
in FEM can take the radiation condition into account. If the foundation is very
rigid compared with the adjacent soil, a rocking motion may appear. The rocking
and sliding alters the characteristics of the free field motion. Usually, under the
assumption that the foundation is rigidly connected to the adjacent soil, the free field

motion is applied to the foundation, or on the shared nodes of interface.

3.3.7 Soil-structure interaction and torsional coupling

The torsional response coupled with the SSI for an asymmetrical building was ob-
tained by using an efficient modal analysis [89]. This method allows a more realistic
modeling of the building. However, this torsional coupling makes it much more com-

plex in modeling the SSI effects.
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Chapter 4

Fundamental Theories of SBFEM

and Numerical Development

Several methods can be used to approximate and model the SSI system and different
solutions have been achieved with different levels of accuracy. In the past two decades,
several novel numerical methods have been developed, including the SBFEM [63] and
some hybrid methods ([57] and [45]). All of these methods can be classified into two
main categories: the direct method and the substructure method.

In the direct method, the structure and a finite, bounded soil zone adjacent to
the structure (near-field) are modeled by the standard FEM and the effect of the
surrounding unbounded soil (far-field) is analyzed approximately by imposing trans-
mitting boundaries along the near-field /far-field interface. Many kinds of transmitting
boundaries have been developed to satisfy the radiation condition, such as a viscous
boundary [43], a superposition boundary [61], and several others [39].

The substructure method is more complex than the direct method in modeling
the SSI system. In the substructure method, the soil-structure system is divided into
two substructures: a structure, which may include a portion of soils or soils with an
irregular boundary, and the unbounded soil ([80] and [81]). These substructures are
connected by the general soil-structure interface, as shown in Figure 4.1.

Usually a dynamic soil-structure interaction analysis by the substructure method
can be performed in three steps as follows:

(1) Determination of seismic free-field input motion along the general soil-structure
interface.

(2) Determination of the reaction of the unbounded soil on the general soil-structure
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Unbounded soil

(General) soil-structure interface

Fig. 4.1: General Soil-Structure Interaction System. s denotes the structure nodes
and b denotes the soil-structure interface nodes
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interface in the form of a force-displacement relationship.
(3) Analysis of the bounded soil-structure system under the action of the externally

applied transient loading and the ground interaction force determined by steps 1 and
2.

The reaction of the unbounded soil on the general soil-structure interface is repre-
sented by a boundary condition in the form of force-displacement relationship, which
is global in both space and time. The BEM is a powerful procedure for modeling
the semi-infinite medium since only the interface of the semi-infinite medium is dis-
cretized so that the spatial dimension is reduced by one, and the radiation condition
is satisfied automatically as a part of the fundamental solution. Based on the sub-
structure method, many hybrid methods (coupling methods) have been developed
where the structure and an adjacent finite region of the soil are discretized by the
standard FEM while the unbounded soil is modeled by the BEM. However, it is very
difficult to derive the fundamental solutions for many cases. The SBFEM [63] is the
alias of the consistent infinitesimal finite-element cell method [88]. It combines the
advantages of the BEM and FEM. It is exact in the radial direction, converges to
the exact solution in the finite-element sense in the circumferential direction, and is
rigorous in both space and time.

The Three-Dimensional Dynamic Soil-Structure Interaction procedure (DSSTA-
3D) ([94] and [77]) uses the SBFEM to model the unbounded soil while the structure
is modeled using standard FEM. In this numerical procedure, approximations in both
time and space, which lead to efficient schemes for the calculation of the acceleration
unit-impulse response matrix, are implemented in the SBFEM resulting in an order
of magnitude reduction in the required computational effort when compared to other
methods. Mathematical details of DSSIA-3D can be found in [94].

4.1 DSSIA-3D

The DSSIA-3D program [94] is a solver for the 3-dimensional dynamic soil-structure
interaction problem. A commercial software is used to complete the modeling and
discretization. Further detailed information about the input data format can be found
in the DSSIA-3D Manual [93]. In oder to apply DSSIA-3D to tall buildings, the solver
is updated with an increased capability for large size model with detailed features.

The output from the solver is visualized during the post analysis stage. According to
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different demands of the design, the free vibration analysis in the frequency domain or
the dynamic response in the time domain can be assigned by setting a control variable
in the control line of the input data. By using the FFT, the dynamic relationship can
be represented as an eigenvalue problem in the frequency domain. After solving this
eigenvalue problem, the fundamental frequency, vibration mode, and damping ratio
are obtained.

The solving of the eigenvalue program is accomplished by LAPACK, which is a
linear algebra library available online. LAPACK is the acronym for Linear Algebra
PACKage. It is written in Fortran 77. The LAPACK routines do computations
by calling routines in the Basic Linear Algebra Subprograms (BLAS). The LAPACK
routines are based in the Level 3 BLAS which provide matrix multiplication. The LA-
PACK provides either single or double precision. In DSSIA-3D, the double precision

is used.
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Chapter 5

Dynamic Wave-Soil-Structure
Interaction Analysis of
Symmetrical Tall Buildings in the

Time Domain

This part of research was published in the paper [78], in which DSSIA-3D was applied
to obtain the dynamic response of various tall buildings, with multi-level basements,
which were subjected to seismic waves. The vibration response of tall buildings to
large seismic motions is of great interest to the research community. The literature
on this subject contains numerical results using the direct method [68]. Because the
direct method is employed, results obtained in that study neglect the effect of the
adjacent soil on the amplitude of the motion of the structure and damping ratio of
the soil, which is an important factor. Also, in order to achieve the proper accuracy
and reduce the effects of reflected waves by the transmitting boundary, it is necessary
to consider a large amount of soil around the structure when the direct method is
employed. Consequently, the application of DSSIA-3D is extremely advantageous
for this problem because this numerical procedure can account for the soil-structure
interaction effects, and also the computational effort is significantly reduced. Input
P, SH, and SV waves based on the Tabas earthquake recording (Iran, 1978), which is
also used in the study by Tehranizadeh [68], are considered.
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5.1 Governing equations

If both seismic excitation and externally applied transient loading are considered, the

equation of motion of the structure in the time domain can be expressed as [77]:

s e -6y
My, My, UZ Ui Kyps Ky, UZ _Tb(t) pb<t)
(5.1)

where M is the mass matrix, K is the stiffness matrix, u, @ and i are the displacement,

velocity and acceleration vectors, respectively, r,(t) is the ground interaction force
vector, and p(t) are externally applied force vectors. In (5.1), the subscript b denotes
the nodes on the soil-structure interface and the subscript s denotes the nodes of
the building, as shown in Figure 4.1. The superscript ¢ indicates that the motion of
the structure or soil is the total motion. The damping matrix C' represents viscous
damping matrix. Here, we consider structures subjected to seismic waves only, and
consequently external forces on the structure, p(t), are set equal to zero. After the
ground interaction force vector, ry(t), is determined, the dynamic response of the

structure can be obtained from (5.1) by using direct integration.

5.2 Ground interaction force

In the substructure method, the ground interaction forces are given by the convolution
integral [94]

ro(t) = / Mt — 7 (il (7) — () dr (5.2)

where the superscript ¢ represents the unbounded ground soil with excavation, M}, (t)
is the acceleration unit-impulse matrix, and f(t) is the acceleration vector at the
nodes b (which subsequently lie on the soil-structure interface) of the soil with the
excavation. Equation (5.2) can be used to calculate a general wave pattern consisting
of body waves and surface waves. The ground motion @ (¢) is replaced by the free-
field motion u{: (t), with the exception of the location of the nodes for which it is to
be calculated by the free-field site analysis as shown in [81] and [14]. The free-field
system results when the excavated part of the soil is added back to the soil with
excavation as indicated in Figure 4.1. For this special case, the structure consists of

the excavated part of the soil only, and part of the integral on the right-hand side of
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(5.2) can be reformulated by considering the equation of motion as [94]:

/ ME,(t — 7)iif (v)dr — / MY (t = 7)iid (7)dr (5.3)

where M i 1s the acceleration unit-impulse response matrix of the free field referred
to the nodes at the soil-structure interface. To calculate the acceleration unit-impulse
response matrix of the free field, the excavated part of the soil is discretized by the
FEM. Standard finite-element discretization of the excavated part of the soil results
in the acceleration unit-impulse response matrix M¢ of the excavated soil, which is

given by

14 2¢&
w?

M=~

K.+ M, (5.4)

where K, is the stiffness matrix of the excavated soil, M, the mass matrix, w the circu-
lar frequency, and £ the hysteretic damping ratio. The matrix M*¢ can be decomposed
into the sub-matrices M;;, M;, and M,,. The subscript b refers to the nodes on the
soil-structure interface, and the subscript ¢ refers to the remaining nodes. Eliminating

the degree of freedom at the ¢th node leads to

My, = My, — MbiMi;‘lMib (5.5)

where Mj; denotes the acceleration unit-impulse response matrix of the excavated
soil referred to the nodes b. Adding M, to M, results in the acceleration unit-
impulse response matrix of the continuous soil (free-field site, refer to Figure 4.1)
le;, discretized at the same nodes b, which subsequently lie on the structure-soil

interface. That is

M}, = Mg, + M5, . (5.6)

Substituting equations (5.6) and (5.3) into (5.2) gives

ro(t) = ri(t) + P (1) (5.7)

where
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- [ Mt — 7id (7)dr

The acceleration unit-impulse response matrix M} (¢) is calculated using the SBFEM.

It may be shown that

n2(t) = —F L Mg (w)iif (w)] (5.8)

where F~![x] denotes the Inverse Fourier Transform. The term enclosed in square
brackets on the right-hand side of (5.8) is evaluated in the frequency domain and then
transformed to the time domain as indicated.

Substituting (5.7) into the equation of motion of structure (5.1) enables the re-
sponse of this soil-structure system to the incident seismic waves to be determined

by a numerical integration scheme in the time domain [94].

5.3 Numerical model

In order to obtain the deformation of the building in an earthquake simulation, the
superstructure model is simplified with uniform properties in each cross-section and
along the height of the building. The resulting model of the SSI system is composed
of one three-dimensional column and the discrete boundary around the basement
levels. By using the numerical method to investigate the response of the building,
the conceptual overall deformations of the tall building by severe ground motion are
obtained.

In an actual experiment by using a test table to simulate the ground motion, the
input motion is usually along two orthogonal horizontal directions and one vertical
direction in the acceleration-time history data. In this numerical study, the scheme
is to assign the input body wave with an angle measured from the horizontal ground
plane, in order to simulate the wave propagation in the ground. In the surface wave
case, such as a Rayleigh or Love wave, harmonic motion is used. Because the surface
waves can result in the most devastating building destruction, it is important to study

the effects of these waves on the structures.
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5.3.1 Substructure method and direct method

The substructure method, which is employed in the SBFEM, can reduce the num-
ber of the degrees of freedom by orders of magnitude when compared to the direct
method. In a direct method, modeling of a significant part of soil is essential for
accounting for the radiation condition for an unbounded medium. The distance be-
tween the artificial soil boundary and the building is usually several times the width
of the structure. In a finite-element mesh, the soil will dominate the total num-
ber of nodes of the soil-structure system. Therefore, the direct method is usually
used to study two-dimensional models only. For a three-dimensional case, the direct
method is far less efficient than substructure method. In the substructure method,
a layer of the soil around the building’s foundation represents the soil domain. A
force-displacement relationship is formulated by constructing a unit-impulse response
matrix of the unbounded soil. The unbounded soil is modeled by using this analytical
result. Consequently, the most number of degrees of freedom are generated in mod-
eling the building structure, instead of the soil. Furthermore, the standard FEM is
used to model the tall building because of its advantages of accuracy and convenient

standard algorithms in the public domain.

5.3.2 Building model

In order to obtain the deformation of a building in an earthquake simulation, a
symmetrical building is simplified with uniform properties along its height. The tall
building model is designed with 30 stories above the ground with a 5-story basement
as shown in Figure 5.1.

Each story is 18 x 18 x 3.5 m? and is divided into 8-node brick elements, 4.5 x 4.5
x 3.5 m®. Then, each level has 16 brick elements. The number of the total elements
for the 35-level building is 560. Each node of the 8-node brick element has 3 degrees
of freedom for translational movement referred to a rectangular Cartesian coordinate
system. The interface element is a 4-node plate element with each node coincident
with one of the structure’s element. The SSI interface can be divided into several
parts for modeling the soil layers. In this model, only one layer of soil is modeled.
There are a total of 112 plate elements and 560 brick elements, and the total nodes

are 900. The dynamic stiffness matrix has 2700 degrees of freedom.
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5.3.3 Cartesian coordinate system

The origin of the Cartesian coordinate system is assigned to be at the center of the
first level, where the building’s centerline intersects the ground surface. The Z-axis
is pointing downward into the half-space. The X-Y plane is the ground surface. The
building is symmetrical about the coordinate planes, X-Z and Y-Z. We select the X-Z
plane as the input plane for the input ray. The input angle is measured from the
positive X-axis to the direction of the wave propagation, as shown in Figure 5.2. In
this study, a seismic recording is input at the origin of the coordinate system, which

is the control point.

O]
3§

Fig. 5.1: A finite-element model of a 30-story building with a 5-level basement. The
green represents the adjacent soil layer. The soil layer is modeled by using the scaled
boundary finite-elements which share the same plate element of the structure. The
blue elements are the structural brick elements.

5.3.4 Soil properties

Soil properties are assigned to the nodes on the interface with the building. In this

study, the displacement of the buildings at the ground level is of the most interest.
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Fig. 5.2: The coordinate system.
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The dynamic response of the buildings depends on the soil properties and damping

ratios of the soil and buildings. The soil properties will be given in a following section.

5.4 Numerical results

The first example investigates the response of a 30-story building, with a 5-level
basement, subjected to P, SH, and SV waves at incident angle of 90, 60, and 30
degrees measured from the horizontal direction. The displacements of each story are
compared between different cases with different input angles for one input wave type
and with different wave types.

When using a shaking table to simulate the ground motion, the input motion is
given along two orthogonal horizontal directions and one vertical direction. However,
in this numerical example, the scheme is to assign the input body wave with an angle
measured from the horizontal direction to the propagation direction, which simulates
real wave motion in the unbounded soil. In both methods, the acceleration-time
history data is used as the input signal.

In order to obtain the response of various tall buildings subjected to identical
seismic recordings, 5-, 10-, 20- and 30-story buildings are modeled and simulated,
each with 5-level basements. The 5-, 10-, 20-, and 30-story buildings are noted as
model A, B, C and D, respectively.

The amplitudes of the displacements along the height of the other three build-
ings are compared with the 30-story building, subjected to same input motion. The
influence of the configuration of the building on the vibration and deformation are
obtained.

The peak displacements (PD) of the building during vibration are recorded and
used to analyze the dynamic behaviours of the tall buildings subjected to earthquakes.
The difference between PD and the displacement at any time interval is that the PD
represents the largest displacement that occurred during that time interval. The
displacements of the nodes are relative to the static position before the input of the

seismic waves.

5.4.1 Non-dimensionalization scheme

Here, a non-dimensional scheme is used. The story height H and shear wave velocity

cs in the soil are used as the characteristic length and velocity, respectively. The
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characteristic time is represented as:

~ H
==
CS
Therefore,
_ ot u _ < _ - b = _ P
7 U H Cp Cs Cs b Es s Po Ds Ps

are non-dimensional time, displacement, P-wave velocity, S-wave velocity, and Young’s
modulus and densities of the building and soil, respectively. The story height H is 3.5
m. The shear wave velocity ¢, is 774 m/s and dilatational wave velocity ¢, is 1,341
m/s. The density of the reinforced concrete py is 2,500 kg/m?, and the density of the
dense soil p, is 2,000 kg/m?. Young’s modulus of the reinforced concrete building £
is 30 GPa. Henceforth, the superposed bar will be omitted.

5.4.2 Case study for a 30-story building

P waves

When a P wave is input vertically (measured 90 degrees from the horizontal),
the largest deformation occurs in the vertical axis direction, as shown in Figure 5.3.
During a strong earthquake (Tabas, 1978), the basement level endures the greatest
displacement. The displacement dramatically changes around the surface. The di-
latational wave transfers the energy through the stress generated in the building,
after the foundation is stressed by the vertically input wave. Because the model is
symmetrical, the horizontal displacement in the X and Y directions are largely of the
same fashion. The horizontal displacement amplitude is relatively small compared
with the deformation in the vertical direction. When the earthquake wave input an-
gle changes from 60 to 30 degree, there is a larger horizontal component of motion
transferred to the superstructure, as shown in Figures 5.3-5.5. The X direction am-
plitude of the displacement of the node in the centerline of the building becomes the
dominant vibration component. This type of large continuously horizontal vibrations
may damage the structure. Therefore, the shear strength of the structure is a very
important factor for resisting earthquakes. The PD along the X direction increases
to the same order of magnitude as the vertical PD when input angle is 60 degrees;

and the X component of motion is even larger at 30 degrees input angle, which is
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closer to the horizontal plane. Since the seismic input plane is the X-Z plane, the

X direction is influenced more than the Y direction. The energy dissipated by the

inter-story drift also increases. When the same intense P wave impacts the building

with a smaller input angle, a larger displacement and consequently more damage will

be observed. Therefore, the characteristics of deformation and vibration of buildings

depend on the earthquake wave input angle for the case of dilatational waves.
Shear waves

The SH wave is a shear wave with the particle motion direction parallel to the
ground surface, and perpendicular to the X-Z input plane, as shown in Figure 5.2. For
an input angle of 60 degrees, the main component of the displacement occurs in the Y
direction. The building absorbs the kinetic energy with large displacements occurring
at the ground level. As shown in Figure 5.6, the PD is at a maximum at the ground
level, decreases approximately proportional with the height of the building from the
ground level to the roof. The X, Z displacements are much smaller components, which
can be neglected.

The SV wave is a shear wave with the particle motion perpendicular to the wave
travel direction and coincident with the X-Z input plane. In this case, the X, Z
components are the main components of the displacement for a wave input angle of
60 degrees. As a result, most of the energy is transferred in the input plane along the
X, 7 direction. As shown in Figure 5.7, the maximum PD in X direction occurs at

the level close to the ground and then rapidly decreases.

5.4.3 SSI analysis

The relationship between the input wave type and the subsequent deformation of
the buildings is influenced by the interaction between the soil and foundation. In
this model, the unbounded soil is represented by the soil-structure interface and the
ground motion is assigned to control points, which simulates the motion due to an
earthquake. Thus large deformations of the foundation are expected. The more
explicit SSI effects, such as separation occurring between the soil and foundation are
not modeled here.

The SSI effect is demonstrated by the distribution of PD obtained in the analysis
at the underground level. Because of the interaction between the structure and the
adjacent soil, the motion of the soil influences the deformation of the building. Con-

sequently, the peak values of displacement usually occur at the ground level, which
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Fig. 5.3: Non-dimensional peak displacement (x103) of the centerline of the model D
for P wave incident at a vertical angle.
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Fig. 5.4: Non-dimensional peak displacement (x10%) of the centerline of model D for
a P wave at 60° input angle.
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Fig. 5.5: Non-dimensional peak displacement (x10%) of centerline of model D for a P
wave at 30° input angle.
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Fig. 5.6: Non-dimensional peak displacement (x10%) of the centerline of model D for
a SH wave at 60° input angle.

tg 7

o

DISPLACEMENT X

Fig. 5.7: Non-dimensional peak displacement (x10%) of the centerline of model D for
a SV wave at 60° input angle.



31

is located between the soil and free surface.

5.4.4 Building height

In order to compare the damage of buildings of different heights, and for different types
of input ground motions; a group of four models A, B, C and D, are investigated.

For the P wave, at input angles of 60 degrees and 90 degrees, the buildings of
shorter height have larger PD in the vertical direction, as shown in Figures 5.8-5.9.
The largest displacements occur for building heights in the range of 5 to 10-stories.
By comparing the deformation in X direction, this illustrates that the buildings of
shorter height have a greater horizontal oscillation from the original position than do
taller buildings.

As shown in Figures 5.10-5.11, for both SH and SV waves, models B, C and D
have similar slopes in the peak displacement along the horizontal directions, X or Y,
for an input angle of 60 degrees. The model A has the same slope when the input
wave is an SH wave. It has a large drift that can be verified from the displacement-
time history of the roof center. This study shows the response of buildings with
different heights for one earthquake event. The taller building has less inter-story
drift at upper levels; consequently the larger inter-story drift at lower heights may
be the reason for causing structural failure during strong earthquakes. From field
observations, the shorter residential buildings, of four to five stories, are the most

vulnerable to earthquakes of large magnitudes.

5.5 Conclusions: SSI in the time-domain analysis

for tall buildings

Based on a new numerical procedure for solving problems of wave-soil-structure inter-
action, we investigated the response of buildings, of four different heights, subjected
to earthquakes of large magnitudes. The peak displacement of the nodes on the cen-
terline of the buildings are obtained and compared by considering the SSI effects and
building heights. The largest deformation of the buildings occurs at the basement
levels, which are close to the ground surface. P waves cause more deformation and
movement along the input direction. Shear waves, SH and SV waves, cause much

more inter-story drift.
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Chapter 6

Dynamic Wave-Soil-Structure
Interaction Analysis of
Symmetrical Tall Buildings in the

Frequency Domain

There are several methods of obtaining the fundamental frequency of a tall building.
The natural frequency of the tall building can be estimated by analytical methods
([9] and [27]), numerical methods, experimental methods such as a wind channel
test or a shaking table test, or in situ measurement. Among these methods, the
analytical methods need ideal assumptions to obtain solutions and therefore there
are limitations on using these results. The experimental methods, such as a wind
channel test and a shaking table test, are usually expensive and limited by the specific
capacity and the scale of the building replica. In the field measurement method,
the natural frequencies and the vibration modes are detected from a large amount
of field measurements sampled from acceleration sensors and displacement sensors
installed on the building, and a typhoon or seismic tremor are used as the input
vibration sources [53]. Compared with the above methods, numerical methods, such
as the FEM, BEM, and hybrid FE/BE method, give promising means to model
the building free vibration with soil-structure interaction and are able to solve this
eigenvalue problem with a less cost and better accuracy. Using numerical methods,
the fundamental frequency, vibration mode, and associated radiation damping ratio

can be obtained.
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When a substructure method is applied to a soil-structure system, the dynamic-
stiffness matrix is frequency dependent and complex, and the orthogonality condition
is not satisfied. Consequently, the equations of motion cannot be uncoupled, and
the classical mode-superposition method is not applicable. However, it is of interest
in earthquake engineering to investigate the free-vibration frequencies and the cor-
responding radiation damping ratios, especially for the modes of vibration with the
lowest frequencies.

In a substructure method, the effect of the unbounded soil on the structure is rep-
resented by a force-displacement relationship and a non-linear eigenvalue problem is
obtained for the analysis of the three-dimensional soil-structure system. The SBFEM
is used to model the unbounded soil, while the FEM is used to model the structure, as
shown in Figure 6.1. Inverse iteration, proposed by [77], is used to solve the non-linear
eigenvalue problem. The fundamental frequencies, the corresponding equivalent radi-
ation damping ratios as well as the eigenvectors are obtained for various tall buildings

with an one-level basement.

6.1 Governing equations

6.1.1 Equation of motion

Representing the force-displacement relationship in the frequency domain and using
similarity theory, as the thickness of the finite-element cell approaches zero, the dy-
namic stiffness at the exterior boundary converges to the dynamic stiffness at the
interior boundary. The force-displacement relationship can be given in frequency

domain by

ry(w) = S (W) (uy(w) — u(w)) (6.1)

where the subscript b denotes the nodes of the interface, the superscript ¢ denotes
the total displacement of the nodes and the superscript g denotes the motion of the
ground with excavation as shown in Figure 4.1. In (6.1), the vector r,(w) is the
interaction force on the nodes on the soil-structure interface, the matrix Sj, (w) is a
dynamic-stiffness matrix of the nodes on the soil-structure interface, and u}(w) is the
displacement vector of the nodes on the soil-structure interface. In this study, the
scattered motion of incident waves uj(w) is zero. More details of this mathematical

model can be found in [77].
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For a soil-structure system without an applied force, the equations of motion of

the structure in the frequency domain [77] can be expressed as:

Ses(w) Sa(w)| Jublw) | 0 (6.2)
Sps(w)  Spp(w) | | up(w) —ry(w) '
where the dynamic matrix of the structure is calculated as:

S(w) = K(1 4 2&,i) — w*M (6.3)

where &, is the hysteretic damping ratio of the structure, M is the mass matrix, K
is the stiffness matrix and the subscript b and s denote the nodes of interface and
structure, respectively, as shown in Figure 4.1. The interaction force between the soil

and the foundation of the structure is given by (6.1).

6.1.2 Nonlinear eigenvalue problem

Substituting (6.1) into (6.2) results in,

. Kss Ksb MSS Ms Ué
(1 + 2647) 5w | —? ’ Ph=0 . (6.4)
Kbs Kbb + 1+2§hi Mbs Mbb u’b

Equation (6.4) is a non-linear eigenvalue problem. The dynamic-stiffness matrix is

frequency-dependent, and hence (6.4) is difficult to solve.

The free vibration frequencies and the corresponding modal shapes can be ob-
tained as the solution of (6.4), but the orthogonality condition is not satisfied for the
soil-structure system. Consequently the modal shapes cannot be used to decouple
the equations of motion. Free-vibration frequencies and the corresponding radiation
damping ratios of the lowest few modes of vibration are of considerable interest in
earthquake engineering. It is possible to obtain all free-vibration frequencies and cor-
responding mode shapes, but the fundamental frequency of a soil-structure system is
of the most importance in earthquake engineering. The inverse iteration procedure
outlined by [77] is used in this study to evaluate the fundamental frequency, the cor-
responding radiation damping ratio and mode shape. The complex dynamic-stiffness

matrix S§(w) can be decomposed as:

Sgb(w) = Kgb - WzMi?b(W) ) (6.5)
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where the matrix K7, = 57 (0) is the static stiffness matrix of the unbounded soil and

is a real constant matrix. Substituting (6.5) into (6.4) results in

[(1+ 260K — w*M(w)u' =0 (6.6)
where
Kss Ksb
K=l o K
bs LSbb t 167
and

]\7[ Mss Msb
(w) = .
Mys My, + My (w)

The inverse iteration solution of (6.6) is formulated by

'@ =11,1,..., 1" |
Ka'0) = M(w0=D)yt0-D)

)
maz(@0) (6.7)
o (@) R (w0=D)yti-Y

Y

W) —

aOM(wi-D)gt@)
W@ = A/ AD(1 4 26,9)

where maz () is the largest element of the @) and is used to normalize the
@'9). In (6.7), the matrix K is a complex constant matrix; therefore it is factored
only once throughout the iterations. From (6.7), the fundamental frequency, the
corresponding radiation damping ratio and mode shape can be obtained. The free-
vibration frequency of the jth mode of vibration obtained from (6.7) can be expressed

in the following form:

wj = aj + Zb] s (68)

where a; and b; are the real and imaginary parts of w;. The free-vibration of the

damped system of the jth mode can be written as:
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uj(t) = ul(t) exp(—bjt +iat) . (6.9)

Equation (6.9) represents the free vibration of a damped system. The free-vibration
frequency of the damped system of the jth mode of vibration, wp, and the corre-

sponding damping ratio, §; can be obtained as:

Wp;, =a; , (610)

2 2
,/aj—l—bj

The hysteretic damping ratio indicates the internal energy loss due to building vi-

respectively.

brations, which is included in the general damping ratio ;. If the hysteretic damping
ratio of a structure, &, is equal to zero, the damping ratio obtained from (6.11) is
the radiation damping ratio §; only. The radiation damping ratio is the result of the
energy loss due to the assumption that the wave is not reflected back and dissipates

completely after passing through the boundary. Consider any two positive peaks, u}
n+m
J

respectively. Using (6.9), the ratio of these two values is given by

and u which are m cycles apart and occur at times n(27/a;) and (n 4+ m)27/a;,

n
U

n+m
uj

= exp(2mmb;/a;) . (6.12)
The damping ratio, ;, follows from (6.11) and (6.12) as:

)
Y= Ve e

where § = In(u}/ u;”m) The above mentioned numerical procedure is largely cited

(6.13)

from paper [77].

6.2 Building model

The buildings are assumed to be geometrical symmetrical with uniform properties
along the height with a square floor plan. A tall building model designed with 15
stories above the ground, with an one-level basement, is shown in Figure 6.1. For

the purpose of analysis, each story is 18 x 18 x 3.5m® and is divided into 4 units
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separated by walls. The floor is 40 cm in thickness. The number of the total of
8-node brick elements for the 15-level building is 1824. Each node of the 8-node
brick element has 3 degrees of freedom for translational movement in a rectangular
Cartesian coordinate system. The 4-node interface element has each node coincident
with one of the element of the structure at the basement level. The SSI interface
can be divided into several parts for modeling the soil layers. In this model, only
one layer of soil is modeled. There are a total of 18 interface elements and 1824
brick elements, and the total nodes are 3300. The dynamic stiffness matrix has 9900
degrees of freedom.

In the past two decades, the research into methods capable of obtaining the free
vibration of tall buildings has become of considerable interest, and consequently, there
is extensive literature on this subject. However, the limitation of studies currently
found in the literature is the exclusion of the effects of the soil-structure interac-
tion. The present study investigates the effects of the SSI on the free vibration of
tall buildings, with basements, in three dimensions, which is an improvement over
previous investigations. The numerical results obtained in this study are compared
to those obtained by Tehranizadeh who used the direct method and is restricted to
a two dimensional analysis [68] . Also, the SSI effect is not considered in [68]. The
numerical results are also compared to those obtained from the Uniform Building

Code (UBC) [71].

6.3 Numerical results

A parametric study is carried out here for investigating the effect of the soil-structure
interaction with a group of 5 buildings of 5-, 10-, 15-, 20- and 25-stories, each with
a one-level basement. The fundamental frequencies and radiation damping ratios
of the soil-structure systems are compared for buildings of various heights, and the
soil-structure interaction effect is addressed. First, the relationship between the soil-
structure effect and the height of the building is investigated. Then, for a specific
case, a 15-story building is chosen to examine further the relationship between the
material properties of the soil and the response of the structure. From this case
study, the influence of Young’s modulus of the soil on the response of the building is
addressed. At last, the relationship between the structural hysteretic damping ratio
(6.7) and the response of the building is investigated.

The material properties of the soil [68], and the properties of the concrete structure
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Fig. 6.1: Finite element model of 15-story building with an one-level basement. The
green layer represents soil layer. The soil layer is modeled by using the scaled bound-
ary finite-elements which share the same interface element of the structure. The red
elements are the structural brick elements.
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[20] are given in Table 1.

The disadvantage of the direct method used by Tehranizadeh [68] is that a sig-
nificant mass of soil must be modeled around the structure, which usually makes
large demands on computational storage. Therefore, this method is restricted to a
two-dimensional analysis. The method presented here is a three-dimensional analysis

and results can be obtained on a PC.

Table 6.1: The properties of the adjacent soil and reinforced concrete structure

Material E (MPa) v p(Kg/m?) Damping Ratio
Soil 36.4 ~1101.1 0.3 1400 0.0
Reinforced Concrete 30000 0.2 2500 0.1

Note: where the E is the Young’s modulus, v is the Poisson’s ratio and the p is the
density. The damping ratio here is the hysteretic damping ratio. We assume the soil
has no hysteretic damping ratio and the building structure has a hysteretic damping
ratio of 0.1.

6.3.1 Building height

The fundamental frequencies for structures with zero hysteretic damping ratio for
one group of models with one-level basement are shown in Figure 6.2. The corre-
sponding fundamental frequencies calculated from the Uniform Building Code [71]
are also shown for comparison in Figure 6.2. It is important to note that the results
obtained from the Uniform Building Code do not include the SSI effect, which is
included in the inverse iteration procedure used in this study to obtain numerical re-
sults. In Figure 6.2, an examination of the fundamental frequency distribution shows
that discrepancies exist between the numerical results and those obtained using the
Uniform Building Code formula, especially for those buildings of lower height. The
fundamental frequencies for the Uniform Building Code are consistently lower than
those obtained numerically. However, as the height of the building increases, this
discrepancy decreases.

This discrepancy can be explained by noting that the Uniform Building Code
[71] is a simplified empirical formula which calculates the fundamental frequency of

a structure based on the height and material of a structure.
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refers to the results of Tehranizadeh [68].
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6.3.2 Soil-structure interaction effect

In order to study the influence of the properties of the soil on the response of a
tall building, a 15-story building with a one-level basement is chosen for a detailed
investigation. The distribution of the fundamental frequency of the building with
Young’s modulus (with units of MPa) of the soil is shown in Figure 6.3. For different
types of soil, the density is assumed as constant at 1,400 kg/m3. The soil stiffness
ranges from 36.4 MPa to 1,101.1MPa and correspondingly, the shear wave velocity
ranges from 100 m/s to 550 m/s. Asshown in both figures, the fundamental frequency

monotonically increases with the stiffness of the soil as expected.

— 3r 0.25
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z |
= | 024 &
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: 0239
1f
0.3 0.22
U 1 1 1 1 1 1 i 1 1 1 1
0 500 1000

Young's randulus (IVI[Pa) of soil

Fig. 6.3: Fundamental frequency and equivalent damping ratio of 15-story building
with an one-level basement.

6.3.3 Hysteretic damping ratio

When a building vibrates, there may be a loss in structural integrity such as the failure
of weld joints and crack development of concrete frames. The hysteretic damping
ratio would increase under these conditions. Therefore, in this study, the hysteretic
damping ratio of the building is varied from the assumed value of 0.1. As shown in
Figure 6.4, for a 15-story building, when the hysteretic damping ratio increases from
0.1 to 0.4, the fundamental frequency increases slightly from 2.122Hz to 2.181Hz. The
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hysteretic damping ratio of 0.4 is unrealistic for most structures, however we use it
here for illustrative purposes.

As the hysteretic damping ratio increases, the equivalent damping ratio (6.11)
also increases. From the solutions of the eigenvalue problem, the damping ratio ob-
tained from equation (6.11) includes the hysteretic damping ratio of the structure in
addition to the radiation damping ratio and therefore, the damping ratio obtained
from equation (6.11) is an equivalent ratio instead of the radiation damping ratio.
Consequently, as the hysteretic damping ratio increases, the damping ratio obtained
from equation (6.11) also increases. For a high-rise building, in addition to the spec-
ification of the site soil and structure properties, the hysteretic damping ratio also

influences the energy dissipation mechanism between the SSI system and unbounded

soil.
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Fig. 6.4: Hysteretic damping ratio and fundamental frequency of 15-story building
with an one-level basement. The other material properties from those given in Table
6.1 are assumed unchanged.
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6.4 Concluding remarks on frequency domain anal-

ysis of tall buildings

Owing to the frequency dependence of the radiation damping, the orthogonality con-
dition for the modes is not satisfied for the soil-structure system considered in this
study. Hence the classic mode-superposition method is not applicable to soil-structure
system. However, it is of interest in earthquake engineering to evaluate the funda-
mental frequency, and the corresponding damping ratio.

The hysteretic damping ratio of the structure influences the fundamental fre-
quency and the equivalent radiation damping ratio. Furthermore, the fundamen-
tal frequency of the building characterizes the response of the soil-structure system;
and the associated damping ratio corresponds to the energy dissipation of the soil-
structure system to the unbounded soil.

The limitations of this procedure are that currently it is restricted to linear prob-
lems because it is based on the boundary element method. However, it can be modified
by incorporating a meshless method in the near-field around the structure to include
nonlinearities.

The results here contribute to the understanding of the soil-structure interaction
effect and consequently will greatly improve the design process by either including
seismic resistance properties in the initial design of buildings or allowing accurate

seismic upgrades to existing buildings.
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Chapter 7

Dynamic Wave-Soil-Structure
Interaction Analysis of Two-way

Asymmetrical Tall Buildings

Asymmetrical buildings are more vulnerable to earthquake hazards than buildings
with a symmetrical configuration. The recognition of this sensitivity has led re-
searchers to concentrate their studies on earthquake characteristics, evaluation of the
structural parameters and validity of the system models ([29], [30], [24], [12], [58],
[46], [60]). So far, several researchers have attempted to evaluate the seismic response
behaviour of torsionally coupled buildings for the linear analysis of three dimensional
dynamic soil-structure interactions of asymmetrical buildings [3]. The influence of dy-
namic soil- structure interaction on seismic response is studied in [59], selecting a set
of reinforced concrete structures with gravitational loads and representative systems

designed for earthquake resistance in accordance with current criteria and methods.

7.1 Two-way asymmetrical building model

In past years, the seismic response of asymmetrical structures has been frequently
analyzed by means of single story models, because of their simplicity and low com-
putational cost. In this study, a two-way asymmetrical 15-story building with one
level basement model, as shown in Figures 7.1 and 7.2, is studied. The dimensions
of the floor are 18 x 18 x 0.40m3, the height between floor and ceiling is 3.10 m
and the thickness of wall is 20 cm. Each floor is divided into 4 units separated by
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walls and the material used for the building is concrete. The wall and floor of this
super-structure are meshed into 1872 8-node brick elements with 3 DOF's for each
node. There are 1534-node interface elements along the soil-structure interface. The
excavated soil is meshed into 162 brick elements at the basement. The total nodal
nodes of this building model are 3300. The origin of the Cartesian coordinate system
at the center of the first level, where the centerline intersects the ground surface, as
shown in Figure 7.4. The Z-axis is pointing downward into the half-space. The X-Y
plane is the ground surface. The geometry of the building is symmetrical about the
coordinate planes, X-7Z and Y-Z. We select the X-Z plane as the input plane without
loss of the generalization. Here the angle of incidence is not used. Instead, its com-
plement measured from the positive X-axis to the direction of the wave propagation

is used.

Fig. 7.1: The architecture model

In this study, a seismic recording is input at the origin of the coordinate system,
which is the control point. Only mass asymmetry is considered. The mass eccentricity
is achieved by adjusting the mass density of the floor. The eccentricity of the building
is large and mass center is located away from the geometrical center in the first
quadrant. The eccentricity may be caused by the uneven mass distribution on the

floor, such as equipment. In reality, the eccentricity is the result of the asymmetrical



Fig. 7.2: The finite-element mesh model
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configuration of a building, such as an “L” shape building. However, here we focus
on the mass eccentricity only. The finite-element mesh, its architecture configuration
and floor dimensions are given in Figures 7.1-7.3. The nodal points along the interface
between soil and the building are given the soil properties, such as the density, Young’s
modulus and Poisson’s ratio.

In this study, the displacement of the building at the ground level is of most
interest. The dynamic response of the building depends on the soil properties and on

both the damping ratio and stiffness ratio of the soil and the building.

Y
g
- =
CM ,/7' =
(4.4 4.4)
&
b |
X |2
9.0m
18.0m

Fig. 7.3: The floor plan. The CM denotes the center of the mass, which located at
(4.4 4.4) in the first quadrant, with O as the coordinate center.

7.2 Numerical results

In order to carry out the parametric study, a group of three buildings each with a
one-level basement model, as shown in Figure 7.1, has been considered. The three

buildings are of 5, 10 and 15 stories above ground. In this study, there are two types
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Fig. 7.4: The coordinate system. The input angle is defined as the angle between the
wave propagation direction and X-axis. The building is mass asymmetrical.
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of loading applied to the buildings. In the first part of the study, only the externally
applied force will be applied bi-directionally to the center of the mass at the ground
level. The harmonic and earthquake loadings are adopted from [41]. First, a sine
wave is applied in the X-direction with the peak ground acceleration (PGA) equal to
0.80g and another sine wave is applied in the Y-direction with PGA equal to 0.50g,
as shown in Figure 7.5. The loadings applied in X- and Y-direction are in phase.
Second, in order to facilitate a comparison study with the harmonic loading case,
the recordings of the 1940 El Centro earthquake are amplified by 2.29 times. Thus,
amplified earthquake recordings with PGA equal to 0.80g in the NS component is
applied in the X-direction and with PGA equal to 0.49g in the EW component is
applied in the Y-direction, as shown in Figures 7.6-7.7. For both cases, the SSI effect
is not taken into account. Here, we assume the earthquake recording station is close
to the epicenter. The vertical component is not included in this comparison study.
The NS and EW components of the recording data are assumed as the summary effect
of earthquake waves including P, SH and SV waves. The contribution from each type
of waves are not differentiated.

In the second part of the study, the amplified NS component of the 1940 El
Centro earthquake recordings is used as the earthquake wave loading for studying
the dynamic response of the two-way asymmetrical building with the inclusion of the
soil-structure interaction effects. The loading point is chosen close to the origin of
the coordinate system, where the earthquake loadings are applied. The input angle
is measured from the positive X-axis in the direction of the wave propagation. The
X-Z plane is the input plane for earthquake waves. The earthquake recordings are
used directly as P, SH, and SV waves.

The response of buildings of different heights is compared and analyzed, including
the soil-structure interaction. The relationships between the characteristics of the
dynamic response of the buildings and the earthquake input are determined. The
loading is on the ground level of the building to simulate the impacting of the ad-
jacent soil. The incoming earthquake waves arrive from an arbitrary direction. The
displacement of the building roof will be calculated and compared. The rotation of
the building due to the mass eccentricity is also studied.

Furthermore, these results are compared with the cases of symmetrical buildings
under the same loading conditions. The effect of the coupling between the asym-
metrical building and bi-directional asymmetrical loadings is revealed through this

comparison.
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Fig. 7.5: The Sine waves with PGA equals to 0.80g and 0.50g.

7.2.1 Response to a harmonic loading and 1940 EI Centro
earthquake loading

The response time histories of the building model subjected to the harmonic wave and
earthquake loadings are obtained by using DSSIA-3D. Time histories of the center
of the mass of the roof under the loading of sine wave with PGA=0.80g applied in
the X-direction and PGA=0.50g applied in the Y-direction at the ground level. The
variation of peak displacements in X, Y and Z-direction and rotation are shown in
Figure 7.2.1 with the presence of earthquake loadings. The free vibration after the
earthquake loading ceased is not given here. It is observed that the response of the
asymmetrical building is close to a multiplication of harmonic waves, especially for a
5-story building. The response of the roof to the ground level loading is delayed by a
few seconds.

Time histories of the center of the mass of the roof under the loading of El Centro
earthquake with NS component applied in the X-direction and EW component applied
in the Y-direction are shown in Figure 7.2.1. It can be seen that the response of the
building is much more complex and random. In such a case, the damage to the
structure would occur due to a large displacement in one direction. From both cases,
we can conclude that the rocking in the X-Z plane dominates the building’s response
characteristics. By comparing the three buildings with different heights, the mass

effect on the response of the buildings decreases with increasing height, especially
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Fig. 7.7: 1940 El Centro Earthquake EW component applied in Y direction.

when the building is subjected to a non-harmonic loading.

7.2.2 Response to 1940 El Centro earthquake loading with
SSI effect

In the second part of this study, the response of the same asymmetrical buildings
subjected to an earthquake loading with SSI effect are obtained. We use the amplified
NS component of the 1940 El Centro earthquake recordings as the earthquake loading
and also assume it can be either one of the wave types, such as P, SH or SV wave. The

frequency characteristic is the representative feature of this type of loading compared
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Figure 7.8: Time histories of the center of the mass of the roof under the loading of
sine wave with PGA=0.80g applied in the X-direction and PGA=0.50g applied in the
Y-direction at the ground level: (A) displacement in X direction; (B) displacement
in Y direction; (C) displacement in Z direction; (D) rotation
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with a harmonic loading. Due to the similarity of the wave spectrum of P, SH and SV
waves, we use only the N-S component of the earthquake recordings as the loading
for P, SH and SV waves. The input angle for P waves varies from 30 to 90 degrees.
The wave input plane is the XZ plane. Non-dimensional displacement of the center of
mass of the asymmetrical building subjected to 1940 El Centro earthquake loadings
in different wave types at different input angles are shown in Figure 7.2.2 for P waves
with input angles of 30 degrees, 60 degrees and vertically, SH waves with an input
angle of 60 degrees, SV waves with an input angle of 60 degrees. For P waves, it
is observed that the displacement in the X direction decreases as the input angle
increases. Because the ray path of P waves curves up, the building subjected to an
input angle of 90 degrees is thus located further away from the epicenter compared
with the building subjected to the impact of P waves with a smaller input angle.
Here, we assume the only changing variable is the angle. Meanwhile, the dominant
response shifts from X direction to vertical direction as the input angle increases.

For the same input angle of 60 degrees and to the same building, we can observe
that the SV wave results in the same magnitude of displacement in the dominant X
direction as for the P wave. This is explained by the concentration of kinetic energy
of soil particles in the input X-Z plane for P waves and SV waves. However, for SH
waves, the soil particles are vibrating in the perpendicular direction to the X-Z plane.
The dominant displacement of the lower part of the building caused by the SV wave
are about 5 times larger than that by the SH wave under the same conditions for the
displacement in the X direction.

From the simulated results for both P waves and shear waves, at the lower level
of the building, the large peak displacement is observed during the same period of
the earthquake event. In such a short period time, the building is subjected to a
strong ground motion. The building is under the condition of forced vibration. Large
displacement and deformation of the lower level of the building are the consequence
of the forced vibration. After a major earthquake, the collapse at the lower level of

the building is often observed.

7.2.3 The building height factor

Subject to the same waves and angles of input, the response charactericstics of the
different heights of buildings are compared, as shown in Figure 7.11. This study

corresponds to the scenario where different height of buildings located in the same
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area during a major earthquake. With the only difference of building height as the
variable, the different response to the same earthquake can be examined. Observed
from the simulation, the dominant displacement is in the X-direction for P waves
with input angles less than 60 degrees, or for the same strength of P waves at the
further distance from the epicenter. The dominant displacement shifts to Z-direction,
when P waves propagate vertically towards the building compared with the displace-
ment in other directions. The largest displacement will result for cases of input P
waves propagating close to surface. The same conclusion can be drawn for the shear
wave cases. Hspecially for shorter buildings, such as the 5-level building, the peak
displacement of the roof is larger than for other taller buildings. Also, the largest
displacement usually can be found around the ground level. The low inertia of the
low level building characterizes the large displacement of the whole building which is

in contrast to the small displacement of the roof for taller buildings.
7.2.4 The comparison between asymmetrical and symmetri-

cal buildings with SSI effect
In order to identify the significant influence from the mass eccentricity toward the
building’s response during earthquakes, the symmetrical building with even mass
distribution is studied under the same bi-directional asymmetrical loading conditions.
The mass eccentricity is the only influence examined here. A 15-story building is used
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for this purpose without loss of the generalization.

For comparison, both nodal points in the symmetrical building and asymmetrical
building are chosen with the same coordinates. Under the same loading conditions,
the asymmetrical building has larger displacements than the symmetrical building
overall, especially in the X and Z direction. The uneven mass distribution is the only
factor that contributes to the larger displacement in the asymmetrical building. For
different types of waves, the P and SV waves result in a much stronger response from
the building than the SH waves do, as shown in Figure 7.12. The displacement in the
X and Y direction caused by P and SV waves is about 5 times larger than those caused
by SH waves. This is consistent with the observation made earlier from the symmet-
rical building cases. Hayashi et al [23] studied three buildings damaged in the 1995
Kobe, Japan, earthquake and observed the tall building with an asymmetrical-plan
configuration of the core suffered more damages than the corresponding symmetrical-
plan case. The noticeable shear cracks of the reinforced concrete walls appear from
4th to 6th floor of the building with 13 stories and from 2nd to 7th floor of another
building with 11 stories. These observations verify the conclusion that the lower floors
suffer most damages. Furthermore, the direction of the damages is perpendicular to
the dilatational wave propagation direction. Again, these verify the findings from
the dynamic wave-soil-structure interaction analysis of both symmetrical and asym-
metrical tall buildings that shear waves cause more damages to structures than the

primary waves.

7.3 Conclusion for two-way asymmetrical building

The dominant earthquake wave components coupled with the eccentric character of
the building determines the response characteristics of the buildings. The lower to
medium sized buildings incurred the most impact from the earthquakes. The mass
effect is not a major factor for tall buildings. The asymmetrical building coupled
with the two-way asymmetrical earthquake loadings will amplify the damages to the
structure compared with symmetrical buildings. These results are consistent with field
observations after major earthquakes. This explains the vulnerability of asymmetrical
buildings during earthquakes. Seismic resistance measures, such as supplemental
viscous damping or energy dissipation devices, as recommended by [18]. Further
experiments on soil dynamic properties and building vibration elements will help

to increase the accuracy of the numerical model. Also, improvement in computing
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hardware and numerical algorithms will increase both the accuracy and confidence
of the results. The contact problem of the soil and structure is another direction for
a detailed understanding of the mechanism of the soil-structure interaction, such as
yielding of the support soil, development of gaps, and slipping and uplifting of the
foundation. This study is helpful for designing new earthquake resistant structures

to reduce damage.
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Chapter 8
Conclusion on Contributions

The vibration of tall buildings with symmetrical or asymmetrical configuration is
simulated for both harmonic loadings and real earthquake loadings. Both are pub-
lished in a series of conferences and journal papers. The influence from different soil
types to the earthquake response of tall buildings is investigated. The fundamental
frequencies and equivalent damping ratios are calculated and studied for revealing
the soil-structure interaction effect. In general, the mass asymmetrical tall buildings
suffers more damages than the corresponding symmetrical buildings. This indicates
the symmetrical building is more seismic resistant than an asymmetrical building in

an earthquake.
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