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One important aspect of applying seismic isolation to Nuclear Power Plants (NPPs) is that the complex interactions of flexible soil,
flexible isolators, and stiff structures require careful investigation. In this paper, a NPP model was used to investigate the effects
of SSI and the effects of changing soil and isolator properties on seismic response of an isolated NPP. The following aspects are
considered in the study: horizontal excitation and vertical excitation; linear and equivalent-linear models of the isolators; scaling
of the shear modulus of the soil profile model; and scaling of the horizontal equivalent stiffness of the isolators. It was found
that Pseudospectral Acceleration (PSA) in the nuclear structure at the frequencies near the natural frequency of the structure
increase with elevation, and the difference between the in-structure response spectral acceleration with and without SSI effects
is concentrated at the frequencies near the natural frequencies of the superstructure. It is also found that the linear SSI analysis
underestimates the in-structure response of the nuclear structures compared to the equivalent-linear SSI analyses, and the soil
profile properties directly affect the effectiveness of the isolation system.

1. Introduction

Seismic isolation has been used effectively in a number of
critical applications to protect important civil infrastructure
[1] and seismically isolated structures have performed as
expected in major earthquakes in Japan, the US, and else-
where [2, 3]. As a result, there is active interest in using
seismic isolation in developing new seismically resilientNPPs
and related facilities [4–9].

Seismic design of isolated buildings is often performed
assuming a rigid base and, consequently, the effect of SSI is
ignored. This is considered reasonable by some investigators
who show that although SSI has some influence on response
of the structures this influence is much smaller on an isolated
structure than on a nonisolated structure [10, 11]. Other
studies argue that seismic design based on the rigid base
assumption is not always safe. For example, Song and Ding
[12] carried out a finite element study of an isolated 9-story
shear wall building. They assumed the soil was elastic but
discovered that while the SSI had only modest effect on the
story drifts, the isolator displacement could be somewhat

bigger or smaller than predicted for a rigid base isolated
building depending on the characteristics of input motion.
Spyrakos et al. [13] considered a class model based on a two
degree of freedom lumped mass system (representing the
isolated structure) supported on a two degree of freedom
system representing an elastic and deformable half-space. A
parametric study was undertaken and it was concluded that
the effective period and effective damping of the isolated
system will shift especially for softer soils and stiff/squat
structural systems that have low mass compared to a rep-
resentative volume of soil interacting with the structure.
The seismically isolated Christchurch Women’s Hospital was
shaken by a series of earthquakes in 2010 and 2011. It was
noted that the displacement of the isolation system was only
2–5 cm, which is smaller than expected for this building
[14]. The investigators suggest that incorporating SSI effects
can help explain this phenomenon. Mahmoud et al. [15]
compared responses of isolated buildings with and without
SSI under different ground motions and concluded that SSI
may considerably influence the stiff superstructure response
and may only slightly influence the response of more flexible
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structures. Overall, these analyses suggest that this topic is in
its infancy and that additional research and development is
needed.

SSI has long been a concern in the design of NPPs sub-
jected to earthquakes [2, 16]. Politopoulos et al. [17] and Zhou
et al. [16] demonstrated that SSI may amplify the nonisolated
modes’ response and thus it must not be overlooked. Sayed
et al. [18] demonstrated that a base isolated NPP model
considering pile foundation showed higher responses than
the corresponding rigidly fixed base isolated NPP model
under short-period inputs, while they are less under the
long-period ground motions. A special concern has been
raised about the effect of SSI on the effectiveness of an
isolation system. This concern arises due to the tendency
of SSI to significantly lower the predominant frequencies of
the excitations felt by the heavy NPP structure (and thereby
reducing the effectiveness of isolation), but also because the
significantly lower frequency of an isolated NPPmight inval-
idate some previous observations regarding the effect of SSI
on NPPs. Most current isolation systems are not effective in
the vertical direction, so response of the plant in the vertical
direction will heavily depend on SSI effects. Moreover, some
isolation systems (e.g., elastomeric) have frequencies in the
vertical direction which are in the frequency range of interest
to structural elements and components.

Frequency domain methods have been used extensively
in the past for SSI analyses of NPPs [19–22]. In this study,
SASSI [23, 24] was used to study the effects of SSI and the
effects of changing soil and isolator properties on seismic
response of an isolated NPP.

2. Equations of Motion

The basic methods of analysis adopted by the computer
program SASSI2000 are called the flexible volume and the
subtraction methods. These methods are formulated in the
frequency domain using the complex response method and
the finite element technique [23, 24]. In the flexible volume
method used in this study, the total soil-structure system
shown in Figure 1(a) is partitioned into two substructure
systems as shown in Figures 1(b) and 1(c). The flexible
volume method assumes that the structure consists of the
superstructure plus the foundation minus the excavated soil.
The equations of motion for the total system shown in
Figure 1(a) can be written in the following matrix form:

[𝐶𝑠𝑠 𝐶𝑠𝑖
𝐶𝑖𝑠 (𝐶𝑖𝑖 − 𝐶𝑓𝑓 + 𝑋𝑓𝑓)]{

𝑢𝑠𝑢𝑓}

= { 0𝑋𝑓𝑓𝑢𝑖𝑓} + {
𝑃𝑥𝑠𝑃𝑥𝑓} = {

𝑃𝑠𝑃𝑓} .
(1)

Subscripts 𝑠, 𝑖, and 𝑓 are used to refer to degrees of freedom
associated with the nodes on the superstructure, basement,
and excavated soil, respectively. 𝑢 is the complex Fourier
coefficients of the modal displacement solution. 𝑋𝑓𝑓 is a
frequency-dependent matrix representing the dynamic stiff-
ness of the foundation at the interaction nodes and is called

the impedance matrix. Moreover, 𝑃𝑠 and 𝑃𝑓 are the net forces
at the superstructure and foundation nodes, respectively, with𝑃𝑥𝑠 and 𝑃𝑥𝑓 denoting the amplitudes of the external forces at
those nodes. [𝐶] is a complex frequency-dependent dynamic
stiffness matrix:

[𝐶] = [𝐾] − 𝜔2 [𝑀] , (2)

where [𝑀] and [𝐾] are the total mass and stiffness matrices,
respectively.

As indicated by these equations, for each frequency, 𝜔,
the impedance matrix, the load vector, and the dynamic
stiffness matrices for the structure and the excavated soil
are formed. After forming the equations of motion, they
could be solved. The main steps for a standard solution of
a SSI problem include forming dynamic stiffness of struc-
ture, forming dynamic stiffness of excavated soil, forming
impedance matrix, forming the total stiffness of the system,
triangularization, forming load vector, and solution of the
equations.

3. The Base Isolated Nuclear
Power Plant Model

A model representing a Generation III Pressurized Water
Reactor (PWR) NPP is illustrated in Figure 2. The Nuclear
Island consists of the Reactor Containment Building (RCB)
and the Auxiliary Building, which share a common base
mat. The shape of the Auxiliary Building is a rectangular
type with maximum dimensions of 103.6m × 102.4m. It
wraps around the RCB with a gap equal to 5 cm and the
radius of circular cavity for the RCB is 24m. The RCB
consists of the Containment Shell, Reactor Containment
Internal Structures, and Reactor Coolant Systems. The wall
thickness of the RCB and Auxiliary Building is 122 cm and
137 cm, respectively. The first horizontal frequency and the
first vertical frequency of the Containment Shell are 3.85Hz
and 11.02Hz, respectively, which are obtained using the stick
model of the Containment Shell with the bottom node fixed.
The first horizontal frequency and the first vertical frequency
of the Secondary Shield Wall (representative of the Internal
Structures) are 13.00Hz and 29.65Hz, respectively. There
are 219 lead rubber bearing elements in the model. The
isolators have an effective period of 2.0 s based on amaximum
displacement of 15 cm under the design basis earthquake.
The properties correspond to the design of the bearings are
shown in Figure 2(d). The isolators are assumed elastic in
SASSI except that the equivalent-linear method is used for
the isolators in Section 4.2.

The generic site soil profile used in the analyses is illus-
trated in Figure 3. In order to study the effect of site response
on SSI, the S-wave and P-wave velocities (i.e., corresponding
moduli) were scaled upwards and downwards; specifically,
the shear modulus𝐺 of soil was halved and doubled (0.5𝐺,𝐺,2𝐺), whichmakes the top soil layer corresponding tomedium
soil, hard soil, and rock, respectively. Although general NPPs
were set on rock sites, isolated NPPs are supposed to be set
on medium soil sites.
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Figure 3: Soil profile.

In SASSI, the control motion was set for the ground
surface, which has an elevation of 11.48m. According to the
characteristics of SASSI, unidirectional ground motion was
input for each analysis.The isolatedNPPwas designed to have
a Safe ShutdownEarthquake (SSE) of 0.5 g.The inputmotions
are illustrated in Figure 4. A synthetic time history M1 in
the horizontal direction, which was synthetically generated
to be consistent with the European Utility Requirements
for LWR Nuclear Power Plants and have 0.5 g of Peak
Ground Acceleration (PGA), is illustrated in Figure 4(a).
The corresponding synthetic time history M3 in the vertical
direction, with the PGA being 2/3 times of 0.5 g, is illustrated
in Figure 4(b). As illustrated in Figure 4(c), one horizontal
motion recorded atNishi-Akashi during theKobe earthquake
was also used. The Kobe motion has approximately the same
PGA as the M1 motion.

4. Horizontal Excitation Analysis

4.1. Comparison of Response Spectra with and without SSI
Effects. To study the effects of SSI on the seismically isolated
NPP, it is necessary to compare the results of one model with
SSI and another model without SSI. Because the frequency
domainmethod uses the so-called complex stiffnessmodulus
to represent damping forces, while viscous damping is used
in time domain analysis, it was decided to set both models
in the frequency domain code SASSI. For the model with SSI
effects taken into account, the soil profile with shear modulus𝐺 illustrated in Figure 3 was used as the input to perform the
free-field site response analysis using the computer program
SHAKE91 [25]. Then, the average strain-compatible soil
properties from the site response analysis were used as the
soil model in SASSI. For the model without SSI effects, the

fixed base structure was modelled by setting the soil layer to
a low thickness (e.g., 0.3m) and high stiffness, as well as by
removing the half-space under the soil layer. The equivalent
bearing stiffness was used in the analysis. The damping ratio
used for the response spectral analyses was set to 5%.

Comparison of the 5% damped response spectral acceler-
ation (Pseudospectral Acceleration, PSA) with and without
SSI effects for the top of the RCB and input motion is
illustrated in Figure 5. Figure 5(a) shows the value of PSA,
while Figure 5(b) shows the normalized PSA with respect to
the PSA of the input motions. Figure 6 shows the normalized
PSA with respect to the PSA of the upper mat above the
isolators.The difference between the results with and without
SSI effects is obvious at frequencies near 3.5Hz and 11Hz
for M1 motion and at the frequency near 4Hz for the
Kobe motion, which corresponds to the first (3.85Hz) and
second (11.02Hz) modal frequencies of the Containment
Shell. Although the M1 motion and the Kobe motion have
the same PGA, it can be observed that the Kobe motion
produces a relatively large response spectral acceleration at
a frequency of approximately 4Hz. The M1 motion produces
a relatively large difference between the results without and
with SSI effects. Relative to the PSA of the uppermat, the PSA
at the top of the RCB is amplified at all frequencies shown in
Figure 6 and notably amplified at frequencies near the natural
frequency of the Containment Shell.

Comparison of the response spectral displacement for the
top of the RCB and input motion is illustrated in Figure 7.
Isolation reduces the response spectral displacement for
almost all of the frequency ranges under the Kobe motion;
however, this is not the case for the M1 motion. The spectral
displacement results without and with SSI effects exhibit a
limited difference at a frequency of approximately 2∼4Hz.

Figure 8 shows the response spectral acceleration for dif-
ferent elevations of the RCB under horizontal excitation M1.
It can be observed that the in-structure response acceleration
in the RCB at the frequencies near 3.5Hz and 11Hz increases
with elevation. It can also be observed that the SSI effects
enlarge the amplification of the response spectral acceleration
along the elevation at a frequency near the natural frequency
of the RCB.

From the above discussions, it can be concluded that the
difference between the in-structure response spectral accel-
eration with and without SSI effects is concentrated at the
frequencies near the natural frequency of the superstructure
and that SSI effects enlarge the response spectral acceleration
at these frequencies.

A direct integration analysis of the NPP model in
ABAQUS with nonlinear isolation properties was performed
for having a consistent comparison with the employed fre-
quency domain analyses in SASSI. Comparison of results
between frequency domain (SASSI) and time domain
(ABAQUS) for the top of the RCB is illustrated in Figure 9.
Figure 9(a) shows the response spectral acceleration with
and without SSI considered. Figure 9(b) shows the ratio
between the PSA results with and without SSI effects. Both
time domain and frequency domain analyses show the trend
that SSI effects enlarge the amplification of the response
spectral acceleration near the natural frequency of the RCB,
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Figure 4: Input motions.

while time domain analysis shows a larger PSA value than
frequency domain analysis. This is considered to be due
to the nonlinear bearing model adopted in time domain
analysis which is closer to reality. Although the difference
exists between time domain and frequency domain analyses,
it can be seen from Figure 9 that frequency domain analysis
can predict the frequencies where SSI effects amplify the
PSA results and the ratio between the PSA results with and
without SSI effects. Considering that time domain analysis is
more time consuming than frequency domain analysis, it is
meaningful to investigate the seismic SSI response of isolated
NPP models by frequency domain analysis.

4.2. SSI Analysis Using the Equivalent-Linear Method. As
the displacement of bearings varies under excitation, it is
expected that using the fixed horizontal stiffness correspond-
ing to the design displacement is not always safe. It is
necessary to consider the different stiffness values at different
displacements. Considering that SASSI is a standard linear
software for SSI analysis of NPP structures, it ismeaningful to
adapt an iterative procedure of the equivalent-linear method
to the analysis of isolated NPPs.

The NPP model was used to perform an iterative study
for input motionM1.The two types of characteristic response
displacements of the bearings were used to calculate the
effective stiffness and damping ratio of the bearings in the
iteration procedure, as illustrated in Figure 10, until the error
between the equivalent stiffness used in the current step

and the calculated stiffness using the maximum/equivalent
displacement was less than 1%. The goal was to deter-
mine the correct equivalent stiffness such that the maxi-
mum/equivalent displacement of the bearings was equal to
the displacement used to calculate the equivalent stiffness
from the bilinear model of the bearings.

A comparison of the response spectral acceleration of
the noniteration analysis and the iteration analyses with the
maximum displacement and the equivalent displacement
used as the characteristic response displacement of the
bearings is illustrated in Figure 11. It can be observed that
the noniteration analysis underestimates the in-structure
response of the NPP structures, especially at frequencies
near the natural frequency of the isolation system. The
periods of the bearings corresponding to the noniteration
analysis, the iteration analysis usingmaximum displacement,
and the iteration analysis using equivalent displacement are
2 seconds, 1.85 seconds, and 1.71 seconds, respectively. It
can also be observed that the noniteration analysis yields
the smallest value and that the values from the iteration
analysis using the maximum displacement as the iteration
variable are lower for some frequency ranges and greater for
other frequency ranges than those from the iteration analysis
using equivalent displacement as the iteration variable. A
comparison of the response spectral displacement for the
different analysis methods is illustrated in Figure 12. At
a frequency of approximately 0.5Hz, the results from the
iteration analysis using the maximum displacement as the
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Figure 8: Response spectral acceleration for different elevations of the Reactor Containment Building under horizontal excitation M1.

iteration variable are greater than those from the other two
analysis methods. For frequencies greater than 1Hz, which
is of interest for in-structure response analysis, the response
spectral displacement of the different analysis methods
showed limited differences.

4.3. The Effect of Changing the Shear Modulus of the Soil.
The S-wave velocity and P-wave velocity of the original
soil profile model were scaled upwards and downwards, as
shown in Figure 3, to study its effects on seismic response
of the superstructure under the motion M1. Other portions
of the model were unchanged, that is, the superstructure, the
bearings and the control motion were the same throughout.

The PSA and the spectral displacement at the top and the
bottom of Reactor Containment Building are illustrated in

Figures 13 and 14, respectively. While the spectral displace-
ments of the two positions show minor difference when the
shear modulus of soil changes, the PSA at the top of RCB
shows big difference at the frequencies near 3.85Hz and 11Hz,
which corresponds to the first and secondmode frequency of
the Containment Shell. It can also be seen that reducing the
shear modulus of soil results in increasing the amplification
of PSA from the bottom to the top.These results demonstrate
that the effectiveness of the isolation system is affected by the
property of the soil profile.

4.4. The Effect of Changing Horizontal Equivalent Stiffness
of Bearings. Horizontal equivalent stiffness of the bearings
was scaled to study its effect on PSA. The scaled horizontal
equivalent stiffness values are illustrated in Table 1. When
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Table 1: Scaled horizontal equivalent stiffness of the bearings.

Scale factor of the stiffness Frequency of the bearings Period
0.44 0.33 3.0
1.00 0.50 2.0
1.78 0.67 1.5
4 1.0 1.0
256 8.00 0.13

the horizontal frequency of the bearings becomes 8Hz, it
corresponds to the case without isolation. The effect of
changing horizontal equivalent stiffness on PSA at the top
node and the bottom node of the RCB are illustrated in
Figures 15(a) and 15(b), respectively. It can be seen that
the frequency at which the maximum PGA occurs shifts

from case to case and that the in-structure response can be
amplified with high horizontal equivalent stiffness. The PSA
comparison at different elevations for bearing frequencies of
0.5Hz and 8Hz are illustrated in Figure 16. The results show
that PSA at the frequencies near the natural frequency of the
structure increase with elevation for both cases, while the
amplification factor is different. Actually, bearing frequency
of 8Hz represents a nonisolated model; it can be seen that
isolation decreases the amplification factor.

5. Vertical Excitation Analysis

5.1. Comparison of Response Spectra with and without SSI
Effects. Vertical motionM3 was input to study the SSI effects
in the vertical direction. The plots of 5% damped PSA at
different elevations of the RCB under vertical excitation are
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Figure 14: Comparison of response spectra displacement under horizontal excitation for different soil shear modulus.
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Figure 15: Effect of changing horizontal equivalent stiffness of bearings on PSA.

presented in Figure 17. A comparison of the PSA with and
without SSI effects for two specific positions and the input
motion M3 is illustrated in Figure 18. It can be concluded
that considering the SSI effects results in a reduction of the
PSA for a majority of the frequency range. This suggests that
soil acts as an isolation system in the vertical direction to
a certain degree. Moreover, it can be observed that the in-
structure response for the RCB near 10Hz is highly amplified
by the seismic motion. This differs from the corresponding
results obtained for the horizontal direction, although the in-
structure response near 3.5Hz increases with the elevation in

the horizontal direction. It is clear that the amplification of
the floor spectra in the vertical direction at frequencies cor-
responding to the vertical direction modes of the fixed base
structure and substantial deamplification of the horizontal
floor spectra over a broad frequency range will be expected.

The 5% damped response spectral displacement at dif-
ferent elevations of the RCB is illustrated in Figure 19.
A comparison of the response spectral displacement with
and without SSI effects for the two specific positions and
input motion is illustrated in Figure 20. It can be seen that
the difference between the in-structure response spectral
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Figure 16: PSA comparison at different elevation.
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Figure 17: The response spectral acceleration for different elevations of the Reactor Containment Building and vertical motion input.

displacement with and without SSI effects is concentrated
at the frequencies near 11Hz and 3Hz, which correspond
to the natural frequencies of the structure and the soil
field frequency. The SSI effects enlarge the response spectral
displacement at the soil field frequency, while reducing the
response spectral displacement at the natural frequencies of
the structure.

5.2. The Effect of Changing the Shear Modulus of the Soil.
The PSA and the spectral displacement at the two specific

positions are shown in Figures 21 and 22, respectively. The
spectral displacement at the two positions shows limited
differences when the shear modulus of soil changes. As the
frequencies, at which the PSA is amplified, change from one
soil profile to another, no obvious trend can be seen from
Figure 21. Nevertheless, it can be concluded from Figure 21
that reducing the shearmodulus of soil results in reduction of
the PSA over much of the frequency range. This means that
softer soil acts as an isolation system in the vertical direction
to a certain degree.
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Figure 18: Comparison of the response spectral acceleration with and without SSI effects under vertical excitation.
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Figure 19: The response spectral displacement for different elevations of the Reactor Containment Building and vertical motion input.

6. Conclusions

A model representing a standard modern Pressurized Water
Reactor (PWR) NPP was used to investigate the effects
of Soil-Structure Interaction on seismically isolated plants.
Moreover, in order to evaluate the effect of changing the shear
modulus of soil on the seismic response, the S-wave velocity
and P-wave velocity of the original soil profile model were
first scaled upwards and downwards; specifically, the shear
modulus of soil was taken as half or double that of the original
modulus, while other portions of the model were unchanged.
The results show the following.

(1) For the horizontal excitation, a substantial deam-
plification of the horizontal floor spectra over a
broad frequency range was expected in terms of the
effectiveness of isolation for NPPs. In regard to the
SSI effects on the seismic response of NPPs, the
difference between the in-structure response spectral
acceleration with and without SSI effects is concen-
trated at frequencies near the natural frequencies
of the structure. It is observed that the SSI effects
enlarge the response spectral acceleration at these
frequencies. Different from the response spectral
acceleration, there is a limited difference between
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Figure 20: Comparison of the response spectral displacement with and without SSI effects under vertical excitation.
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Figure 21: Comparison of response spectra acceleration under vertical excitation for different soil shear modulus.

the in-structure response spectral displacement with
and without SSI effects. In terms of the difference
between linear and equivalent-linear SSI analyses, it is
clear that the former underestimates the in-structure
response of the NPP structures. The response spec-
tra from the iteration analysis using the maximum
displacement as the iteration variable are smaller for
some frequency ranges and greater for other fre-
quency ranges than those from the iteration analysis
using the equivalent displacement as the iteration
variable.

(2) For the vertical excitation, considering the SSI effect
results in a reduction of the PSA for a majority
of the frequency range. This suggests that soil acts

as an isolation system in the vertical direction to
a certain degree. The difference between the in-
structure response spectral displacement with and
without SSI effects is concentrated at frequencies near
the natural frequencies of the structure and the soil
field frequency. The SSI effects enlarge the response
spectral displacement at the soil field frequency, while
reducing the response spectral displacement at the
natural frequencies of the structure.

(3) Reducing the shear modulus of soil results in increas-
ing the amplification of PSA in horizontal direction
from the bottom to the top of the Reactor Contain-
ment Building and reducing the effectiveness of the
isolators.
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Figure 22: Comparison of response spectra displacement under vertical excitation for different soil shear modulus.

(4) For the isolated NPP model studied, softer soil will
result in higher PSA in horizontal direction and lower
PSA in vertical direction over a substantial range of
frequencies. In addition, softer soil acts as an isolation
system in the vertical direction to a certain degree.

(5) The soil profile properties and isolator properties
directly affect the effectiveness of the isolation system.

Linear and equivalent-linear analyses using frequency
domain method were performed in this study to consider
the bilinear property of isolators according to the past
experience in nuclear industry. However, it is beneficial that
full nonlinear analysis is performed in time domain and
that several dozens of ground motions are taken as input to
determine response range in the future research.
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