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Wavelet analysis of soil-structure interaction effects on seismic responses
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Abstract. Seismic base isolation has been accepted as one of the most popular design procedures to protect important
structures against earthquakes. However, due to lack of information and experimental data the application of base isolation is
quite limited to nuclear power plant (NPP) industry. Moreover, the effects of inelastic behavior of soil beneath base-isolated NPP
have raised questions to the effectiveness of isolation device. This study applies the wavelet analysis to investigate the effects of
soil-structure interaction (SSI) on the seismic response of a base-isolated NPP structure. To evaluate the SSI effects, the NPP
structure is modelled as a lumped mass stick model and combined with a soil model using the concept of cone models. The lead
rubber bearing (LRB) base isolator is used to adopt the base isolation system. The shear wave velocity of soil is varied to reflect
the real rock site conditions of structure. The comparison between seismic performance of isolated structure and non-isolated
structure has drawn. The results show that the wavelet analysis proves to be an efficient tool to evaluate the SSI effects on the
seismic response of base-isolated structure and the seismic performance of base-isolated NPP is not sensitive to the effects in this

case.
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1. Introduction

The dynamic behavior of inelastic structures during
seismic excitation is a complex non-stationary process. The
conventional Fourier analysis allows to decompose a non-
stationary signal to complex exponential functions as a
superposition of series of sine and cosine to obtain the
frequency content of the signal in the time domain. The
main disadvantage of Fourier analysis is that it cannot
provide any time located information of these frequencies.
In contrast, wavelet analysis is a powerful tool which
provides both time and frequency localized information of a
signal simultaneously. The wavelet analysis was first
applied in the development of oil and gas field (Goupillaud
et al. 1984). Subsequently, many researchers have developed
the methodology of wavelet analysis (Daubechies 1992 and
Meyer 1992). Wavelet tool was used by Newland (1994) for
analysing vibration records and developing special wavelets
for engineering purposes. However, wavelet analysis has
been used in damage detection of structural element and
structural health monitoring (Melhem and Kim 2003 and Yi
et al. 2013). In recent times, wavelets have been applied in
seismic engineering to investigate acceleration responses of
dynamic systems (lyama and Kuwamura 1999 and
Chatterjee and Basu 2004).
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Seismic base isolation has been considered as a
prominent technique to protect structures against
seismically induced ground motions. Many studies were
conducted to investigate the efficiency of base isolation
system under seismic excitation (Stewart et al. 1999, Kani
et al. 2006). Recently, seismic base isolation has been
applied in design and construction of different kind of
structures such as, conventional buildings, bridges, and NPP
industry. Up to date, only six nuclear reactors in two nuclear
power plants (NPPs) in France and South Africa have been
constructed with seismic base isolation system (Malushte
and Wittaker 2005, Huang et al. 2010). Additionally, a new
nuclear reactor in France is under construction with seismic
base isolation devices (Forni 2011). Furthermore, many
researchers have investigated the seismic responses of base-
isolated NPP structures under seismic loading (Micheli et
al. 2004, Zhao and Chen 2013). Though, Forni et al. (2012)
have provided rough recommendations on the design and
construction of base isolation system of NPP, however, till
now there is no specific standards for base isolated NPPs.

Since the inelastic behavior of soil beneath a structure
may play an important role to alter the seismic response of
the superstructure, the consideration of soil-structure
interaction (SSI) on the seismic analysis and design is
essential. The common practice usually ignores the SSI
effects on seismic response of base isolated infrastructure.
Recently many studies have been focused on the
significance to consider the effects of SSI on design of
important infrastructures. The SSI effects on the modal
properties of base-isolated buildings were investigated by
Novak and Henderson (1989) and concluded that the effect
should not be ignored for the isolated structures.
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Tongaonkar and Jangid (2003) numerically evaluated the
effect of SSI on a three-span bridge and led to the
conclusion that SSI has incremental effect in seismic
displacements of bridges. Spyrakos et al. (2009)
investigated the SSI effect on the response of base-isolated
buildings and the conclusion was that the SSI has
significant effect on modal properties of squat and stiff
base-isolated structures. Mahmoud et al. (2012) conducted
a parametric study to compare the responses of isolated
structure with and without SSI under different ground
motions and found that SSI has slight influence on the
response of flexible structures. Sharmin et al. (2017)
investigated the influence of SSI on seismic responses of
offshore wind turbine with considering earthquake incident
angle.

The ambiguous conclusions of the above studies
indicate that additional research is needed to evaluate the
effects of SSI on the seismic performance of isolated
structures. The present study focuses on the investigation of
SSI effects on seismically isolated nuclear power plant
structures. A time frequency tool based on wavelet analysis
is used to evaluate the time frequency characteristics of
ground motion and acceleration response of the structures.
A comparison between seismic performance of isolated and
non-isolated NPP has drawn to show the effectiveness of
the isolation system. Furthermore, the correlation between
wavelet coefficients of input ground motion and
acceleration response of structure has been evaluated to
identify the short-term changes in the frequency content of
the response.

2. Nuclear Power Plant (NPP) structure
2.1 NPP stick model

The Korean standard nuclear reactor APR1000
(Advanced Power Reactor) is adopted for numerical
analysis. The APR1000 is a pressurized water reactor
(PWR), and Fig. 1 demonstrates its lumped mass stick
model beside the hypothetical structural diagram of NPP
containment building (Lee and Song 1999).

O — Node

[] — Element Number

O — Node Number
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Fig. 1 NPP stick model and sectional elevation of
containment building
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Fig. 2 Linearization of the force-displacement relationship
of LRB isolator

The total height of the model is 65.8m. The stick model
of the NPP consists of fourteen nodes and thirteen three
dimensional beam elements. The actual translational and
rotational masses of the NPP are also transferred to the
corresponding nodes on each element’s edge as lumped
masses.

2.2 Design of base isolator

The lead rubber bearing (LRB) isolation device is used
to provide discontinuity between foundation and the NPP
structure. The LRB isolation device consists of low
damping natural rubber, steel plates and a lead plug damper.
The alternating laminations of thin rubber layers and steel
plates bonded together to provide horizontal flexibility and
vertical rigidity, and the lead plug is used to add damping to
the isolation system. In this study, the design of LRB
isolator is adopted from the international Organization for
Standardization (ISO) specification (2010). The present
study considered equivalent linear properties of the
isolation device, demonstrated in Fig. 2. In Fig. 2, K,
denotes the linear (unloading) horizontal tangential
stiffness. Ky and Ky are the post-yield horizontal stiffness
and the effective horizontal stiffness of the isolator
respectively. Qqand F, represent the characteristic strength
and the yield strength respectively. 5y and Jni, denote the
maximum horizontal displacement and the minimum
horizontal displacement of the isolator, respectively. And
Fmax and Fpin represent the maximum and the minimum
horizontal forces corresponding to the maximum and the
minimum displacements of the isolator, respectively.

In this study, the total weight of base-isolated NPP
structure is 110,950 tons, which is used for calculating and
designing the dynamic properties of the LRB isolators. The
following equation represents the horizontal stiffness of the
isolators, after the yielding of the lead damper

27 2
Kot =M (T ) 1)
H
where K represents the total global horizontal tangential

stiffness of the system. In addition, M denotes the total mass
of the NPP structure with base mat and T denotes the
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O — Lumped mass node
MWW\ — LRB Isolator Element

Fig. 3 Nuclear island base mat dimensions

Table 1 Properties of the LRB base isolator

Horizontal IZ?(?::I’I Yield Characteristic ~ Yield  Hardening
Stiffness 2 gStrength Strength  Displacement  ratio
Stiffness
Kq
Ky (KN/m) (kN/m) Fy (KN) Qg (kN) dy (mm) a
8436.10 7089.55 303.73  269.31 4.85 0.113

target fundamental period of NPP structure, which is
considered as 2 sec preliminarily. The calculation of
horizontal stiffness of single isolator of base-isolated NPP is
denoted by the following equation
Ktotal
Ki == @
In the above euqation, Ky represents the horizontal
(effective) tangential stiffness of the single isolator. N is
number of isolators. In this study, 121 LRB isolators are
used for base isolation system. Before the yielding of the
lead plug the linear (unloading) horizontal stiffness of the
isolator can be expressed as K,=(4~6.5)xKy, while the yield
strength can be represented as F,=(0.03~0.05)xW, where W
is the total weight of NPP. In this study, K, and F, are
considered as 4K and 0.05W respectively. Furthermore, the
characteristic strength of the isolator is represented as

K
Qi =F,(1-—H) 3)
KU
And the hardening ratio of isolator can be expressed as
Kq
a=—
” (4)

u

Tables 1 and 2 illustrate the dynamic properties and
dimensions of LRB isolator for the base-isolated nuclear
power plant structure.

Table 4 Characteristics of selected ground motions

Table 2 Dimensions of the component of LRB base isolator

No. of Rubber Total Total Lead plu Outer
. layer  thickness of thickness P9 diameter
rubber , . . diameter .
layers thickness rubber  of isolator (mm) of isolator
(mm) layers (mm) (mm) (mm)
10 18 180 350 210 1950
Table 3 Base mat dimensions of BI-NPP model
Base mat dimensions No. of LRB isolators
_ Total no.
Length Width Area along along  ,f isolators
(m) (m) (m?) X-dir.  Y-dir.
100 80 8000 11 11 121

2.3 Base mat of nuclear island

The structural model of base-isolated nuclear power
plant is established with the stick model of NPP
containment building and the base mat with 121 LRB
isolators. The total thickness of the base mat under the NPP
stick model is 12 m, with dimensions (20 mx16 m), and the
thickness is 4 m for the rest of the base mat area. The total
modeling is done by OpenSees Navigator, compatible with
OpenSees platform (Schellenberg et al. 2013). Table 3
represents the base mat dimensions and number of isolators
in each direction of BI-NPP model. Fig. 3 demonstrates the
base mat dimensions in the global axes.

3. Ground motion characteristics

To examine the seismic behavior of the nuclear power
plant structure three large and well recorded earthquakes are
selected i.e., 1940 El Centro, 1989 Loma Prieta, and 1995
Kobe. The Fig. 4(a), (c) and (e) represent the acceleration
time history of El Centro, Loma Prieta and Kobe record
with a time increment of 0.02 sec, 0.005 sec and 0.01 sec
respectively. The peak ground acceleration (PGA) of the
ground motions are 0.32g, 0.32g and 0.69g respectively.

The first 31.36 sec, 39.95 sec and 40.95 sec of these
records are used for time history analysis. The Fig. 4(b), (d)
and (f) show the Fourier based power spectral density
(PSD) of these excitations. It is observed from the Figs. that
the predominant frequency of the records are 1.51 Hz, 0.37
Hz and 2.12 Hz respectively. Table 4 represents the
information of selected earthquake ground motions.

4. Wavelet analysis

A wavelet is a small localized wave that starts with zero

No.  Earthquake Year Ma,gi/r:\llsude M(fcohuz:r?iesm Duration (sec) P((; )A PGV (m/s) frzge:eonr?;nfﬁ ;)
1 El Centro 1940 7.0 Strike-Slip 31.36 0.32 0.33 1.51
2 Loma Prieta 1989 6.9 Oblique 39.95 0.32 0.43 0.37
3 Kobe 1995 6.9 Strike-Slip 40.95 0.69 0.85 2.12
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Fig. 4 Acceleration time history and Fourier based power spectral density (PSD) of selected ground motions

and back to zero after a few oscillations. The wavelet is
used as a basis function to analysis the transient, non-
stationary signals with sharp discontinuities (Sarica and
Rahman 2003). The wavelet transform has most attractive
feature to represent the energy components over different
frequency contents of the signals, which is unavailable in
the Fourier transform (lyama and Kuwamura 1999). The
wavelet transforms are mainly two types; the continuous
wavelet transforms and the discrete wavelet transform. The
main advantage of the discrete wavelet transform is that no
redundant components are existed in transferred data and
the inverse transform is possible to any time-frequency
data. In this study, the discrete wavelet transform is applied
and referred as “wavelet transform” for simplicity.

4.1 Wavelet decomposition

The acceleration signal is divided into two signals
called, the approximations and the details, by passing
through two complementary filters: i.e., a low-pass filter
and a high-pass filter. The portions of the original signal
which passed through low-pass filter are the high-scale and
content low frequency component. They are denoted as the
“approximations”. And high-pass portions of the signal
which called the “details” are the low-scale and content
high-frequency component. The decomposition process of
the signal is shown in Fig. 5. This process is denoted by the
following equation

Sj (t) = aj+1(t) + dj+1(t)

where S(t) represents the original signal, a(t) is the

()

Table 5 Frequency and time range of each decomposition
level of EI Centro record

Decomposition level ~ Frequency (Hz)  Time interval (sec)
1 12.5-25 0.08-0.04
2 6.25-12.5 0.16-0.08
3 3.125-6.25 0.32-0.16
4 1.562-3.125 0.64-0.32
5 0.781-1.562 1.28-0.64
6 0.3905-0.781 2.56-1.28
7 0.195-0.3905 5.13-2.56

Table 6 Frequency and time range of each decomposition
level of Loma Prieta record

Decomposition level ~ Frequency (Hz)  Time interval (sec)
1 50-100 0.02-0.01
2 25-50 0.04-0.02
3 12.5-25 0.08-0.04
4 6.25-12.5 0.16-0.08
5 3.125-6.25 0.32-0.16
6 1.562-3.125 0.64-0.32
7 0.781-1.562 1.28-0.64
8 0.3905-0.781 2.56-1.28
9 0.195-0.3905 5.13-2.56

10 0.0975-0.195 10.26-5.13

approximations component,

and d(t)

is the details

component. And j denotes the level number of the particular

range of frequency content of

the signal.

The Eq. (6) is expressed the range of frequency content
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Table 7 Frequency and time range of each decomposition
level of Kobe record

Decomposition level Frequency (Hz)  Time interval (sec)
1 25-50 0.04-0.02
2 12.5-25 0.08-0.04
3 6.25-12.5 0.16-0.08
4 3.125-6.25 0.32-0.16
5 1.562-3.125 0.64-0.32
6 0.781-1.562 1.28-0.64
7 0.3905-0.781 2.56-1.28
8 0.195-0.3905 5.13-2.56
9 0.0975-0.195 10.26-5.13

Original signal So=ay+d;

Level 1 = a+ O,

Level 2 8= ag+ Us

Level 3 A= a+ d,

A\
Level 4

So=a+ds+dst do+ dy
Fig. 5 Decomposition levels

where At represents the time step of the acceleration signal.

CUJ- :[a)lj,a)zjj
1 1
DT A T Qi
The frequency ranges of decomposition levels of El
Centro, Loma Prieta, and Kobe records are presented in

Tables 5-7. According to Fig. 5 the original signal can be
expressed as follows

where

(6)

5,0 =2,0+ 34,0 ™)

where n is the total number of decomposition levels. The
decomposition of a signal should be done at a level where
there is no valuable information is contained by the
approximation. Without any loss of information the original
signal can be represented from details as follows (Sarica
and Rahman 2003)

5,00=2.4,0) ®)

The details components of the original signal can be
expressed as

d; () =3¢, ¥ ©)
In the above, k is an index of time scale, c;y represent
the corresponding wavelet coefficients, and y; are the basis

wavelet functions, which are denoted as

i )
v =25 (2't—k) (10)

Thus finally, the original signal with time interval [0,]
can be rewritten as

n t
So(t):zzcj,k'r’/j,k (11)
j=1 k=0

In this study, the 4th order Daubechies (db4) mother
waveletis used as a basis wavelet function which is suitable
for the general case of earthquake excitation analysis (Li et
al. 2009). Fig. 6 shows the 4th order Daubechies mother
wavelet.

The wavelet analysis starts with the decomposition
procedure of the applied ground motions and acceleration
responses of structures to evaluate the wavelet coefficients
and the wavelet functions at different levels. As an example,

Wavelet function
o
o
1
—

0 1 2 3 4 5 6 7
Time

Fig. 6 Daubechies basis function (db4)
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Fig. 7 Approximation and detail functions of seven
decomposition levels of El Centro record
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the approximation and detail functions of seven
decomposition levels of EI Centro record from level 1 to
level 7 are presented from the top to the bottom in Fig. 7.

4.2 Energy calculation using wavelet transform

According to Walker (1999), the total energy of a
discrete signal is the sum of the squares of its values and is
expressed as

E= Ati S, () (12)

where At denotes the sampling period. The above definition
is similar to Arias intensity measure. The Arias intensity of
So(t) is defined as (Kayen and Mitchell 1997)

T 2
E T ! S 2(t)dt (13)

In the above equation, g denotes the earth’s gravity.
Sarica and Rahman (2003) illustrated that the total energy
of a signal can be represented as the sum of the squares of
details only at each decomposition level. In this study, this
concept is used to evaluate the total energy of acceleration
signal which is expressed as

E=Y Y40 (1)

j=1 k=0

5. Soil structure interaction

O O O O N -

pAdZW Y N-l-NI‘dZ

Fig. 8 Cone model for translational modes of vibration
(Wong et al. 1977)

In the present study SSI system is adopted by using sub-
structure methodology where the structure and the soil
stratum are modelled separately and then combined together
to constitute a soil-structure model. The underlying soil of
the structure is assumed as a homogeneous half-space and
substitute with a simplified model based on the concept of
cone model, developed by Meek and Wolf (1993) and Wolf
(1994). In this model a truncated semi-infinite cone is used
to obtain soil-structure interaction mechanism. The model is
based on the assumption that the superstructure is rested on
a homogenous semi-infinite soil layer to extract soil springs
and dashpots (Ahmadi 2015).

In semi-infinite truncated cone the stress distribution
area under the structure is considered increases linearly with
depth which is shown in Fig. 8.

A{—j A (15)

where A represents the stress distribution area at any depth z
of the cone and A, (equals to 7r°) represents the equivalent
disk area on the surface. For translational modes of
vibration the radius of equivalent disk is obtained by
equating the area of the rectangular foundation to that of an
equivalent disk.

To derive dynamic stiffness coefficient for translational
modes of vibration an element of semi-infinite truncated
cone is considered with infinitesimal height dz and cross-
sectional area z. An axial force N is subjected to the element
which is resulting from a vertical force Py acting on the
disk. The axial displacement from the apex of the cone of
the disk is wp and w at any depth z resulting from Pg. The
static equilibrium condition at the element is expressed as

—N+N+@dz:0 (16)
oz

The expression can be written when the element is
subjected to a harmonic force

—N+N+aa—Ndz—pAWdz=O 7)
Z
constitutive

From the force-displacement and
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relationships following expression is obtained

N = ECA% (18)
oz

In the above equation, E. represents the constrained
modulus which is defined as ,ovp2 or (2Gs)(1-v) (1-2v). p
denotes the mass density (kg/m?), G, denotes the elastic
shear modulus (N/mm?), v, denotes the dilatational wave
velocity (m/s) and » denotes Poisson’s ratio of the soil.

The wave propagation Eq. (19) is obtained by
substituting Eq. (18) into Eq. (17).

0* 18
?(ZW) _v_zﬁ(zw) =0 (19)

p

Considering outwardly propagating waves only, the
solution of above equation is

ZW:zof[t—z;ZO] (20)
p

where f is an arbitrary function. When w=w, at z=z, the
f(t)=wy so the expression is

Z 1—17
W:_OWO [t_ O} (21)

z Vp

The first derivative of the above equation with respect to

zis
ow z, -1, z, -1,
— =S, |t — W t— 22
oz 7? 0( v J AT v (22)

p p p

where w’, represents the first derivative of wy with respect
to the argument [t-(z-zo/vy)]. Applying Eq. (22) into Eq. (18)
at z=z, leads to

v 2
P, =—N(z:zo)=p A
z

0

w, + pvaovi/0 (23)

where w=w o{t-(z-20)/v,} at z=z,. The above equation is the
force displacement relationship for vertical vibration which
represents both components of translational motion, i.e.,
vertical and horizontal components as follows

v .
P, = PV A, W, + pVA W, (24)
0
or P, = kw, + W, (25)
2
with k=LA (26)
ZO
and Cc=pVA, (27)

where k and ¢ represent the frequency independent stiffness
and viscous damping coefficient respectively (Ghaffar-Zade
and Cahpel 1983). And v is the dilatational wave velocity
for vertical motion and shear wave velocity for horizontal
motion.

For rotational modes of vibration the radius of
equivalent disk is obtained by equating moment of inertia of

SRR

| , i
AT T I T T T TN [de
pldzb K-;—/;m+m,,dz

/ | A

b

/ \,

Fig. 9 Cone model beneath figid foundation for rotational
degree-of-freedom (Wong et al. 1977)

the rectangular foundation to the moment of inertia
(rocking) or polar moment of inertia (torsion) of an
equivalent disk. Fig. 9 represents the cone model associated
with rotational degree of freedom where M is the moment
subjected to the equivalent disk, @ is the angle of rotation of
the disk due to the moment and |, is the moment of inertia
of disk about the axes of rotation.

The coefficient of the spring and dashpot for rotational
modes of vibration are as follows

3pVv7l
k=== (28)
0
c, = pvl, (29)

where v is the dilatational wave velocity for rocking mode
and shear wave velocity for torsional mode.

In order to consider soil material damping a vigot
viscoelastic model is used. In this model each original
spring is augmented by a dashpot in parallel and each
original dashpot is augmented by a pulley mass without
changing masses in the original model (Wolf 1994). The
coefficients of dashpot and pulley mass for translational and
rotational modes of vibration are expressed by Egs. 30 and
31 respectively.

c'=2ék, m’=éc (30)
2 @y

F 06 F S

C«):Z;ka m(p:;(;% (31)

where {, is the soil’s damping ratio and @, is the
fundamental frequency of the soil-structure system.

In this study, total five degrees of freedoms are
considered in the cone model by allowing sway and rocking
motions about x and y directions and torsion about z
direction. Two soil types are considered in the SSI model
i.e., soft rock (shear wave velocity V=600 m/s) and rock
(shear wave velocity V¢=1000 m/s) for reflecting the real
site conditions of NPP structures. The other soil parameters
used in this study are: p=2100 kg/m? (density of soil), v=0.4
(Poisson’s ratio) and = 0.05. Fig. 10 shows the soil model
used in this study.
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Fig. 10 Soil model (Kenarangi and Rofooei 2010)

6. Results and discussions

Two analysis conditions are considered of the nuclear
power plant model i.e., without adopting the base-isolation
system, which is simply denoted by ‘“NPP” and with
adopting the base-isolation system, which is denoted by
“BI-NPP”. To incorporate the SSI effect to the structure, a
discrete cone model is considered. Two shear wave
velocities are used to consider soft rock (V=600 m/s) and
rock (Vs=1000 m/s) sites for the structure. The time history
analysis is performed by applying three earthquakes, i.e.,
1940 EI Centro, 1989 Loma Prieta, and 1995 Kobe ground
motions. Finally the wavelet analysis is applied to
investigate and assess the effects of SSI on seismic response
of structures.

6.1 Natural frequencies

Modal analysis has been applied to evaluate SSI effects
on the fundamental period of NPP and BI-NPP structure
rested on soft rock and rock site. Table 8 shows the change
of the fundamental period of structures associated with SSI
effect. As seen in Table 8 the first natural period (0.241 sec)
of NPP structure with soft rock is 11% higher than the first
natural period (0.218 sec) of fixed base structure. Similarly
for rock site the period (0.224 sec) of structure is increased
by 3%. The results conclude that due to consideration of
soft rock site beneath NPP structure the rate of increase of
fundamental period is higher (around 8%) than the rock site.
For BI-NPP structure the first natural period is increased
from 2.064 to 2.069 and 2.065 sec which is smaller than 1%
when underlying soil profile is considered as soft rock and
rock respectively. In conclusion SSI has significant effect to
the increase of fundamental period of the NPP and BI-NPP
structures rested on two rock sites and the increment of
fundamental period of the NPP structure is noticeable than
the BI-NPP structure when soil profile is considered as soft
rock.

Table 8 First natural periods of nuclear power plant models
NPP BI-NPP

Analysis - -
case Without  Soft Rock Without Soft Rock
SSI  Rock site  site SSI  Rock site site
Firstnatural = )16 941 0224 2064 2,069 2.065

period (sec)

Table 9 Maximum lateral displacements of nuclear power
plant models

Maximum lateral displacement (m)
Analysis case

Ground NPP BI-NPP

motion Without Soft Rock  Without Soft Rock
SSI Rock site site SSi Rock site site
Top Top Top Bottom Top Top
Node Node Node Node Node Top NOOIeNode

El Centro 0.023 0.013 0.017 0.129 0.130 0.129 0.130

Loma 4 1> 0.024 0032 0266 0.267 0269 0.268

Prieta

Kobe 0.036 0.043 0.043 0.201 0.202 0.203 0.203

6.2 Lateral displacement

The sensitivity of lateral displacements is investigated
for both NPP and BI-NPP models considering effects of
SSI. Table 9 demonstrates the effect of SSI on the lateral
displacements of top node of the NPP and BI-NPP structure.
It is observed from Table 9 that due to considering soft rock
and rock site under NPP structure the top lateral
displacement is reduced by 45.20% and 27.13%
respectively for El Centro ground excitation and 43.2% and
25.04% respectively for Loma Prieta ground excitation. On
the other hand under Kobe ground motion the top horizontal
displacement of the structure is increased by around 17%
for both rock sites. It is clear that for considering flexibility
of NPP structure with soft rock under El Centro and Loma
Prieta ground excitation the rate of decrease of top lateral
displacement is greater (around 24%), while it is negligible
under Kobe ground excitation. However, when flexibility is
considered with soil profiles to BI-NPP structure the
alteration of top lateral displacement is less than 1% under
El Centro, Loma Prieta and Kobe ground excitations. The
results conclude that, the effect of SSI on horizontal
displacement of the BI-NPP structure is negligible for
different ground motions, while for NPP structure the effect
is prominent. Moreover the rate of fluctuation of horizontal
displacement of NPP structure is more visible for soft rock
site.

6.3 Total energy of acceleration response

Fig. 11 shows the profile of total accumulated energy for
the applied records and responses of structures which
characterizes the energy content through the duration of
motions. It is obvious from Figs. 11 (a), (c), and (e) that
total energy of the response of NPP provides highest value
compared with the applied records. The maximum
cumulative energy for El Centro record is 11.2 m?/s® which
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Fig. 11 Total energy profile of nuclear power plant models

is increased to 2367.6 m?/s® for the top response of NPP
structure while for Loma Prieta and Kobe records it is
raised from 0.3 m%s® to 21311.3 m%s® and 0.5 m%s® to
8817.2 m?/s®, respectively. However, after considering SSI
effect the energy associated with the response of NPP
structure decreases dramatically. The maximum decrements
are 92% and 83% for soft rock and rock sites under El
Centro record, where the values are 95% and 88% for Loma
Prieta and 88% and 75% for Kobe records due to
considering two rock sites respectively. Furthermore, the
decrease rate of total energy of response of structure is
increased intensely which is more than 50% when
flexibility is added with soft rock than the rock site. On the
other hand, Figs. 11 (b), (d), and (f) illustrate that, the
consideration of base isolation device to NPP significantly
reduces the total energy of response of the structure. Figs.
11 (a) and (b) show that under El Centro excitation
maximum energy of response of structure is dropped to 14.5
m?/s*® from 2367.6 m?/s® when base isolators are installed.
Similarly, the energy is decreased from 21311.4 m%s® to
37.1 m%s® and 8817.2 m%/s® to 59.2 m?/s’ for Loma Prieta
and Kobe records respectively. Moreover, it is evident from
Figs. that, the consideration of SSI effect on base isolated
NPP has negligible effect to change the total accumulated
energy. The energy is reduced by 0.7% and 0.8% under El
Centro and 0.2% and 0.1% under Loma Prieta records for
incorporating flexibility with soft rock and rock sites
respectively. However, for Kobe motion the energy is
increased by 0.7% and 0.8% for two rock site conditions. It
can be concluded that, the SSI effects have prominent role
to minimize the energy content of acceleration response of
NPP structure whereas the effects are unimportant for Bl-
NPP structure. Moreover, the decrease rate of total energy

of top response of NPP is increased dramatically when
underlying soil is replaced by soft rock.

6.4 Energy distribution at different levels

In Fig. 12, the energy distribution at different
decomposition levels of applied ground motions and
acceleration responses of structures are plotted with
application of SSI. It is seen that EI Centro, Loma Prieta,
and Kobe ground motions are “broad-banded” records,
which means that the energy ratios from the records are
spread over a wide level of frequencies. Around 93% of the
total energy of El Centro excitation is contained in levels 2-
6 (i.e. between 0.39 and 12.5 Hz). Similarly, more than 90%
energy belongs to the levels 4-8 and 3-7 for Loma Prieta
and Kobe ground motions respectively. The fundamental
frequencies of NPP models (with and without considering
SSI effect) are determined from dynamic modal analysis
and found to very between 4.1 Hz to 4.6 Hz. which lie in
level 3 corresponding to frequency range of 3.125 Hz to
6.25 Hz under El Centro record. Therefore, it is noticed
from Fig. 12 (a) that the energy portion of response of
structure in level 3 is increased from 28.2% to more than
80% than the applied ground motion. However, other higher
frequency levels (4-7) of response signal has less than 10%
of the total energy. Likely, for Loma Prieta and Kobe
records the largest part of energy of response set to more
than 80% has been concentrated in levels 5 and 4
respectively which contains the fundamental frequency of
the structure shown in Figs. 12 (c) and (e). However,
consideration of SSI to NPP display similar energy
distributions to the response of structure. Under all ground
excitations the change of energy contribution at different
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Fig. 12 Energy distribution at each decomposition level of nuclear power plant models

frequency levels due to SSI effect is less than 5%. These
results indicate that, for NPP structure the energy
distribution is dominated by natural frequency of structure
and demands more high frequency content than the input
ground motions, while, SSI has negligible effect to alter the
energy distribution of each frequency level of the structure.

On the other hand, Figs. 12 (b), (d), and (f) show the
response energy of structure is disseminated to the wide
range of frequencies when flexibility to the base is adopting
by installing base isolation device. The proportion of energy
of response of BI-NPP is similar to that of applied ground
records with the slightly higher ratios in level which
contains the first natural frequency of structure. The energy
ratio of El Centro record is increased from 3% to 10% in
level 6 which holds fundamental frequency of BI-NPP.
Similarly, it jumps from 9% to 22% in level 8 and 6% to
15% in level 7 under Loma Prieta and Kobe records
respectively. However, after adding SSI effects the decrease
of energy portion at each decomposition level is negligible
which is less than 2% under three ground excitations.
Therefore, it can be concluded that after incorporating base
isolation to the NPP structure the response energy
distributed across a wide band of frequencies, while the SSI
has minimal influence to alter it.

6.5 Comparison of ground motion and structural
response

Goggins et al. (2006) illustrated that short term changes
in the frequency content of a signal can be detected by
wavelet analysis. Any temporal variation in frequency
content of response signal indicates the changes in the

dynamic characteristics of structure such as an initiation of
stiffness degradation of the structural elements. The change
of wavelet coefficients can be identified by correlating both
the input ground motion and the acceleration response of
structure for each frequency band. The correlation
coefficient is expressed as

B Zi Wi W

where w,; and w,; denote the details of input ground motion
and the acceleration response of structure at level j. The p =
0 means no correlation, while p = 1 indicates that the
perfect correlation exist between input ground motion and
acceleration response.

Fig. 13 quantifies the correlation between the wavelet
coefficients for the ground motions and the acceleration
responses of NPP and BI-NPP structure with considering
soil structure interaction. Figs. 13 (a), (c), and (e) illustrate
that, poor correlation exists for most of the frequency
contents (levels) for NPP under three earthquake records.
The level 3 which holds the fundamental frequency of
structure with highest energy content under ElI Centro
record exhibits lower correlation is shown in Fig. 13 (a).
From Figs. 13 (c) and (e) similar observation can be made
at level 5 for Loma Prieta and 4 for Kobe excitation. After
adopting flexibility with considering SSI effect to structure,
the correlation coefficient increases for all most all
frequency levels. It is also noticed that relatively better
correlation exists when NPP rested on soft rock under all
earthquake cases. Whereas Figs. 13 (b), (d), and (f) show
good agreement between the ground and the top
acceleration response wavelet coefficients of the BI-NPP
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Fig. 13 Degree of correlation between ground motion and acceleration response of nuclear power plant models

structure. The levels 3-5 which contain most of the energy
of acceleration response of structure, show nearly perfect
correlation for EI Centro ground excitation, as displayed in
Fig. 13(b). Moreover, the level 6 holds fundamental
frequency of BI-NPP structure, presents good relationship.
Similarly Figs. 13 (d) and (e) show existence of good
correlation at all frequency band which contain highest
energy portions under Loma Prieta and Kobe excitations.
Furthermore, there is no significant change is noticed in
relation between input motion and acceleration response of
BI-NPP when SSI effects are considered with two rock
sites. In summary, the frequency content of the response of
NPP is not related to the input ground motion, whereas soft
rock site relatively increases the relation. However, BI-NPP
response directly correlates with input ground motion and
the relation does not change much when flexibility is
considered with SSI.

7. Conclusions

The present study has investigated the influence of soil-
structure interaction effects on the response of nuclear
power plant structure supported on base isolation devices
subjected to earthquake forces. To evaluate the SSI effects
on the dynamic properties of the structure the viscoelastic
cone model has been used. The analysis results show that
the SSI has noteworthy influence on the seismic responses
of NPP structure than the BI-NPP structure. The influence is
more tangible on the fundamental period and maximum
lateral displacement of the structure when flexibility of base
is considered with soft rock. To grasp SSI effects on the
acceleration response of nuclear power plant structure a

mathematical tool named wavelet transform is used which
is convenient to estimate the total energy of acceleration
time-history. The numerical analysis results depict that the
total output energy of NPP structure considering SSI effect
especially with soft rock site is decreased significantly
rather than fixed base NPP. This indicates that, NPP
structure suffers less acceleration and hence less vibration
when the flexibility is adopted with soil profiles. Whereas,
energy content of response of BI-NPP are not variable for
different soil conditions. Moreover, distribution of energy at
different decomposition levels of acceleration response of
the structure is evaluated to identify the frequency range
containing maximum portion of energy of the response. The
observation shows that the response energy of NPP
structure is concentrated around fundamental frequency,
while it is disseminated to the wide range of frequencies
and does not suffer much change due to SSI effect for Bl-
NPP structure. Furthermore, the correlation between ground
motions and acceleration response of structures with SSI
has been evaluated for detecting the short term changes in
the frequency content which leads to identify the variations
in the dynamic characteristics of the structure. The degree
of correlation inversely proportional to the amount of
resonance experienced a particular frequency band of
acceleration response. The results show that SSI has
noticeable influence in increase the relationship for NPP
structure than BI-NPP structure. By summing up the
findings of this study it can be concluded that wavelet
analysis is an efficient tool to evaluate the effects of SSI on
the seismic response of nuclear power plant structures. It
also demonstrated that the consideration of SSI is important
for NPP structure which shows beneficial effects to reduce
the responses of structure and for BI-NPP structure the
horizontal responses are not sensitive to the effects.
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