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Earthquakes in regions underlain by soft clay have amply demonstrated the detrimental effects of soil-
structure interaction (SSI) in such settings. This paper describes a new three dimensional Finite Element
model utilizing linear elastic single degree of freedom (SDOF) structure and a nonlinear elasto-plastic
constitutive model for soil behavior in order to capture the nonlinear foundation-soil coupled response
under seismic loadings. Results from an experimental SSI centrifuge test were used to verify the reliabil-
ity of the numerical model followed by parametric studies to evaluate performance of linear elastic struc-
tures underlain by soft saturated clay. The results of parametric study demonstrate that rigid slender
(tall) structures are highly susceptible to the SSI effects including alteration of natural frequency, foun-
dation rocking and excessive base shear demand. Structure-foundation stiffness and aspect ratios were
found to be crucial parameters controlling coupled foundation-structure performance in flexible-base
structures. Furthermore, frequency content of input motion, site response and structure must be taken
into account to avoid occurrence of resonance problem.
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1. Introduction

The observed damage and subsequent processing of strong
ground motion recordings obtained from soft soil deposits during
the 1985 Mexico City and 1989 Loma Prieta earthquakes have re-
vealed the significant importance of seismic site response and SSI
on the response of affected structures [1]. These data and others
from instrumented sites have been used to verify the analytical
methods developed for soil-structure interaction (SSI) prediction,
and to calibrate numerical methods and soil constitutive models
as well. Observation of SSI during field tests and laboratory model
tests is difficult, especially for settings with complex geometries.
Because of this, robust numerical modeling methods can be useful
in SSI identification for engineering design purposes.

SSI can be defined as the mutual effects that the vibrating struc-
ture, the foundation and the ground have on each other, causing
alterations in the vibrational characteristics of each. Basically,
two mechanisms dominate SSI: Kinematic and Inertial interaction.
Earthquake ground motion causes soil displacement in what is
known as free field motion. The kinematic interaction effect results
from the inability of a stiff foundation in or on the soil to move in
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the same way as the free field motion of the sediment. The main
factors contributing to the kinematic interaction include the foun-
dation embedment, the motion-producing wave inclination and
incoherency.

The kinematic interaction effect is usually quantified by a fre-
quency dependent transfer function. This is defined as the ratio
of the foundation motion (FIM) to the free field ground motion
assuming a massless foundation and structure [2]. Veletsos et al.
[2] improved the expression introduced by Luco and Wong [3]
and derived a transfer function for a rigid massless rectangular
foundation resting on viscoelastic half-space for both the transla-
tional and rotational (rocking) components of the foundation mo-
tion. The transfer function was obtained in terms of normalized
incoherency parameters using a space invariant power spectral
density function (PSD) for translational and cross power spectra
for rotational motion assuming unidirectional free field ground
motion.

Inertial interactions also affect the vibrational characteristics of
structures. The inertial force of the vibrating structure produces
base shear and moment effects at the foundation level resulting
in relative displacement between the foundation and the soil. More
importantly, inertial interactions also result in changes in the mod-
al characteristics of the structure including variations in modal fre-
quencies and damping factors. A simplified model has generally
been used to investigate the inertial interaction phenomenon in
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theoretical and analytical studies [4-8]. This single degree of free-
dom system consists of frequency dependent translational and
rotational springs, representing dynamic stiffness and damping of
a flexible foundation-soil system.

Utilizing field test data in conjunction with SSI-identification ana-
lytical procedures has provided valuable insights into soil-founda-
tion interaction in terms of impedance functions [9,10], kinematic
interaction of soil-foundation based on calibrated models [11] and
structure-foundation-soil interaction using the system identifica-
tion method [12,13]. Moreover, several numerical investigations of
SSI phenomena have been carried out taking into account nonlinear
soil behavior and employing frequency domain Finite Element [14]
and time domain finite difference methods [15].

The purpose of the current study is to develop a 3-D dynamic
Finite Element (FE) simulation to capture seismic site response
and coupled soil-foundation-structure interaction by taking into
account the progressive softening (inelasticity) of soft saturated
clay. This was accomplished by implementing an elasto-plastic
constitutive model of soil to capture the elasto-plastic founda-
tion-soil coupled response under irregular seismic loadings. Ini-
tially, model calibration using centrifuge tests conducted by
Rayhani and Elnaggar [16] was carried out, followed by a paramet-
ric investigation of SSI. The analytical methods developed for SSI
evaluation were used in the parametric study phase to investigate
the capability of the soil-structure continuum model in predicting
SSI effects. In this study, analyses were performed for linear elastic
structures, represented by a single degree of freedom system
(SDOF), supported by elastic foundation. The soil profile underlying
foundation was assumed to be uniform with constant shear wave
velocity to eliminate the effect of soil non-uniformity on SSI.

2. Soil-foundation-structure interaction

Generally, two concepts of “fixed-base” and “flexible-base”
building are taken into account in any SSI evaluation process.
The latter refers to a building founded on a soil deposit which en-
ables the foundation of the building to vibrate when subjected to
dynamic loadings. These conditions alter the vibrational character-
istics of a fixed-base foundation compared to buildings founded on
a rigid base. Several experimental studies using field test data and
recorded strong ground motions and analytical analyses have been
conducted on the effects of SSI on the modal response of structures.
Two procedures have been recommended for the extraction of
modal parameters for flexible-base and fixed-base buildings
[12,17]. These approaches, known as “System Identification” meth-
ods, are used when recordings of the structure’s roof and founda-
tion motions are available whereas free field ground motion as
soil-foundation-structure input is missing. However, in the pres-
ent study, all the input and output recordings for SSI evaluation
are obtained.

Soil-foundation-structure interaction (SFSI) introduces complex-
ities requiring thorough investigation of the contributing parame-
ters. Veletsos and Meek [5] defined several critical parameters
controlling the vibrational properties of fixed and flexible-base
buildings by assuming a SDOF system resting on a viscoelastic half
space soil (Fig. 4a). These dimensionless parameters are expressed
in terms of the underlying soil shear wave velocity V;, soil mass den-
sity p, structural mass m, effective height of the structure h,y, fixed-
base period of the structure T, and rotational r, and translational r,
radius of an equivalent circular foundation, and are as follows:
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The above defined parameters are the soil to structure stiffness
ratio g, structure to soil mass ratio y and the aspect ratio A. When
comparing the performance of flexible and fixed-base structures,
changes in the modal vibrational parameters are important due
to their direct consequences on base shear and foundation motion.
Previous studies indicate that in the case of a flexible-base struc-
ture, oscillation occurs with a longer natural period (T;) rather
than the fixed-base natural period (T;), and the damping ratio ({)
increases compared to the fixed-base ratio ({). Base shear and
FIM are influenced as a result [4,5,17]. Also, simplified analytical
procedures confirm the significant roles of the structure to founda-
tion stiffness ratio and the aspect ratio in period lengthening, and
the associated impacts on structural demands [5,6].

Assuming the structure-foundation system to be a 2 DOF sys-
tem (Fig. 4a) subjected to free field ground motion, the structure
and foundation motion can influence the vibrational motions of
each. An analytical solution is presented for the coupled equation
of motion for this system for which two natural frequencies are ob-
tained. Previous studies have shown that the structure to founda-
tion stiffness ratio is a main contributing factor in structure-
foundation interaction in flexible-base structures [5,12,18].

Safak [12] performed parametric analyses based on analytical
solutions of coupled equations of motion for 2DOF system
(Fig. 4a) assuming that the foundation rocking motion is negligible.
It was shown that the fixed-base circular frequency ratio
(1 = ws/wy) for the structure and foundation and their mass ratio
(n = ms/my) affect the deviation in the natural frequency of the
coupled system compared to the fixed-base system (period length-
ening). The structure-foundation stiffness ratio can be expressed in
terms of these parameters using equations of natural circular fre-
quencies; k; = m,.co? and k; = mf.wf2 as follows:
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where ks and k; are the stiffness of the structure and foundation,
respectively. In addition to Eq. (4), the impedance function of the
foundation (K) is a complex valued function controlling the force-
displacement relationship between the foundation and the sur-
rounding soil. This function consists of dynamic stiffness as the real

part and the frequency dependent imaginary part as damping [8]:
K =k + ioc (5)

In Eq. (5), c is the damping coefficient including both radiation
damping between the soil and the foundation and the hysteretic
damping of the soil as well. The real part, ks is the frequency depen-
dent translational stiffness or the real part of the impedance func-
tion of a circular foundation resting on viscoelastic soil half space.
It is expressed by Veletsos and Meek [5] as follows:

—— (6)
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where o, and k, are the frequency dependency coefficient account-
ing for embedment effect and the foundation static stiffness respec-
tively. v and G are the Poisson ratio and the shear modulus of the
underlying soil. Substituting the equation ws = 27/T; and Eqgs. 6
and 7 in Eq. (4) the relative stiffness is reformulated as follows:

my(27/T)?
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Employing classic shear modulus equation (G = p#?) and rearrang-
ing parameters in Eq. (8), the stiffness ratio equation can be ex-
pressed as:
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The crucial dimensionless parameters for SSI characterization
appeared in the above equation can be simplified as following by
substituting Eqgs. (1)-(3) in Eq. (9):

ke m@2-v)y 1

==
k ke 20, G2A

(10)

Eq. (8) has previously been presented by Zhang [18] and is sim-
ilar to the relative structure to foundation stiffness parameter (0)
proposed by Bielak [4]. It is expressed as a function of the aspect
ratio (A) and the soil to structure stiffness ratio (¢) which are be-
lieved to be crucial variables.

3. 3D Finite Element model

The open source framework for earthquake engineering simula-
tion “OpenSees”, (Open System for Earthquake Engineering Simu-
lation), [19] was utilized to develop a numerical model and
investigate seismic site response and soil-foundation-structure
interaction in soft soils. The FE based OpenSees framework in-
cludes advanced structural and geotechnical models enhancing
earthquake engineering simulations.

3.1. Constitutive model

The multi-yield-surface ]2 plasticity (Von Mises) model was
employed to simulate the non-linear shear behavior of saturated
soft clay underlying the foundation (Fig. 1). The plasticity model
is based on a purely deviatoric kinematic hardening rule with asso-
ciative flow rules [20]. The volumetric stress-strain behavior is lin-
ear elastic, and plastic response is induced by deviatoric shear
stress. Thus, the translation of the yield surface is allowed in devi-
atoric stress space and the hysteretic shear response of the soil is
well captured as a result. In this model, the hyperbolic curve rep-
resents the hysteretic cyclic shear stress—strain response of the soil
(back bone curve). This model was finally improved and imple-
mented in OpenSees by Elgamal et al. [21] as pressure independent
multi-yield material. It is an effective model to simulate the un-
drained cyclic response of saturated cohesive soils and soil-struc-
ture interactions under both cyclic and earthquake loadings.
According to this model, 9 input parameters are essential to define
cohesive soil stress-strain response. All of these parameters are

G
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Fig. 1. Kinematic hardening elasto-plastic constitutive model with Von-Mises
multi-yield surfaces [modified from [22]].

simple, basic terms used to describe the mechanical behavior of
any soil.

3.2. Development of soil-structure model

In this study, the soil domain was modeled by employing 3D 8-
node Brick elements. Each node has three translational degrees of
freedom. The pressure independent multi-yield material was as-
signed to the soil element to simulate the nonlinear cyclic behavior
of saturated soft clay. Two different types of structures were mod-
eled. In the model verification step, the elastic 8-node Brick ele-
ments represented the model structure and its embedded
shallow foundation. In the second step, in order to model a simpli-
fied SDOF system with specified modal frequency and damping, a
3D linear elastic beam-column element was selected to represent
the stiffness and height of the model structure, and a lump mass
to represent the structure’s mass. The nodes connecting this type
of element have six degrees of freedom of which three are for
translation and three are for rotation. All the model materials as-
signed to structural elements are linear isotropic elastic material.
Further details on the material properties are described in the fol-
lowing sections of this paper.

3.3. Governing equation and numerical solution

The seismic response of the soft clay deposit and structure is
estimated by time domain numerical solution of the soil-structure
dynamic equilibrium equation defined as [23]:

(M[{ii} + [Cl{u} + [K]{u} = —[M{ilg} (11)

where [M], [C] and [K] are the mass, viscous damping and stiffness
matrix of the soil-structure system, respectively. The {u} matrix de-
notes the relative nodal displacement matrix, and {il;} is the nodal
acceleration imposed at the base of the model. The viscous damping
matrix [C] of the system is calculated using the proportional Ray-
leigh damping method which is described in the following sections
of the paper. The stiffness matrix is calculated at each time-step
using the constitutive model formulation describing cyclic and sta-
tic stress—strain behavior of the soil and structure materials. Each
analysis consists of static and dynamic loading steps; in the first
step, soil and structure are allowed to undergo deflection under
gravitational static loadings, then the input motion is applied at
the base of the model. The time domain numerical integration
was carried out using the Newmark algorithm method with param-
eters of o =0.6 and f=0.3025 to eliminate noisy frequencies that
are developed by standard Newmark parameters (o = 0.5, = 0.25)
[24].

4. Model verification
4.1. Centrifuge tests

Physical modeling of geotechnical events has been widely per-
formed in recent decades. Such densely instrumented 1-g shaking
table and centrifuge tests provide reliable benchmarks and data-
sets for numerical simulation tools [25]. The centrifuge model test
conducted on the C-CORE centrifuge located at Memorial Univer-
sity in Newfoundland, Canada, has been selected as the target test
for the verification of numerical modeling [16]. In this experiment,
the test model was spun in a centrifuge at a radial acceleration of
80 g. A rigid hollow aluminum box with dimensions of 5.5 m in
length, 2.5 m in width and 6 m in height in prototype scale was
placed on top of a synthesized soft clay material called Glyben.
The schematic configuration of the centrifuge model is shown in
Fig. 2. This box was embedded 2 m deep in the soil, representing
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a shallow foundation. A rigid walled soil container with dimen-
sions of 0.73 m length, 0.3 m width and 0.57 m height was used
to contain the soil-structure model, simulating a uniform 30 m
deep soil layer in the prototype scale. The artificial clay “Glyben”
is a mixture of glycerine and bentonite with a mixing ratio of
45% and 55%, respectively. The void ratio of tamped Glyben within
the container was 2.11 resulting in a bulk density of 1.575 kg/m°.
The T-bar and cyclic triaxial test results indicate an ultimate un-
drained shear strength of 50 kPa obtained at a maximum shear
strain of 10%. Also, results of laboratory dynamic element tests
such as resonant column and cyclic triaxial suggest the shear mod-
ulus (G) to be 8000 kPa at a confining pressure of 100 kPa. How-
ever, thixotropy and pre-test consolidation effects in increasing
the shear modulus must be taken into account when implementing
“G” as an input parameter into the model [26,27].

4.2. Parameter definition

The soil profile consists of uniform 30 m deep soft clay (Glyben)
with the mechanical properties illustrated in Table 1. These param-
eters were used as input data for the ]2 plasticity (Von Mises) con-
stitutive model. As shown in Table 1, zero was set as the undrained
friction angle of the soil, because it is assumed that the cyclic shear
behavior of the clay is independent of the confining pressure due to
the negligible pore pressure dissipation and the rapid rate of earth-
quake loadings, thus only the soil skeleton is involved in shear
wave propagation [28].

4.2.1. Rayleigh damping

Generally, the stress—strain behavior of cohesive soils is highly
dependent on the strain rate, and exhibits a viscous response. Also,
the damping ratio of Glyben was observed to be 10-15% higher
than that of most previously tested clays [26]. This can be attrib-
uted to the presence of highly viscous Glycerin as the pore fluid.
Thus, in addition to hysteretic damping generated by the elasto-
plastic soil model, Rayleigh damping was implemented in the
model to not only account for additional damping of Glyben but
also to reproduce small strain frequency independent damping
associated with geomaterials in the frequency range of interest
[29]. According to the Rayleigh damping formulation, two coeffi-
cients ap and a; are applied to the mass and stiffness matrices of
the system, respectively, and are determined by Eqs. (13) and
(14) using two frequencies f; and f, and their corresponding damp-
ing ratio {; .. However, in such a frequency range damping ratio be-
comes slightly lower than the specified one (¢,) and reaches

minimum value (;;;, = /G001 at Wmin = 1/0o/a1 -

= ACC4
£
-
=ACC3
ACC1 =
ce ACC2
g Soft Clay
S
S = =
% ACCs ACC6
58.5m
—>
Shaking direction

Fig. 2. Side view of SSI centrifuge test [16].

Table 1
Material parameters for soft clay.
Model soil parameters Parameter index Value
Bulk mass density (kg/m?) P 1575
Shear modulus (kPa) Gmax 9600
Bulk modulus (kPa) B 65,380
Undrained shear strength (kPa) Su 50
Undrained friction angle @y 0
Poisson ratio v 0.43
Reference confining pressure (kPa) P, 100
Peak shear strain Vmax 0.1
C=aoM + ;K (12)
2{mw
ap = 26010 (13)
w1 + W
2
4 =2 (14)
w1 + Wy

where (={;={, and w=27f is the circular frequency in rad/s.
Based on experimental response spectra, the effective frequency
range of system was specified by boundary frequencies of f; = 0.5
and f; = 5 Hz for model verification. This range encompasses natural
frequencies of site and structure and predominant frequency of in-
put motion as well. Using Eqs. (13) and (14) and employing w1, @»
and {; 5 = 12%, the mass and stiffness coefficients were obtained as
0.685 and 0.007, respectively, resulting in {mi, = 7% at fiin = 1.6 Hz.
Assigning Rayleigh damping as described ensures that major fre-
quencies of system are not subjected to over-damping, and damp-
ing with slight deviation from desired value dominates in
effective frequency range of the system. It should be noted that un-
like the verification stage, in parametric study phase, a frequency
range of 0.1 to 10 Hz was set as effective range and 2% Rayleigh
damping was assigned to the soil to account for small strain damp-
ing of natural soils.

4.3. Mesh generation and boundary conditions

In current numerical model, the soil medium was discretized
into 13304 8-node Brick elements with 15360 surrounding nodes.
The structure was modeled in the shape of a hollow box to simu-
late the structure configuration used in the centrifuge test. It was
made up of elastic isotropic material assigned to 272 8-node Brick
elements, and 190 equal degrees of freedom (eqaulDOF) con-
straints were used to connect structural nodes to soil nodes at
soil-structure boundaries. The mechanical characteristics of the ri-
gid structure are described in Table 2.

To satisfy the rigid boundary conditions in the centrifuge test,
soil nodes located at lateral and longitudinal side boundaries were
fixed against translation in three directions. However, the shear-
beam type lateral boundary condition in the direction of input
excitation is highly recommended in numerical modeling of geo-
technical events in order to comply with free field conditions and
the deformable elastic lateral boundary conditions existing in the
field [25]. Moreover, to avoid large numerical and time efforts,
the model was reduced to half size due to symmetry of the model
along the shaking direction in such a way that all the nodes on the

Table 2

Material parameters for model aluminum hollow box.
Parameters Parameter index Value
Bulk mass density (kg/m?) P 2800
Elasticity modulus (kPa) E 7 x 107
Poisson ratio v 0.35
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symmetry surface were restrained against displacement in the y-
direction.

4.4. Verification of results

Representative simulation results including response spectra
(5% damping) and time histories of the computed and recorded
accelerations at various locations in the model are presented in
Fig. 3. These locations include the free field (ACC1), underneath
the structure (ACC2), the foundation (ACC3) at depths of 3.5 m,
4 m and 1 m respectively and the top of the structure (ACC4). Sat-
isfactory agreement was observed between recorded and com-
puted accelerations over both the time and frequency ranges at
all locations except for ACC1. As observed in the acceleration re-
sponse spectra (ARS) corresponding to ACC1, some spectral ordi-
nates corresponding to a narrow frequency range of about 2-
5 Hz were not reproduced by the numerical model accurately. Al-
most the same discrepancy was observed for the other accelerom-
eters (ACC5 and ACC7) located at deeper levels of free field.
Considering that ACC1 represents free field motion, such a discrep-
ancy can be mainly due to numerical limitations in modeling the
rigid boundary condition where some frequencies are amplified.
In general, comparison of experimental and numerical results
demonstrates the capability of the elasto-plastic soil constitutive
model in simulating a dynamic SSI problem.

5. Parametric study

Any seismic soil-structure event involves three general aspects
of free field ground motion, kinematic and inertial interactions;
each with a significant role in the prediction of structure and foun-
dation responses under soil-foundation-structure interaction
(SFSI). Therefore, any seismic analysis must account for the contri-
bution of each aspect in the SFSI event individually. In this study,
the parametric investigation aims to develop an idealized contin-
uum Finite Element model of SFSI using a SDOF system overlying
a nonlinear soil deposit to assess various aspects of this event as
well as the applicability of continuum models in the simulation

of SFSI. Fig. 4 schematically illustrates the present FE model (4b)
and simplified SFSI model (4a) used by many studies excluding
foundation mass [5,13] and those accounting for foundation mass
[12,18]. For these SDOF or 2DOF systems, stiffness and damping
coefficients for spring and dashpot elements are defined using ana-
lytical procedures [5,8], and recorded free field ground motion is
applied at the free end of the spring and dashpot. Contrarily, the
continuum nonlinear FE model not only simulates free field and
SFSI response as a unique system but also introduces strain in-
duced (hysteretic) damping to the soil-foundation interaction.
Fig. 5 demonstrates a schematic view of the discretized large
model developed using OpenSees with a soil domain and a real
building for better visualization. The generated model was visual-
ized using GiD software [30]. The soil domain is 132 m long, 60 m
wide and 30 m deep with boundaries far enough from the founda-
tion to minimize the boundary effects. As mentioned earlier, the
SDOF system represents a viscous linearly elastic structure with
identified natural period and damping. Five percent viscous damp-
ing was assigned to the mass and stiffness matrix of the model
structure (beam-column elements) using the Rayleigh damping
formulation. The dynamic response of the structure was assumed
to be dominated by first mode oscillation. Thus, to obtain such a re-
sponse, two thirds of the structural mass was lumped at two thirds
of the structure height (effective height) [14]. Four types of typical
urban structures resting on shallow foundations were the main
target structures to be modeled in this study. Table 3 summarizes
the properties of the structures used in numerical models, which
includes number of stories, aspect ratio, mass of structure, range
of fixed-base natural periods and corresponding relative stiffness
ratios. The fixed-base damping ratio assigned to the structure
was selected to be 5%. The length, width and mass of elastic foun-
dation used throughout the analyses are 12 m, 10 m and 288 tons,
respectively. For the combined kinematic and inertial interaction
analyses, the foundation was embedded 1.5 m in soil deposit, how-
ever, for the purpose of kinematic interaction, foundations of the
same size were used with varying depth ratios (e/r). Also, to mimic
1D shear wave propagation, the shear-beam type boundary condi-
tion was implemented by forcing the boundary nodes at the same
elevation to undergo equal longitudinal and vertical displacement.
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Fig. 3. Comparison of computed results with the SSI centrifuge test [16]. (a) Acceleration time histories and (b) acceleration response spectra.
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The 1989 Loma Prieta earthquake (PGA = 0.4 g) recorded at station
Gilroy No. 1 (outcrop motion) and the 1994 Northridge earthquake
(PGA =0.25 g) recorded at station Century City (which are avail-
able at http://peer.berkeley.edu/peer_ground_motion_database)
were employed as input base excitations to investigate the effect
of the frequency content of the input motion on SSI. The accelera-
tion time histories and power spectra of these two input motions
are shown in Fig. 6. Comparing the power spectra of the two
ground motions, the Northridge earthquake includes low fre-
quency components with higher amplitudes than the Loma Prieta
earthquake. These long period (low frequency) spectra are believed
to produce large displacements resulting in further softening of
soft soils. This will be shown by the site response spectra in the fol-
lowing sections of this paper.

6. Results and discussion

All the foundation-structure models overlaying 30 m of uniform
soft clay were subjected to the two input motions from actual re-
corded earthquakes. The obtained results are discussed in three
main categories including seismic site response, kinematic and
inertial soil-structure interactions.

6.1. Estimation of transfer functions for SFSI

The transfer function, or frequency response function, is a
mathematical tool for the identification of a system with determin-
istic input x(t) and output y(t) signals. In the context of seismic
analyses, the ratio of the Fourier spectrum amplitudes of input
and output signals represents the transfer function; however, this
ratio is usually associated with spiky components due to the very
small (near zero) amplitude of the denominator as a result of noise
presence and signal randomness. Accordingly, transmissibility
functions H(iw) were used to estimate transfer functions for both
site response and kinematic and inertial structure-foundation-free
field interactions. Transmissibility functions are formulated based
on auto power spectra (S, S,y) and cross power spectral density
function (Sy) of input and output signals as follows [31]:

H; (iw) 2% (15)
5

Ha (i) = ¢ (16)
Xy

6.2. Free field site response

The evidence of severe damage and recorded strong ground
motions in soft soil deposits during the 1989 Loma Prieta and
1985 Mexico City earthquakes demonstrated the capability of this
type of soil to amplify the bedrock motion [1,32]. Subsequent

Table 3
The properties of structure used in SSI numerical models.
Story Aspect ratio (h/r) Stiffness ratio (ry) Building mass (m) (tons) T, (s)
4 14 0.094-0.59 436 0.2-0.5
6 2 0.058-0.93 653 0.2-0.8
8 2.7 0.06-0.31 871 0.4-0.9
10 34 0.23-0.69 1089 0.5-1.2
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Fig. 6. Acceleration time histories and power spectra of Northridge1994 and Loma Prieta 1989 earthquakes.

investigation into this phenomenon led to the development of site
categories which were implemented in the building design code
provisions (NEHRP 1997, NBCC 2010). According to this classifica-
tion, which is based on average shear wave velocity in the top 30 m
(s 30), soft soil deposits with v 30 less than 180 m/s are classified as
group E. In this study, site specific analysis is conducted on a 30 m
soil deposit with shear wave velocity of 78 m/s (site class E). The
site response spectra and site amplification factor, which is the ra-
tio of the response spectra of the free field and base motion in the
frequency domain, are shown in Fig. 7.

As shown, three local peaks in the amplification function mark
the fundamental modes of soil deposit vibrations. The first
fundamental site period at which the greatest amplification occurs
is at 2.15 s which is almost 30% greater than the elastic fundamen-
tal period obtained from the analytically derived equation
T, = 4H/ v for damped vibration of soil deposited on rigid bedrock
[33]. Furthermore, fairly large amplification is observed over a
broad range of long periods (Ty>1). Such a period shift can be
attributed to the soil softening and shear modulus reduction as
the shear waves propagate through the soil deposit. Also, compar-
ing the amplification factors of two different input motions, the
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Fig. 7. (a) Acceleration response spectra for the free field motion (b) free field
amplification factor.

first natural period of the Northridge earthquake demonstrates a
larger shift caused by further softening of the soil deposit, which
is a consequence of subjecting the soil to a higher number of low
frequency cycles.

6.3. Kinematic interaction

When an embedded rigid shallow foundation is subjected to a
strong ground motion, kinematic interaction causes the foundation
motion to deviate from that in the free field. Accordingly, a reduc-
tion in amplitude of the foundation transitional motion occurs,
while foundation rocking motion is introduced as a result
[8,34,35]. Several analyses with massless foundations and struc-
tures were carried out to evaluate the effect of foundation embed-
ment on foundation motion due to the kinematic interaction
mechanism. The rectangular foundation dimensions are 10 m in
width and 12 m in length. Two types of massless foundation,
including rigid core mat foundation and mat with basement wall
foundation for shallow and relatively deep embedment, respec-
tively, with equivalent circular foundation radii (r = 6.2m) were
employed in numerical analyses. The (e/r) ratio denotes the
embedment ratio which is the only variable in these analyses since
wave propagation in this study is completely coherent and vertical.
Investigation of incoherent or inclined incident waves is not the
purpose of this study. The results of kinematic interaction effects
on the horizontal foundation motion for different embedment ra-
tios are illustrated in Fig. 8a. The horizontal foundation motion
deviation is expressed in terms of the transmissibility function, de-
fined in Section 4.1.2, denoted by /s;/sg in normalized frequency
domain (wr/v;), where Sg and Sgg are auto power spectra functions
of translational foundation and free field ground motions, and w, r
and V; are circular frequency, equivalent radius and shear wave
velocity of soil, respectively [2,34].

As illustrated in Fig. 8a, foundation translational motion de-
creases up to 50% for the greatest embedment ratio (e/r = 0.65) as
the frequency increases, and embedment ratio significantly affect
the level of deviation of foundation motion from that of free field.
This effect is attributed to the distinct difference in the foundation
and surrounding soil rigidity, resulting in frequency dependent
radiation damping and energy dissipation as seismic waves
spreading away from vibrating foundation to the soil medium
[8,34,35].

In order to validate the kinematic interaction results, Fig. 8b
compares transfer function estimated by current elasto-plastic FE
model with that of analytical based method proposed by Elsabee
and Morray[34] for foundation embedded in visco-elastic half
space. The comparisons are performed for the embedment ratios
of 0.25 and 0.48, which are shown by thin and thickened outlines,
respectively in Fig. 8b. As shown, consistent trend is observed be-
tween two methods for both embedment ratios within effective
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Fig. 8. (a) Kinematic interaction effect by massless foundation/free field transfer
function for various depth ratios in normalized frequency domain (b) comparison of
current elasto-plastic FE model with the visco-elastic analytical method by Elsabee
and Morray [34].

frequency range of system (ap < 3), above which satisfactory agree-
ment can still be observed for deeper foundation. In high frequency
range where radiation damping dominates, elasto-plastic FE model
estimates lower deviation of foundation motion than analytical.
Such lower prediction can be attributed to the soil plasticity that
can influence radiation damping of foundation motion [36]. In
summary, results of the kinematic interaction analysis shown in
Fig. 8a demonstrate that this phenomenon can be beneficial to
the reduction in foundation input motion.

6.4. Inertial interaction

A set of analyses including 28 shaking events was performed to
identify the contributions of the aspect ratio, the structure-founda-
tion stiffness ratio and the frequency content of the input motion
on SFSI, and the associated effects on structural demand. As sum-
marized in Table 3, four main buildings with specified rectangular
foundation size as in Section 5 and the embedment ratio of 0.25
were utilized as the structural model in all events. The mass ratio
(y =0.16), which is recommended for conventional buildings [37],
was kept constant in all events. To illustrate the period lengthen-
ing, the flexible-base frequency was obtained from the transmissi-
bility functions defined in Section 6.1, and computed using the
acceleration recordings of the roof and free field. The roof/free field
pair was considered as the input and output motions for the flex-
ible system [10,12,13].

6.4.1. Effect of stiffness ratio on period elongation

To illustrate the stiffness and aspect ratios influence on period
elongation, Fig. 9 plots the data points obtained from the shaking
events for four aspect ratios and demonstrates the second-order
polynomial trend of the elongation ratios (T /Ts) vs. (1). The flex-
ible-base modal frequency corresponds to the peak amplitude of
the transmissibility function defined in Section 6.1, which was
computed using the acceleration recordings of the roof/free field
pair. The free field and structure’s top motion are the input and
output signals of the flexible-base system. As shown, (T/Ts)
increases with the stiffness ratio for all values of the aspect ratio,
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Fig. 9. Variation of period elongation ratio with the stiffness and aspect ratio.

noting that the structure with high stiffness and aspect ratios can
undergo large elongation ratio. This implies a significant influence
of (r;) and the aspect ratio (A) on the inertial interaction effects,
and the inertial interaction might be crucial for relatively rigid tall
and slender structures. This is consistent with the findings of Stew-
art et al. [38] from field test data in which stiff structures with
higher stiffness ratios and natural fixed-base periods (T;) of less
than 1.0 s have experienced period elongation. However, no signif-
icant period elongation has been observed for structures with nat-
ural periods greater than1.0s.

Also, Fig. 9 compares the estimated values of (T /Ts) with the
analytical results of Veletsos and Nair [13,39] for the structure with
aspect ratios of 3.5. As mentioned, the foundation embedment ra-
tio (e/r) was assumed 0.25 in this study, however, as shown in
Fig. 9, the trends of elongation ratio estimated using nonlinear FE
method are approximately consistent with elongation trend pro-
posed by Veletsos and Nair for e/r = 1. This comparison reveals that
current 3-D nonlinear model predicts stiffer foundation than 2-D
analytical models. Such a high estimation of dynamic foundation
stiffness can be attributed to the dynamic interaction of soil and
foundation wall, 3-D dynamic stiffness, i.e. cross-coupling and
rotational stiffness that are accounted for by current FE model.

Focusing on the trend of the curves (Fig. 9), a few irregularities
with the data orders are observed. Firstly, for the h/r=2.0 with
lower stiffness ratio, a higher elongation ratio is shown compared
to the other curves. The modal period of the soil deposit and the
predominant frequency of the input motion (Northridge) seem to
coincide with the natural period of the structure (T = 0.6 s.), caus-
ing the system to resonate.

6.4.2. Rocking motion of system

It has been well understood that rocking motion of foundations
partially or fully embedded in soil medium plays a major role in
inertial SSI [35], and can further clarify coupled structure-founda-
tion motion in conjunction with translational motion and period
elongation of flexible-base structure. In this study, since each node
of soil and foundation has three degree of freedom, the vertical dif-
ferential motions of nodes on opposite sides of foundation were
used to obtain rocking motion of foundation. The representative
results for foundation rocking motion of relatively tall (thickened
outlines) and short (thin outlines) structures with low and high
stiffness ratios are presented in Fig. 10. It is worth noting that tall
and short structures with the respective fixed-base periods of
Ts=0.5s and T; = 0.2 s are extreme cases that might rarely happen,
and their rocking motion are depicted in Fig. 10 just to confirm the
role of high stiffness ratio. Two zones of peak rocking response can
be observed in this figure where in the zone labeled as “natural
foundation rocking” (T~ 0.2-0.3 s), rocking motion is mainly
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influenced by combined relative stiffness and aspect ratios. As
shown, for example, stiff tall structure (T = 0.5 s, 1, = 0.24) exhibits
largest rocking spectra among other structures over entire period
range while flexible short structure (Ts=0.5s, 1, =0.09) experi-
ences lowest level of rocking amplitude. The spectral rocking
amplitude of stiff short structure (T; = 0.2 s, 1, = 0.59) is larger than
that of flexible tall one over a broad range of period (0.2 <T<1.0s),
further emphasizing the role of stiffness ratio. In the other zone la-
beled as “resonance period (T = 0.6 s.)”, the resonance happens be-
tween soil, structure and input motions since flexible-base period
of system coincides the second fundamental period of soil deposit
(T=0.6s, shown in Fig. 7) and predominant period of input motion
at the bedrock level (f, = 1.67 Hz for Northridge motion, shown in
Fig. 6). Such a case which is named as “double resonance” by Mylo-
nakis et al. [35] leads to significant increase of system response
shown for both tall and short structures with fixed-base period
of 0.5s.

6.4.3. Effect of SFSI on FIM

The foundation-structure system subjected to a ground motion
is a coupled system [12] in which the responses of both compo-
nents affect each other. Fig. 11a and b plots the deviation of the
foundation motion (ufw)) from the free field (ug(w)) due to struc-
tural inertial force in a normalized frequency domain with respect
to the flexible-base natural period of structure (T) for two aspect
ratio values (h/r=1.4, h/r = 3.4). The amplitude of the deviation of
motion is expressed using the transfer function (Section 6.1) calcu-
lated from the cross and auto power spectra of the foundation and
free field displacement motions. These plots clarify how the vibra-
tion of structure with various relative stiffness and aspect ratios
can influence foundation motion relative to the free field. As
shown, the foundation motion of tall structures (h/r = 3.4) is ampli-
fied at T/TS ~ 1, demonstrating that the structure and foundation
resonate at flexible-base period of the structure. Also, the amplifi-
cation of foundation motion is pronounced as the structure be-
comes stiffer relative to the foundation such that the foundation
motion of structure with r,=0.24 is amplified 50% (ur (w)/ug
(w)=1.5). Moreover, comparing transfer functions of tall struc-
tures with various relative stiffness (Fig. 11b) reveals the role of
relative stiffness ratio in deviation of foundation motion from free
field motion as transfer function corresponding to the structure
model with r,=0.04 exhibits much less amplification. In other
words, there is low SSI effect acting in the system, and foundation
of such a flexible tall structure follows the free field motion, caus-
ing the structure to vibrate similar to the fixed-base condition. On
the other hand, the peaks of transfer functions corresponding to
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Fig. 11. Foundation/free field transfer function under inertial interaction in
normalized frequency domain for various stiffness ratios (a) h/r=1.4 and (b) h/
r=3.4.

short structures occur at period ratio of T/Ts > 1 with level of
amplification ug(w)/ug (@) up to 1.22 depending on the stiffness ra-
tio (r,) as shown in Fig. 11a. Such deviation from flexible-base per-
iod of structure along with low amplification level implies lower
impact of short structure on vibration of foundation.

Fig. 11a and b also depicts de-amplification with maximum
amplitude occurring at or close to the period ratio of T/Ts = 1.
The amplitude of de-amplification seems to be affected by varia-
tion of stiffness ratio for tall structures such that foundation of
the tall structure with r, = 0.04 undergoes slight de-amplification
(Fig. 11b) while foundation of the short structure exhibits much
less sensitivity to variation of the stiffness ratio (Fig. 11a).

The comparison between foundation responses of short and tall
structures indicates that the aspect ratio has significant contribu-
tion to the coupled structure-foundation oscillation. Accordingly,
rigid tall structure (r, = 0.24, h/r = 3.4) can highly influence founda-
tion motion both in terms of vibration frequency and amplitude
(amplification or de-amplification) while foundation of short struc-
ture shows insensitive response to the relative foundation-struc-
ture stiffness. The high influence of structure on foundation
motion by tall structure can be explained by imposed rocking mo-
tion as shown in Fig. 10.

6.4.4. Effect of SFSI on base shear demand

To evaluate the effect of SFSI on base shear demand, the fixed-
base analyses were also performed, and their results were com-
pared with those of flexible-base analyses. Base shear is defined
as the product of the mass and acceleration of the structure’s
top. In fixed-base analysis, the free field ground motion is used
as the foundation input motion whereas the foundation is re-
stricted against any translational and rotational motion or the
rigidity of the supporting soil becomes infinity (¢ — o0).The accel-
eration response spectra plots of each structure’s top, which
mainly produces base shear, are shown in Fig. 12 for fixed and flex-
ible-base motions of stiff 4-story (Fig. 12a) and 10-story (Fig. 12b)
buildings with stiffness ratios of r,=0.59 and r, = 0.38, respec-
tively. Stiff structures were selected because of the strong influence
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Fig. 12. Fixed base vs. flexible base response spectra of structure’s top (base shear
demand) for structures with (a) h/r=1.4, r,=0.38 and (b) h/r=3.4, r;, = 0.59.

of the inertial interaction on them as discussed in Sections 6.4.1-
6.4.3. These plots demonstrate the alteration of the modal damping
and period due to SSI. This has both beneficial and detrimental im-
pacts on the response of linear structures. As shown, significant
attenuation in the spectra occurs in both cases up to the flexible-
base natural period of the structure. After this point, in the case
of a 10-story building, the rocking motion in the flexible-base gives
rise to spectra that exceed the values for the fixed-base scenario as
shown in Fig. 10. No major amplification is observed in the 4-story
case. This reduction in base shear demand is a consequence of the
energy dissipation by the flexible-base damping (¢), which in-
cludes both the frequency dependent soil-foundation radiation
damping and the hysteretic damping of the soil. Such a reduction
in base shear demand, and alteration in the modal properties due
to SSI, implies a beneficial effect of SSI over a range of periods. This
effect has been proposed by NEHRP 1997 [33,40]. However, similar
to the rigid 10-story building case herein, there are some case his-
tories in which SSI has been detrimental. Shifting of the natural
period of tall rigid structures to the long period range, where
amplification of earthquake motion subsequently occurred due to
geological site conditions, has resulted in damage to the structure.
This detrimental aspect of SSI has not been predicted by seismic

building codes which propose design spectral amplitudes decreas-
ing monotonically after a period of 1.0's [40].

6.5. Effect of input motion on inertial interaction

As mentioned, the Loma Prieta 1989 and Northridge 1994
earthquakes were employed to investigate the effect of the input
motion on SFSI. Three models with various aspect ratios and peri-
ods were subjected to these input motions. Fig. 13 plots the influ-
ence of the frequency content and intensity level of the input
motion on the inertial interaction. The results are expressed by
the transfer function between the free field and the top of the
structure’s motion in normalized frequency domain with respect
to the fixed-base period of the structure (T;). The period ratio (T/
Ts) corresponding to the peak of transfer functions demonstrates
period elongation ratio due to inertial interaction, and the ampli-
tudes show level of amplification of free field motion at natural
period of system. As shown, both input motions cause almost the
same period elongation ratio in all cases, however, for the case of
a structure with T; = 0.6 s (Fig. 13b), both transfer functions exhibit
the same amplitude. The second mode fundamental period of soil
deposit is shown to be 0.6 s (second peak) (Fig. 7b). Therefore, it
seems that natural period of the structure coincides with the sec-
ond mode period of the soil deposit, resulting in soil-structure sys-
tem resonance. This case is also confirmed in Section 6.4.3 by
Fig. 11. For the other two cases (Fig. 13a and c), the structures sub-
jected to the Loma Prieta earthquake experience higher foundation
damping (lower amplification). This could be due to higher soil
material damping generated by Loma Prieta motion due to its
higher PGA than Northridge motion.

7. Conclusions

This paper investigates effects of site response and dynamic
soil-structure interaction on performance of linear elastic struc-
tures supported by inelastic soft soil. For this purpose, a three
dimensional Finite Element model utilizing kinematic hardening
elasto-plastic soil model and linear SDOF structure were employed.
The numerical model that was developed in the framework of
OpenSees was shown to be fully capable of simulating seismic site
response and soil structure interactions, as validated by compari-
sons with centrifuge test results. Using the Loma Prieta and North-
ridge earthquakes as real-world input data, this numerical
modeling program was used to investigate various aspects of SSI
effects and clarify dynamic performance of soil-structure system.
Several conclusions were drawn from this parametric study:
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Fig. 13. Effect of input motion on inertial interaction of structures with (a) T;=0.4s (b) T;=0.6 s, and (c) Ts=1.0s.
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1. The kinematic interaction was shown to reduce foundation
input motion over effective frequency range of the soil-struc-
ture system as subjected to the free field ground motion. The
foundation/free field transfer function demonstrated frequency
dependent trend which reveals the role of radiation damping in
deviation of foundation vibration. Comparison between results
of this study with those of analytically derived with visco-elas-
tic soil assumption, reveals that soil plasticity can affect radia-
tion damping of the foundation.

2. It was shown that aspect ratio and structure-foundation relative
stiffness ratios are crucial parameters characterizing various
aspects of inertial soil-structure interaction. The combined
large values of these two parameters may cause structure vul-
nerable to the inertial soil-structure interaction. This implies
that rigid tall structures can undergo significant natural period
elongation along with considerable foundation rocking which
was mainly found to be controlled by the aspect ratio.

3. The rocking motion of system which is dominant in tall struc-
tures may cause coupled system of foundation-structure to
oscillate at the flexible-base frequency of structure. Depending
on relative stiffness ratio of structure, foundation motion exhib-
its either significant deviation or complies with free field
motion.

4. The potential resonance between components involved in SSI
phenomenon must be taken into account in any seismic analy-
sis. This hazardous event is of great significance in thick deposit
of soils with low shear wave velocities, in which modal funda-
mental periods of site are likely to coincide the natural periods
of structure. For tall structures, it was concluded that resonance
can occur between structure, input excitation and soil deposit.

In conclusion, the results of this study indicate the significance
of seismic performance-based design in short to mid-rise struc-
tures resting on shallow foundation and elasto-plastic soft soil. It
was also shown that detailed characterization of soil-structure
interaction is crucial for this type of site-structure setting to avoid
hazardous events like resonance, foundation rocking and excessive
base shear demand.
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