kT buildings ey

Article

Soil-Structure Interaction Consideration for Base Isolated
Structures under Earthquake Excitation

Arcan Yanik * and Yalcincan Ulus

check for
updates

Citation: Yanik, A.; Ulus, Y.
Soil-Structure Interaction
Consideration for Base Isolated
Structures under Earthquake
Excitation. Buildings 2023, 13, 915.
https://doi.org/10.3390/
buildings13040915

Academic Editor: Nerio Tullini

Received: 27 February 2023
Revised: 28 March 2023
Accepted: 29 March 2023
Published: 30 March 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Civil Engineering, Istanbul Technical University, 34469 Istanbul, Turkey
* Correspondence: yanikar@itu.edu.tr; Tel.: +90-212-2856790

Abstract: This study aims to analytically implement base isolation with soil-structure interaction
(SSI) on a sample structure and to develop a very simple solution to add these combined effects into
the mass, damping and stiffness matrices of the structure. A spectrum analysis is also carried out
considering the base-isolated structures and SSI. Dynamic simulations are performed throughout the
study. In these simulations, three shear frame structures with different properties are considered. The
strong ground motions selected for these analyses are eighteen different events with far-fault and
near-fault components. In addition, four different base and soil structure combination cases are taken
into account. These four analytical cases are a conventional structure with a fixed base and with
SSI and a seismically isolated structure with or without the SSI. The numerical results showed that
when SSI is considered, the effectiveness of the base isolation system may decrease, and the effect is

prominent in softer soil conditions.
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1. Introduction

Base isolation (BI), also known as seismic isolation, is a widely used technique for
protecting structures from earthquake effects. It is mostly used in critical facilities that
need continuous operation even after severe earthquakes. Examples of these structures
are hospitals, airports, nuclear power plants and government buildings. Bl is also used in
highway engineering structures such as bridges and viaducts. During earthquakes, the
superstructure and the foundation are effectively decoupled from each other with the help
of Bl systems, resulting in much lower base shear forces and inter-story drifts [1].

Soil-structure interaction (SSI), also known as soil-foundation—structure interaction,
is a design concept that takes the responses of structure, foundation and soil media into
account. SSI is a concept that is often neglected in regard to design structures. Conven-
tionally, structures are considered fixed to the ground, and the response of the underlying
soil is neglected. This is because the effects of soil are usually considered beneficial to the
structure, so neglecting soil can be considered conservative and safe. In FEMA 356 [2],
soil-structure interaction is classified as a rare case that may modify the spectral response
of the structure, particularly in soft soil conditions. There are two main approaches for eval-
uating SSI, one of which is the direct approach, where the soil is modeled as a continuum
of the structure. The other is called the substructure approach, where the properties of soil
are calculated via simple impedance functions or springs and dashpots. Soil properties
that are calculated include the stiffness and damping characteristics of the soil-structure
interaction. The substructure approach to impedance functions requires the foundation
to be rigid and allows for the formulation of soil-structure interaction. In this paper, the
substructure approach is used.

One of the first studies that investigated the effect of SSI in base-isolated structures
was by Constantinou and Kneifati [3], who conducted a parametric study on a linear
1-degree-of-freedom structure. Bycroft [4] introduced approaching solutions and analysis
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for the SSI when high frequencies are involved. Novak and Henderson [5] made use of the
equations of motion for a structure by evaluating the SSI effect. Pappin et al. [6] highlighted
the importance of the site effects on performance-based design. Mylonakis and Gazetas [7]
investigated the use of SSI. They found that the effects of SSI are not necessarily beneficial
and can be detrimental instead. Tongaonkar and Jangid [8] studied the effects of SSI on
bridges. They concluded that considering SSI effects on isolated bridges is beneficial to
the bridge and may result in cost reduction in design. When analyzing the damaging
earthquake of 1999 in Athens, Mylonakis et al. [9] reached a conclusion that the effects of a
surface layer made of soft rock and stiff soil were a detrimental factor. Syngros [10] analyzed
the history of two different cases related to the seismic response of piles, supporting bridges
and pile groups; the Ohba Ohashi bridge; and the Fukae Section of the Hanshin Expressway.
He concluded that the type of soil changed the seismic waves, and the ground surface
motion encountered by the specific bridge was greater; moreover, a higher frequency was
measured in that portion. During the study of a 3D nonlinear model of BI, Deb [11] took
SSI into consideration by using a near-fault earthquake. A detailed study related to an
isolated structure and SSI with an unbounded section was conducted by Tsai et al. [12].
Dicleli et al. [13] studied the effects of SSI on two different types of bridges, one with
heavy superstructure and light substructure and the other with opposite properties. They
concluded that SSI effects should be investigated in soft soil conditions, regardless of the
bridge type. Liu et al. [14] conducted a study in the time domain that investigates the effects
of wind in high-rise structures with tuned mass dampers, considering SSI effects. They
found that SSI affects the effectiveness of the dampers in soft soil conditions. Spyrakos
et al. [15] studied the effects of SSI in buildings in the frequency domain. They found
that SSI effects on the damping of the isolated structures are negligible, and the damping
depends on BI damping characteristics.

Jeremic et al. [16] investigated the effects of SSI with varying soil properties on a four-
span bridge. Karabork et al. [17] conducted a study that investigates the effects of SSI on an
isolated structure. Kausel [18] investigated the SSI history and phenomena. Genes et al. [19]
conducted a study in order to analyze SSI effects in two different reinforced concrete
buildings. Matinmanesh and Asheghabadi [20] took into consideration a plane finite
element and used three different earthquake data with different frequency contents. They
concluded that all types of soil have an effect on bedrock movement, but with different rates.
Manolis and Markou [21] presented a combination of BI and SSI. They concluded that the
BI performance depends on the type of soil. Giarlelis and Mylonakis [22] conducted a study
related to the role of SSI in the elastic performance of multistory buildings. Li et al. [23]
studied SSI in base-isolated structures in the frequency domain using the substructure
approach. Luco [24] studied the effects of SSI on a structure that has a nonlinear BI system
and concluded that SSI amplifies the response of the isolated structures. Tsai et al. [25]
investigated the effects of SSI and damping in isolated structures. Yanik [26] proposed an
instantaneous optimal control performance index for active control of structures under
seismic excitation. Ashiquzzaman and Hong [27] studied the SSI effects on isolated nuclear
power plant containment buildings. Zhou and Wei [28] conducted a similar study to
Ashiquzzaman and Hong [27], where they studied SSI effects on nuclear power plants.
They concluded that SSI directly affects the performance of isolation systems [28]. Xuefei
et al. [29] investigated the optimal placement of passive control devices by considering
SSI. Forcellini [30] studied the SSI effects on base-isolated buildings using OpenSees [31]
framework and found that SSI effects are more pronounced in softer soil conditions. Dai
et al. [32] studied the effects of SSI in a specific base-isolated bridge. They also found
that in isolated structures, SSI effects are more pronounced. El-Sinawi [33] evaluated the
effectiveness of magneto-rheological dampers and BI under seismic excitation. In a recent
study, Yanik [34] mentioned that taking SSI into consideration reduces the effectiveness
of magneto-rheological dampers. Zhenxia and Haiping [35] studied SSI effects on base-
isolated structures using the finite element method. They found that the performance of BI
systems is correlated with soil conditions. Some interesting recent numerical research about
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SSI effects on tall buildings is presented by Forcellini [36]. As stated in [36], SSI effects have
been extensively studied for low-rise buildings; however, SSI effects in tall buildings are a
concept that needs to be investigated more. Another recent study on semi-active control
by considering SSI is given by Jalali et al. [37]. Maleska and Beben [38] investigated the
behavior of soil-steel composite bridges under earthquake excitation in their interesting
research. Jishuai et al. [39] predicted the influence of SSI on reinforced concrete buildings
by using neural networks. Liguo et al. [40] proposed a new framework for tuned mass
damper systems with SSI effects. Yulin et al. [41] investigated the earthquake response of
multi-span bridges by taking into account abutment—soil-foundation-structure interactions.

At present, there are a limited number of studies that investigate SSI and BI together,
and the results of these studies are not always consistent with each other. This study aims to
analyze SSI and BI effects on two-dimensional shear frame structures with the assumption
of stories being rigid diaphragms. In addition, one of the most important aims of this paper
is to analyze the SSI effect on high-rise buildings with base isolation. Furthermore, another
aim is to analytically propose a new simple matrix formulation to study combined SSI
effects and base isolation together and test the computational efficiency of this formulation.
Analyses are conducted on three different shear frame structures, which are five, ten and
forty stories high. The Newmark average acceleration method is used for dynamic analysis.
In the next section, the formulation of the problem is presented.

2. Formulation of the Problem

In this section, the formulation of the problem is given in a detailed way. The Newmark
average acceleration method is used for dynamic analysis. The soil model is defined below.

2.1. Representing Soil Structure

To take into account SSI in the analysis, the “spring and dashpot method” is used.
Spring and dashpot analysis replaces the soil with springs and dashpots with horizontal,
vertical, rotational and torsional degrees of freedom. In this study, the horizontal and
rotational degrees of freedom are considered.

Calculations of the stiffness and damping coefficients of springs and dashpots are
achieved by using the frequency-independent impedance functions [42]. As seen from the
equations below, both structure and soil properties contribute to the calculations.

ks = 28?1/ )
Cs = 24;61/ oVsr? 3)
= 1 pVsrt @

"

In the equations above, the “s” subscript denotes “swaying”, which is the horizontal
component, and the “r” subscript denotes “rocking”, which is the rotational component.
ks and k, are swaying and rocking stiffness of the soil, respectively. Similarly, ¢; and ¢, are
swaying and rocking and damping the soil, respectively. Vs, p and v are the shear wave
velocity, mass density and Poisson’s ratio of the soil. G is the shear modulus of the soil,
which can be calculated with the following equation:

G =pV? ©)
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r is the radius of the circular foundation. For a rectangular foundation with the
dimensions of a and b, an equivalent r value can be calculated by equalizing areas of the
rectangle and the circle, such that:

2 = ab (6)
ab
r= o (7)

The matrix formulation of the structure is defined below.

2.2. Matrix Formulation of the Structure

In this section, the formulation of the mass, stiffness and damping matrices of the
structure is presented. In order to represent soil properties and Bl in mass, stiffness and
damping matrices, the corresponding values must be embedded into the matrices. An
n-story fixed base shear building is shown in Figure 1. Conventional mass (M), damping
(C) and stiffness (K) matrices for a fixed-based shear building can be written as:

m

% 7

Figure 1. Fixed-based shear building.

mp O 0 0
0 my O 0
M=1]0 0 0 (8)
my_1 0
0 0 0 0 Mpl
c1+¢Co —Cp 0 s 0
—C cp+c3 —c3 e 0

c=| o0 —c; 0 )

Ch1+Cn —Cn

nxn
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k1 + ko —ky 0 0
—ky ko +ks —kj cee 0
K=| 0 ks 0 (10)
E . knfl + kn _kn
0 0 0 —ky, kn

nxmn
where kj to k;, are the stiffnesses of the stories, c; to ¢, are the damping of the stories, and 1,

to my, are the mass of each story of an n-story structure. In the next section, the formulation
for the base-isolated structure is presented.

2.3. Base Isolated Structure

The base-isolated shear building is shown in Figure 2. Properties of the BI can be
implemented with the formulation given above by simply taking the Bl layer as the first
story of the structure.

Base isolation

Figure 2. Base isolated shear building.

Mass (Mgr), damping (Cpy) and stiffness (Kpy) matrices of a base-isolated n-story shear
building can be written as:

_mB[ 0 0 0 07
0 m 0 0 0
0 0 m O 0
Mei=|, o o 0 (11)
my_1 0
L0 0 0 0 0 my,

= (n+1)x(n+1)
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[cpr + ¢1 —C1 0 0 0 7
- €1+ ¢ —Co 0 0
0 —C cp+c3 —c3 0
Cor = 0 0 —c3 0 (12)
: E Ci’l—l + Cn _Cn
L 0 0 0 0 —Cn € d (1) x (1)
[kpr + k1 —kq 0 0 0 7
—kq k1 + ko —k» 0 0
0 —ky ko +ks —k3 0
Kpr = 0 0 —ky 0 (13)
: : : kn_1+kn —kn
L 0 0 0 0 —kn kn (n+1)x (n+1)

where kg is the stiffness, cpj is the damping and mp; is the mass of the BI system. Bl adds
one degree of freedom to the fixed base structure; therefore, the dimensions of all matrices
are increased by one. SSI implementation to the expressions given above is defined in the
next section.

2.4. SSI Implementation

The spring-dashpot model of an n-story shear building considering SSI is shown
in Figure 3. my and I, are the mass and the mass moment of inertia of the foundation,
respectively. I to I, are the mass moment of inertia of each floor. ks is the swaying
stiffness, k; is the rocking stiffness, c; is the swaying damping and ¢, is the rocking damping
of the foundation-soil medium. h; to h, are story heights with respect to the ground.
Swaying values are the horizontal components of the foundation—soil medium, whereas
rocking values are rotational components. Mass, damping and stiffness matrices with SSI
implementation can be written as follows [43]:

M My M,
n n
MT  (my, + m) ( m'h»>
MSSI: M ( b igl ! 1’§1 m (14)
n n n
Mil; ' mihl) ( mlhlz + I, + Z Ii)
i=1 i=1 i=1 (n+2) x (n+2)
[C 0 0
Cssi= [0 ¢ O (15)
L0 0 ol (iayn(ns2)
K 0 0
Kssi= |0 ks 0 (16)
0 0 K (n+2)x (n+2)

where Mgg;j is the mass matrix, Cggj is the damping matrix and Kgg;j is the stiffness matrix
of the shear building considering SSI. In addition, My and My, are defined as follows:

my
my
My = : (17)
my_q

Mn 11
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myhy
mahy
My = (18)
My _1hy_1
My nx1
hn—l
hﬂ
hl
h,

k, 4
c

Figure 3. Shear building considering SSI.

SSI consideration implements two additional degrees of freedom to the fixed base
structure; therefore, the dimensions of all matrices are increased by two. In the next section,
the proposed simple formulation is presented.

2.5. Proposed Simple Formulation for SSI with Base Isolation

SSlin base-isolated structures can be represented by adjusting the SSI matrix formula-
tion. This case is depicted in Figure 4. Fixed-based M, C and K matrices that are used in
SSI matrices can be substituted with base-isolated Mgy, Cpr and Kpy matrices. The height
of the BI system, /i;, must be included in the mass matrix considering SSI and BI together.

Figure 4. Shear building considering SSI and base isolation together.
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The simple contribution of our research is the consideration of SSI and BI together
in the formulation. With the help of an extensive number of numerical simulations that
are performed by using many different earthquakes and soil types, it has been shown in
the next sections that this type of formulation is computationally efficient. This simple
formulation was not studied before. The details of the simple formulation are given below.

Mass, damping and stiffness matrices considering SSI and BI together can be written
as follows:

Mg My 1 My, B
n n
mT (m + m) ( m«h‘)
Mggrpr = | B! b ,-51 ! El o (19)
n n n
M g Y. mjh; mih? + 1, + Y 1i>
! i=1 i=1 i=1 (n+3)x (n+3)
[Cgr 0 O
Cossipi=| 0 ¢ 0 (20)
L0 0 erd (uig)x(nra)
Kgg 0 O
Kssipi=| 0 ks O (21)
L 0 0 Kk (n+3) x (n+3)

where Mggj g1 is the mass matrix, Cggy gy is the damping matrix and Kggy p is the stiffness
matrix of the shear building considering SSI and BI together. Myg; and My, g can be
presented as:

M, g1 = . (22)

- (n+1)x1

[ mprhpr
mihq

mohy
My, g1 = : (23)

mnflhnfl
myuhy

- (n+1)x1

While SSI introduces two additional degrees of freedom to the fixed base structure, Bl
adds one; therefore, the dimensions of all matrices are increased by three in total. Equations
of the motion of the structure under seismic excitation are given below.

2.6. Equations of the Motion of the Structure under Earthquake Excitation

Four different equations of motion are presented in this section to cover all four
analysis cases; these cases are fixed base, base-isolated, fixed base considering SSI and
structure with BI considering SSI. The equation of motion for the fixed base analysis case
can be written as follows:

M(t) + Cir(t) + Ku(t) = —m* g (t) (24)

where m* is a vector containing the diagonal of M, which happens to be the mass value
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my
L)
m" = : (25)
My —1
Mn 11
Equations of motion for the base-isolated analysis case can be written by substituting
the conventional fixed base matrices with a base-isolated matrix:

MB](t) + CBIil(t) + KBIM(t) = —mﬁlg(t) (26)

where mg; is a vector containing the diagonal elements of Mp;:
g ]
i

mgy = : (27)

- (n+1)x1

Mgy (t) + Csspi(t) + Ksspu(t) = —mggye(t) (28)

where mgg; is a vector containing the diagonal elements of M with (m;, + }_i_; m;) and
(XL mih;) from Mggy [43]:

mq
my

My 1
mgg; = My (29)

(mb + X mi)
; i=1
(Z mihi)
- \i=1 - (n+2)x1

For the joint case of SSI and BI, the equation of motion is presented as given below:

Mssipi(t) + Cssipri(t) + Kssypru(t) = —mggy prg(t) (30)

where mgg; g; is a vector containing the diagonal of Mgy with the additions of (my + Y7 m;)
and (E?:l ﬂ’lihi) from MSSI,BI [43]:

mggy gy = Mn—1 (31)

(Z mz‘hi>
i=1 1 (n+3)x1
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In the equations defined above, ¢(t) is the horizontal ground motion acceleration. u(t),
(t) and (t) are the displacement, velocity and acceleration vectors of the structure.

In order to perform the dynamic analysis under seismic excitation with or without
consideration of SSI and by taking into account all base conditions, the following approach
was used. The mathematical equations defined in this section are implemented in a code
that was created in MATLAB software. The accuracy of the MATLAB code was checked
by comparing the results with SAP2000 software by considering a simple shear building
example. Moreover, MATLAB code did not create any instability problems during the
performance of an extensive number of simulations. It was fast and efficient by using the
proposed simple formula defined in Section 2.5. A numerical example is defined in the
next section.

3. Numerical Example

Analyses were carried out on three different shear frame structures, which have five,
ten and forty stories. For each building, four different base conditions were considered.
These conditions consist of a fixed base, an isolated base, an SSI-included base and an
isolated base considering SSI. The models of these cases are shown in Figures 1-4, respec-
tively. It should be noted here that Figures 14 represent general cases and are created for
buildings with n number of stories. For SSI cases, four different soil conditions, very soft,
soft, medium and dense, are considered. All cases are tested with a suite of earthquakes
with different rupture distances. Soil properties of each building can be calculated with
the equations listed in Section 2.1. Soil properties are taken and adapted from [14], which
have been used in different studies previously [43-45]. Soil properties of five-and ten-story
buildings are the same because the foundation dimensions are the same. Soil properties
are given in Table 1. Soil properties of five- and ten-story buildings are given in Table 2.
Soil properties of the forty-story building are given in Table 3. Three different shear frame
buildings are used in the analysis. Building properties of the forty-story building, five-story
building and ten-story building are given in Tables 46, respectively. Building properties
are chosen by us to be in line with real-life building properties. Base isolation properties
such as mass m, stiffness k, and damping ¢ are calculated with the following expressions.
In the equations below, m is the mass, and k is the stiffness of the first story above the
isolation level. m, k and ¢ values are given in Tables 4—6. The following equation is taken
from [1]. The critical damping ratio for base isolation is taken as 10%.

my = m; kp = 0.05k;

(32)
Cy = Cp2v/ Myt Ky
Table 1. Soil properties.
. p VS G
Soil v ton/m3 m/s? kN/m?
Very Soft 0.49 1.60 50 4000
Soft 0.49 1.80 100 18,000
Medium 0.48 1.90 300 171,000
Dense 0.33 2.40 500 600,000
Table 2. Soil properties of the five- and ten-story buildings.
Soil ks kr Cs er
kN/m kN/m kNs/m kNs/m
Very Soft 2.39 x 10° 3.00 x 107 3.49 x 10° 1.01 x 10°
Soft 1.07 x 10° 1.35 x 108 7.87 x 10° 2.28 x 10°
Medium 1.02 x 107 1.26 x 10° 2.47 x 10° 7.09 x 100

Dense 3.24 x 107 3.43 x 107 4.74 x 10° 1.16 x 107
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Table 3. Soil properties of the forty-story buildings.
Soil ks kr Cs &r
kN/m kN/m kNs/m kNs/m
Very Soft 4.78 x 10° 2.40 x 108 2.79 x 100 1.62 x 107
Soft 215 x 10° 1.08 x 10° 6.30 x 100 3.66 x 107
Medium 2.03 x 107 1.01 x 1010 1.98 x 107 1.14 x 108
Dense 6.48 x 107 2.74 x 1010 3.79 x 107 1.86 x 108
Table 4. Properties of the forty-story building.
story height, /1; (m) 4 to 160
story mass, m; (ton) 980

story stiffness, k; (kN/m)
story damping, ¢; (kNs/m)

2.1 x 10° t0 0.99 x 106
42.6 x 103 to0 20 x 103

story inertia, I; (ton-m?) 1.31 x 10°
foundation mass, m (ton) 1960
foundation inertia, Iy (ton-m?) 1.96 x 10°
Table 5. Properties of the five-story building.
story height, /1; (m) 41020
story mass, m; (ton) 300
story stiffness, k; (kN/m) 3.5 x 10° to 1.50 x 10°
story inertia, I; (ton-m?) 7.5 x 103
foundation mass, 1 (ton) 300
foundation inertia, I (ton-m?2) 7.5 x 10°
Table 6. Properties of the ten-story building.
story height, /; (m) 4 to 40
story mass, m; (ton) 300
story stiffness, k; (kN/m) 7.0 x 10° t0 3.00 x 10°
story inertia, I; (ton-m?) 7.5 x 10°
foundation mass, m (ton) 300
foundation inertia, Iy (ton-m?) 7.5 x 10°

A large number of earthquakes are used in the analysis. All the earthquake data were

downloaded from the PEER Ground Motion Database [46]. Corresponding earthquakes
include near-field records with rupture distances of less than 20 km and far-field records
with rupture distances of more than 20 km. Earthquake events used in this study are listed
in Table 7. The specific earthquake recording names and recording station information are
presented in the first two columns of Table 8. The number of records can also be obtained
from Table 8. Table 8 is given in the next section. More information about consistent
approaches in selecting earthquake records for seismic hazard mitigation studies can be
obtained from [47-49]. Moreover, the most recent approaches concerning base isolation
systems can be found in [50].

We wanted to compare different soil cases with uniform building and uniform base
isolation parameters. Therefore, we used the same type of base isolation properties in every
building and soil type in this study.

Dynamic simulations are performed by using Newmark’s average acceleration time
stepping method. In addition to time history analysis, spectrum analysis was also con-
ducted. In the following section, numerical results that were obtained by performing
dynamic simulations using the sample building defined in this section are presented. The
earthquakes defined in Table 7 are also used in the following section.
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Table 7. Earthquake events considered in the analysis.
Event Year Magnitude (M) Mechanism
Imperial Valley, US 1940 6.95 Strike Slip
Imperial Valley, US 1979 6.53 Strike Slip
Loma Prieta, US 1989 6.93 Reverse Oblique
Manijil, IR 1990 7.37 Strike Slip
Cape Mendocino, US 1992 7.01 Reverse
Erzincan, TR 1992 6.69 Strike Slip
Northridge, US 1994 6.69 Reverse
Dinar, TR 1995 6.40 Normal
Kobe, JP 1995 6.90 Strike Slip
Chi-Chi, TW 1999 7.62 Reverse Oblique
Diizce, TR 1999 7.14 Strike Slip
Hector Mine, US 1999 7.13 Strike Slip
Kocaeli, TR 1999 7.51 Strike Slip
Iwate, JP 2008 6.90 Reverse
Darfield, NZ 2010 7.00 Strike Slip
El May‘;\r/[gucapah' 2010 7.20 Strike Slip
Christchurch, NZ 2011 6.20 Reverse Oblique
Table 8. Maximum roof displacement values of the ten-story building.
BI BI
Earthquake Station Soil Fixed (m) BI (m) Reduction (SHSJ S?II;)B I Reduction
(%) w/SSI (%)
Imperial Valley, 1940 El Centro Array #9 Very Soft 0.185 0.078 57.86 0.075 0.053 29.29
Imperial Valley, 1940 El Centro Array #9 Soft 0.185 0.078 57.86 0.101 0.078 23.07
Imperial Valley, 1940 El Centro Array #9 Medium 0.185 0.078 57.86 0.163 0.078 52.06
Imperial Valley, 1940 El Centro Array #9 Dense 0.185 0.078 57.86 0.179 0.078 56.26
Imperial Valley, 1979 Calipatria Fire Station Very Soft 0.070 0.022 68.48 0.022 0.016 26.70
Imperial Valley, 1979 Calipatria Fire Station Soft 0.070 0.022 68.48 0.028 0.019 32.25
Imperial Valley, 1979 Calipatria Fire Station Medium 0.070 0.022 68.48 0.057 0.022 61.18
Imperial Valley, 1979 Calipatria Fire Station Dense 0.070 0.022 68.48 0.069 0.022 68.11
Imperial Valley, 1979 Delta Very Soft 0.103 0.051 50.32 0.053 0.046 12.30
Imperial Valley, 1979 Delta Soft 0.103 0.051 50.32 0.063 0.044 29.62
Imperial Valley, 1979 Delta Medium 0.103 0.051 50.32 0.084 0.051 39.14
Imperial Valley, 1979 Delta Dense 0.103 0.051 50.32 0.093 0.051 44.87
Loma Prieta, 1989 Alamed;ffgv:rl AISI vy Soft 0.195 0.036 81.59 0.026 0.030 —14.31
Loma Prieta, 1989 **lameda Naval Air Stn Soft 0.195 0.036 81.59 0.067  0.038 43.62
Hanger
Loma Prieta, 1989 Alam“;frfg:rl AITSI -\ fedium 0.195 0.036 81.59 0162 0.036 77.66
Loma Prieta, 1989 Alame“;?fg:rl AIrStn - ponge 0.195 0.036 81.59 0.185 0.036 80.52
Loma Prieta, 1989 Capitola Very Soft 0.261 0.057 78.07 0.102 0.043 57.31
Loma Prieta, 1989 Capitola Soft 0.261 0.057 78.07 0.235 0.060 74.32
Loma Prieta, 1989 Capitola Medium 0.261 0.057 78.07 0.238 0.059 75.32
Loma Prieta, 1989 Capitola Dense 0.261 0.057 78.07 0.256 0.058 77.38
Erzincan, 1992 (EW) Erzincan Very Soft 0.516 0.250 51.55 0.232 0.197 15.14
Erzincan, 1992 (EW) Erzincan Soft 0.516 0.250 51.55 0.374 0.244 34.67
Erzincan, 1992 (EW) Erzincan Medium 0.516 0.250 51.55 0.481 0.250 47.90
Erzincan, 1992 (EW) Erzincan Dense 0.516 0.250 51.55 0.494 0.250 49.31
Erzincan, 1992 (NS) Erzincan Very Soft 0.571 0.249 56.40 0.231 0.196 15.26
Erzincan, 1992 (NS) Erzincan Soft 0.571 0.249 56.40 0.372 0.243 34.74
Erzincan, 1992 (NS) Erzincan Medium 0.571 0.249 56.40 0.479 0.249 47.95
Erzincan, 1992 (NS) Erzincan Dense 0.571 0.249 56.40 0.533 0.249 53.29
Cape Mendocino, 1992 Cape Mendocino Very Soft 0.285 0.106 62.85 0.126 0.111 12.50
Cape Mendocino, 1992 Cape Mendocino Soft 0.285 0.106 62.85 0.194 0.108 44.37
Cape Mendocino, 1992 Cape Mendocino Medium 0.285 0.106 62.85 0.256 0.106 58.53
Cape Mendocino, 1992 Cape Mendocino Dense 0.285 0.106 62.85 0.276 0.106 61.57
Cape Mendocino, 1992 Shelter Cove Airport Very Soft 0.009 0.004 52.19 0.006 0.003 50.17
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Table 8. Cont.

BI BI
Earthquake Station Soil Fixed (m) BI (m) Reduction SSI SSLBI Reduction
(%) m) ) wssI (%)

Cape Mendocino, 1992 Shelter Cove Airport Soft 0.009 0.004 52.19 0.006 0.003 41.20
Cape Mendocino, 1992 Shelter Cove Airport Medium 0.009 0.004 52.19 0.008 0.004 44.65
Cape Mendocino, 1992 Shelter Cove Airport Dense 0.009 0.004 52.19 0.009 0.004 50.99
Northridge, 1994 Anacapa Island Very Soft 0.017 0.002 85.23 0.005 0.002 59.54
Northridge, 1994 Anacapa Island Soft 0.017 0.002 85.23 0.007 0.002 71.38
Northridge, 1994 Anacapa Island Medium 0.017 0.002 85.23 0.014 0.002 83.04
Northridge, 1994 Anacapa Island Dense 0.017 0.002 85.23 0.016 0.002 84.52
Northridge, 1994 Canoga Park Very Soft 0.637 0.320 49.77 0.297 0.252 15.26
Northridge, 1994 Canoga Park Soft 0.637 0.320 49.77 0.478 0.312 34.73
Northridge, 1994 Canoga Park Medium 0.637 0.320 49.77 0.614 0.320 47.87
Northridge, 1994 Canoga Park Dense 0.637 0.320 49.77 0.631 0.320 49.24
Kobe, 1995 Abeno Very Soft 0.107 0.025 76.62 0.034 0.016 53.33
Kobe, 1995 Abeno Soft 0.107 0.025 76.62 0.058 0.024 58.10
Kobe, 1995 Abeno Medium 0.107 0.025 76.62 0.080 0.025 68.67
Kobe, 1995 Abeno Dense 0.107 0.025 76.62 0.097 0.025 7417
Kobe, 1995 HIK Very Soft 0.103 0.029 71.54 0.032 0.016 48.03
Kobe, 1995 HIK Soft 0.103 0.029 71.54 0.076 0.022 71.56
Kobe, 1995 HIK Medium 0.103 0.029 71.54 0.092 0.029 68.64
Kobe, 1995 HIK Dense 0.103 0.029 71.54 0.099 0.029 70.56
Dinar, 1995 Balikesir Very Soft 0.005 0.002 60.24 0.003 0.001 52.65
Dinar, 1995 Balikesir Soft 0.005 0.002 60.24 0.007 0.002 74.38
Dinar, 1995 Balikesir Medium 0.005 0.002 60.24 0.005 0.002 65.64
Dinar, 1995 Balikesir Dense 0.005 0.002 60.24 0.005 0.002 62.85
Dinar, 1995 Dinar Very Soft 0.309 0.110 64.31 0.156 0.061 61.02
Dinar, 1995 Dinar Soft 0.309 0.110 64.31 0.225 0.103 54.45
Dinar, 1995 Dinar Medium 0.309 0.110 64.31 0.269 0.110 59.31
Dinar, 1995 Dinar Dense 0.309 0.110 64.31 0.306 0.110 64.02
Kocaeli, 1999 Arcelik Very Soft 0.053 0.016 70.20 0.017 0.014 16.73
Kocaeli, 1999 Arcelik Soft 0.053 0.016 70.20 0.034 0.016 53.71
Kocaeli, 1999 Arcelik Medium 0.053 0.016 70.20 0.052 0.016 69.52
Kocaeli, 1999 Arcelik Dense 0.053 0.016 70.20 0.053 0.016 70.43
Kocaeli, 1999 Istanbul Very Soft 0.014 0.010 31.95 0.009 0.009 1.23
Kocaeli, 1999 Istanbul Soft 0.014 0.010 31.95 0.016 0.010 40.94
Kocaeli, 1999 Istanbul Medium 0.014 0.010 31.95 0.014 0.010 28.99
Kocaeli, 1999 Istanbul Dense 0.014 0.010 31.95 0.013 0.010 25.07
Chi-Chi, 1999 CHY006 Very Soft 0.362 0.073 79.85 0.087 0.060 31.67
Chi-Chi, 1999 CHY006 Soft 0.362 0.073 79.85 0.183 0.071 61.13
Chi-Chi, 1999 CHY006 Medium 0.362 0.073 79.85 0.344 0.073 78.76
Chi-Chi, 1999 CHY006 Dense 0.362 0.073 79.85 0.357 0.073 79.57

Chi-Chi, 1999 CHY101 Very Soft 0.216 0.080 62.68 0.092 0.103 —11.95
Chi-Chi, 1999 CHY101 Soft 0.216 0.080 62.68 0.103 0.094 8.96
Chi-Chi, 1999 CHY101 Medium 0.216 0.080 62.68 0.173 0.082 52.78
Chi-Chi, 1999 CHY101 Dense 0.216 0.080 62.68 0.197 0.081 58.97
Duzce, 1999 Bursa Very Soft 0.848 0.433 48.95 0.401 0.341 15.03
Duzce, 1999 Bursa Soft 0.848 0.433 48.95 0.643 0.422 34.35
Duzce, 1999 Bursa Medium 0.848 0.433 48.95 0.820 0.433 47.22
Duzce, 1999 Bursa Dense 0.848 0.433 48.95 0.840 0.433 48.45
Duzce, 1999 Duzce Very Soft 0.632 0.316 49.95 0.295 0.249 15.42
Duzce, 1999 Duzce Soft 0.632 0.316 49.95 0.474 0.309 34.88
Duzce, 1999 Duzce Medium 0.632 0.316 49.95 0.610 0.317 48.03
Duzce, 1999 Duzce Dense 0.632 0.316 49.95 0.626 0.317 49.42
Manyjil, 1990 Abbar Very Soft 0.110 0.079 28.09 0.061 0.060 1.50

Manjil, 1990 Abbar Soft 0.110 0.079 28.09 0.078 0.087 —10.94
Manjil, 1990 Abbar Medium 0.110 0.079 28.09 0.092 0.082 10.35
Manyjil, 1990 Abbar Dense 0.110 0.079 28.09 0.099 0.081 18.94
Manjil, 1990 Rudsar Very Soft 0.057 0.015 73.12 0.026 0.012 55.12
Manyjil, 1990 Rudsar Soft 0.057 0.015 73.12 0.053 0.015 71.25
Manjil, 1990 Rudsar Medium 0.057 0.015 73.12 0.061 0.015 75.50
Manyjil, 1990 Rudsar Dense 0.057 0.015 73.12 0.058 0.015 73.63
Hector Mine, 1999 Banning Very Soft 0.011 0.006 40.51 0.006 0.004 34.64
Hector Mine, 1999 Banning Soft 0.011 0.006 40.51 0.006 0.006 8.82
Hector Mine, 1999 Banning Medium 0.011 0.006 40.51 0.010 0.006 35.18
Hector Mine, 1999 Banning Dense 0.011 0.006 40.51 0.010 0.006 38.88
Hector Mine, 1999 Indio Very Soft 0.073 0.044 39.99 0.046 0.035 24.68
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Table 8. Cont.

BI BI

Earthquake Station Soil Fixed (m) BI (m) Reduction (SHSJ S?IIH)B I Reduction

(%) wISSI (%)
Hector Mine, 1999 Indio Soft 0.073 0.044 39.99 0.082 0.046 4352
Hector Mine, 1999 Indio Medium 0.073 0.044 39.99 0.067 0.044 3491
Hector Mine, 1999 Indio Dense 0.073 0.044 39.99 0.071 0.044 38.34
Twate, 2008 AKTO023 Very Soft 0.186 0.036 80.50 0.043 0.030 31.37
Twate, 2008 AKTO023 Soft 0.186 0.036 80.50 0.085 0.035 58.73
Twate, 2008 AKTO023 Medium 0.186 0.036 80.50 0.161 0.036 77.71
Twate, 2008 AKTO023 Dense 0.186 0.036 80.50 0.179 0.036 79.83
Twate, 2008 TWT010 Very Soft 0.139 0.067 51.61 0.062 0.043 30.69
Twate, 2008 TWT010 Soft 0.139 0.067 51.61 0.080 0.065 18.65
Twate, 2008 TWT010 Medium 0.139 0.067 51.61 0.129 0.068 46.80
Twate, 2008 TWT010 Dense 0.139 0.067 51.61 0.137 0.068 50.50

El May%'lcoucapah' Chihuahua Very Soft 0.133 0.040 69.61 0.038 0.053 —38.85
El May%’ﬁucapah' Chihuahua Soft 0.133 0.040 69.61 0.134 0.046 65.74
El May%ﬁucapah' Chihuahua Medium 0.133 0.040 69.61 0.138 0.041 70.22
El Mayor-Cucapah, Chihuahua Dense 0.133 0.040 69.61 0.142 0.041 71.50
2010

El Maygg'lcoucapah' Michoacan de Ocampo ~ Very Soft 0332 0.113 65.99 0.107 0.095 11.68
El Maygro'lcoucapah' Michoacan de Ocampo Soft 0332 0.113 65.99 0.184 0.117 36.35
El May%'lcoucapah' Michoacan de Ocampo ~ Medium 0332 0.113 65.99 0276 0.114 58.63
FIMayortucapal,  Michoacan de Ocampo  Dense 0.332 0.113 65.99 0315 0113 63.95
Darfield, 2010 Canterbury Aero Club Very Soft 0.056 0.037 35.09 0.045 0.029 34.56
Darfield, 2010 Canterbury Aero Club Soft 0.056 0.037 35.09 0.052 0.039 24.88
Darfield, 2010 Canterbury Aero Club Medium 0.056 0.037 35.09 0.050 0.037 25.14
Darfield, 2010 Canterbury Aero Club Dense 0.056 0.037 35.09 0.053 0.037 30.06
Darfield, 2010 DSLC Very Soft 0218 0.064 70.61 0.053 0.046 12.41
Darfield, 2010 DSLC Soft 0218 0.064 70.61 0.071 0.071 0.30
Darfield, 2010 DSLC Medium 0218 0.064 70.61 0.196 0.066 66.20
Darfield, 2010 DSLC Dense 0218 0.064 70.61 0215 0.065 69.82
Christchurch, 2011 ADCS Very Soft 0.017 0.003 81.89 0.006 0.003 46.34
Christchurch, 2011 ADCS Soft 0.017 0.003 81.89 0.006 0.003 49.92
Christchurch, 2011 ADCS Medium 0.017 0.003 81.89 0.014 0.003 78.63
Christchurch, 2011 ADCS Dense 0.017 0.003 81.89 0.016 0.003 80.98
Christchurch, 2011 CECS Very Soft 0.009 0.006 38.67 0.009 0.003 64.57
Christchurch, 2011 CECS Soft 0.009 0.006 38.67 0.007 0.004 31.37
Christchurch, 2011 CECS Medium 0.009 0.006 38.67 0.008 0.006 30.16
Christchurch, 2011 CECS Dense 0.009 0.006 38.67 0.009 0.006 36.30

4. Numerical Results

The numerical results section is concentrated on the acceleration, velocity and dis-
placement time histories of the structures. Dynamic simulations are performed for every
soil condition given above. In addition, the results are presented separately for each soil
condition. The comparisons are carried out between the conventional structures and the
structure with BI. Figure 5 shows the top story acceleration time history responses of the
five-story building for the 1989 Loma Prieta Earthquake, considering different soil con-
ditions. We should mention here that the accelerations are relative accelerations and not
absolute acceleration responses. The maximum velocities are also investigated, but they
are not shown here, and no comparative velocity analysis is given in this section because of
space constraints. However, for all mentioned earthquakes, building heights and soil cases
mentioned in this paper earlier, the velocity investigation is carried out, and the outcomes
are considered in the conclusion section. The displacement time histories for different soil
conditions for the five-story building under the effect of the Loma Prieta earthquake and the
maximum displacement of each story are not shown for this building, as the maximum roof
displacements for every case defined are shown in Table 8. The maximum displacement
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curves are only shown for the forty-story building in this section. Figure 6 shows the
maximum relative acceleration of the ten-story building under the effect of the Kocaeli 1999
earthquake. The top story displacement time history for the ten-story building under the
effect of the Kocaeli earthquake is given in Figure 7. For the forty-story building under the
effect of the 1979 Imperial Valley Earthquake, the top story acceleration time histories and
maximum acceleration of each story are shown in Figures 8 and 9, respectively. Moreover,
in Figure 10, the top story displacement time histories are shown, while in Figure 11, the
maximum story displacements are presented for the 1979 Imperial Valley earthquake.

Considering the acceleration results (the majority of the results are not shown in this
paper) for five-, ten- and forty-story buildings, BI reduces the responses significantly in all
cases. This is more of an expected outcome. In addition, SSI reduces the acceleration values,
but these effects are only pronounced in softer soil conditions. Considering the velocity
curves for five-, ten- and forty-story buildings (these curves are not shown here), the results
are similar to the acceleration results; Bl reduces the responses considerably. It can also be
claimed that SSI reduces the velocity values, but again, these effects are only pronounced
in softer soil conditions. In very soft soil conditions, SSI effects can be observed clearly,
but when moving towards denser soil, the effects disappear, and the structures behave like
they are fixed based.

Considering the displacement results for five-, ten- and forty-story buildings, although
the base isolated displacements might be higher than in fixed base cases, large displace-
ments occur at the Bl layer, providing low inter-story displacements, and the structures
behave linearly. This may also mean that the BI absorbs most of the seismic energy by itself.
However, an energy-based analysis was not carried out here. This is also an anticipated
characteristic of BI. It can also be mentioned that SSI reduces the displacement values; like
the acceleration and velocity investigations, these effects are only pronounced in softer soil
conditions. This is the expected result, as the dense soil case has the closest behavior to a
fixed base case among all soil cases studied in this paper.

Maximum roof displacement values were calculated for each earthquake, and results
for the ten-story building are presented in Table 8. More specific outcomes with numerical
percentages are given in this part. For the base isolated case, the displacement of the
isolation system was subtracted from the story displacements. The sixth column of Table 8
shows the fixed base response reduction percentage of the base isolated case. For this
comparison, SSI was not included. Without considering SSI in the base isolated cases, the
response reduction percentage ranges from 28% to 85%, which is a significant maximum
reduction percentage. If we consider the ninth column of Table 8, which is the base
response reduction percentage of the base isolated case considering SSI, this case compares
the structure without BI with SSI and the structure with BI considering SSI. For this case, the
response reduction ranges from —38% to almost 85%. Moreover, —38% corresponds to the
El Mayor-Cucapah 2010 earthquake and is a very soft soil condition case. Additionally, this
percentage shows that Bl increased the uncontrolled structure displacement. However, this
is one of the only four extreme cases out of 132 analyses. We only wanted to interpret the
negative percentage meaning here. However, if the ninth column is considered specifically,
it tells us that Bl usage still significantly decreases the responses of upper stories, although
these reductions are not as high as in the cases in which SSI is not considered. Another
important finding from this table, which can be seen clearly, is that for dense soil cases, the
response reductions are almost identical to those for the fixed base cases. If we compare
the sixth and ninth columns of Table 8, the difference in the response reduction percentage
for the fixed base case and dense soil case ranges from 9% to —2%. Furthermore, —2%
means that in one of the dense soil cases, the response reduction is higher than in the
case without SSI. This may also be considered as one of the four extreme cases and not an
expected result.

It can be understood from the results that the effectiveness of Bl is generally reduced
when SSI is considered. Only 12 out of 132 analyses showed that the BI reduction is clearly
increased considering SSI. In the next section, the BI spectrum is given.
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Figure 5. Top story acceleration—time history of five-story buildings (Loma Prieta, 1989).
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Figure 6. Maximum acceleration of each story for the ten-story building (Kocaeli, 1999).
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Figure 7. Top story displacement-time history of the ten-story building (Kocaeli, 1999).
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Figure 9. Maximum acceleration of each story for the forty-story building (Imperial Valley, 1979).
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Figure 10. Top story displacement-time history of forty-story buildings (Imperial Valley, 1979).
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Figure 11. Maximum displacement of each story for the forty-story building (Imperial Valley, 1979).

Spectral Analysis

Spectral analyses are conducted for the five-story building considering the 1940 Im-
perial Valley earthquake. Spectral acceleration and displacement graphics can be seen in
Figure 12. The results show that the period elongation feature of BI and SSI lowers the
spectral acceleration response of the structure. BI displacements are higher than fixed
conditions, which is the same as the time history results. We can also see that SSI effects
are more noticeable in softer soil conditions, in a similar manner to time history results
and that the effects diminish when we move towards denser soil. Table 9 shows the de-
tailed results of the spectral analyses. In Table 9, T is the period, and SA, SV and SD are
the spectral acceleration, spectral velocity and spectral displacement, respectively. If we
consider Table 9 and Figure 12 for very soft soil conditions, the values of SA range from
1.84 to 5.34 with respect to the base conditions; for soft soil conditions, values of SA range
from 1.92 to 5.34 with respect to the base conditions, for medium soil values of SA range
from 1.92 to 5.45, which are the maximum obtained SA values among all the different soil
conditions. Lastly, for dense soil, SA values range from 1.92 to 5.39. It can be observed from
the table that when the period of the structure increases, SA decreases. This is applicable
to all different soil conditions. BI cases have higher SA in all soil conditions. However,
for spectral displacements, we can observe that when the period increases, the spectral
displacement also increases. Bl implementation increases SD, and this is the expected result.
For all different soil types, this increase can be observed. The conclusions obtained from
this study are presented in the next section.
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Figure 12. Spectral acceleration and displacement graphics for every soil condition.
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Table 9. Spectral analysis results of the five-story building (Imperial Valley, 1940).
Soil Base T (s) SA (m/s?) SV (m/s) SD (m)

Very Soft Soil fixed 0.82 5.34 0.70 0.09
Very Soft Soil BI 2.13 1.93 0.65 0.22
Very Soft Soil SSI 1.12 3.44 0.61 0.11
Very Soft Soil SSI+BI 2.26 1.84 0.66 0.24
Soft Soil fixed 0.82 5.34 0.70 0.09

Soft Soil BI 2.13 1.93 0.65 0.22

Soft Soil SSI 0.89 4.82 0.68 0.10

Soft Soil SSI+BI 2.16 1.92 0.66 0.23
Medium Soil fixed 0.82 5.34 0.70 0.09
Medium Soil BI 2.13 1.93 0.65 0.22
Medium Soil SSI 0.83 5.45 0.72 0.09
Medium Soil SSI+BI 2.13 1.92 0.65 0.22
Dense Soil fixed 0.82 5.34 0.70 0.09
Dense Soil BI 2.13 1.93 0.65 0.22
Dense Soil SSI 0.82 5.39 0.70 0.09
Dense Soil SSI+BI 2.13 1.92 0.65 0.22

5. Conclusions

A large number of numerical analyses are conducted for three different buildings.
With respect to the numerical results that are given in this paper, the following conclusions
are obtained:

e Bl may greatly reduce the acceleration, velocity and displacements of structures that
are induced by earthquakes.

e  Although the total displacement might be higher than in a fixed structure, most of it
occurs on the isolation system, and the superstructure moves as a whole, resulting in
much lower inter-story drift compared to the fixed base structure.

SSI may modify the acceleration, velocity and displacement responses of structures.
The results show that SSI mostly reduces the effects of earthquakes. In order to stay on
the safer side, design codes do not specify SSI analysis procedures; they often briefly
state that SSI can sometimes modify earthquake responses, and for those rare cases, it
should be investigated.

This study’s results are in line with these assumptions. For a small number of cases,
SSI may slightly increase the response of structures. The results also show that SSI effects
are much more pronounced in soft soil conditions and hardly ever present in dense soil
conditions. In dense soil conditions, the response of structures eminently approaches that
of fixed base conditions. Based on this study, SSI affects the performance of BI systems.
The effectiveness of a Bl system is reduced when SSI is considered. According to this study,
both far and near-fault earthquakes lead to responses that have similar characteristics.
The heights of the structures also do not have any significant effects when SSI and BI are
considered together. Spectral analysis results are in line with the time history results.

The results obtained from this study are also compared with the existing literature. In
this research, it is seen that SSI affects the performance of the isolation system. The same
outcome was also obtained in [27,28,35]. Additionally, SSI effects were found to be more
pronounced in soft soil conditions, which is similar to the findings presented in [13,14].
Moreover, our study includes many results about SSI effects on tall buildings. This is an
important aspect of SSI research, as it was stated in [36] that SSI effects in tall buildings is a
concept that needs to be investigated more.

Lastly, it should be mentioned that, by performing an extensive number of dynamic
simulations that were coded based on the simple proposed formulation defined in Sec-
tion 2.5, it was seen that the solution is computationally efficient, and it does not create any
stability problems for the numerical model. For future studies, three-dimensional models
considering SSI and BI can be studied. The formulation given in this study may also be
generalized for three-dimensional structures considering SSI as a future study.
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