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CAP1400 nuclear island structure is an advanced and novel nuclear power plant structure. In order to explore the seismic response
characteristics of CAP1400 nuclear island structure on soft rock sites, a three-dimensional refined nonlinear seismic response
analysis model was established for a soft rock foundation-nuclear island structure system using ABAQUS software.+e influences
of the input ground motion intensity and the frequency spectrum characteristics on the acceleration, relative displacement, and
floor response spectrum, as well as the critical shear wave velocity of nonbedrock sites for CAP1400 nuclear island structure, were
proposed. +e results suggested that the increasing amplitude of the peak acceleration and relative displacement of nuclear island
structure decreased as the soft rock site entered a nonlinear state, and the high-frequency components of the input groundmotion
became more abundant. Specifically, the earthquake response was the largest at the cooling water tank on the top of the shield
building, which was the focus of the seismic research on nuclear island structure. Due to the influence of the ground motion
frequency spectrum characteristics and the nonbedrock site effect, the peak acceleration, peak relative displacement, and ac-
celeration response spectrum of the nuclear island structure showed different changing trends for the near-field and far-field
ground motions. Based on the influence of the site shear wave velocity on the seismic response of nuclear island structure, it was
recommended that the critical shear wave velocity of nonbedrock sites for CAP1400 nuclear island structure should be 1250m/s,
and the nuclear island structure-foundation dynamic interaction could be ignored at this time. +e research conclusions could
provide some technical support and theoretical basis for the construction and seismic performance research of CAP1400 and
other nuclear power plants.

1. Introduction

According to the statistics of the International Atomic
Energy Agency, nuclear power generation accounts for
about 10% of global power generation and nearly 1/3 of low-
carbon power generation. Additionally, nuclear power
generation is an important part of the global energy strategy.
Nuclear power safety is a top priority in the development of
nuclear power, and the impact of earthquakes is an im-
portant consideration for nuclear power safety. CAP1400 is
the third generation of advanced nuclear power technology
in China’s nuclear power plant construction, and it is the
mainstream direction for the future large-scale development
of nuclear power in the world. Compared with other nuclear

power structures, CAP1400 nuclear island structure has the
characteristics of larger size, higher power, and a more
complex structure, which puts forward new requirements
and new challenges for research on the seismic performance
of CAP1400 nuclear island structure. Currently, there is only
one CAP1400 nuclear power plant under construction in the
world, built on the hard bedrock site (Vs > 2438m/s) of
Shidao Bay, Shandong Province, China [1, 2]. With the rapid
development of global nuclear power plant construction,
high-quality bedrock sites are becoming more and more
scarce, and nuclear power plants will be gradually built on
nonbedrock sites such as soft rock and soil [3–5]. +erefore,
the earthquake safety of CAP1400 nuclear island structure
on nonbedrock sites urgently needs in-depth systematic
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research to provide the necessary theoretical basis for the
construction and seismic performance research of nuclear
power projects.

In recent years, scholars have paid close attention to the
seismic responses and seismic performances of nuclear
power plants, and scholars have carried out extensive pre-
liminary studies on the soil-structure interaction (SSI) of a
nuclear island structure. For example, Tuñón-Sanjur et al.
analyzed the seismic response characteristics of AP1000
nuclear island structure on general hard bedrock sites using
ANASYS finite element software, and they designed five
types of nonbedrock sites that needed to consider SSI [1].
Ashiquzzaman and Hong et al. established relatively simple
models for the containment vessel of a nuclear power plant
(e.g., the particle-beam model) and analyzed the impact of
SSI on the seismic response characteristics of the contain-
ment structure [6–8]. While evaluating the seismic safety
performance of Japanese nuclear power structures, Naka-
mura et al. conducted a seismic response analysis of nuclear
island structures by considering SSI [9]. Kim et al. adopted a
new boundary condition to analyze the seismic response
characteristics of nuclear reactor structures under SSI in
which the structure adopted a concentrated mass model
[10]. Wang and Yang established an AP1000 nuclear island
finite element model and analyzed the seismic response of a
nuclear island structure under different foundation condi-
tions by considering the foundation embedment and SSI
[11]. Li et al. established a finite element model by con-
sidering the foundation-nuclear island structure interaction,
and they analyzed the seismic response of the contact area
between the shield building and the foundation soil for
different types of sites and different ground motion inputs
[12]. It can be seen that, for the current research, the seismic
response characteristics of CAP1400 nuclear island structure
on nonbedrock sites are rarely involved, and the corre-
sponding critical shear wave velocity of nonbedrock sites
needs to be studied and given.

In this research, the actual soft rock site of a nuclear
power plant was selected based on ABAQUS finite element
software, with consideration of the nonlinear characteristics
of soft rock and a viscoelastic artificial boundary. A three-
dimensional refined model of CAP1400 nuclear island
structure-foundation dynamic interaction was established,
and then the seismic response characteristics of CAP1400
nuclear island structure system were analyzed. According to
the influence of the shear wave velocity on the seismic re-
sponse characteristics of the nuclear island structure, the
critical shear wave velocity of nonbedrock sites suitable for
CAP1400 nuclear island structure was proposed. +is re-
search provides a theoretical basis for nuclear power plant
construction and seismic performance research.

2. Finite Element Model of CAP1400 Nuclear
Island Structure

2.1. Overview of Nuclear Island Structure. CAP1400 nuclear
island structure is mainly composed of the shield building
(SB), auxiliary building (AB), steel containment vessel
(SCV), and containment internal structure (CIS) (Figure 1).

+e entire structure is located on a 1.8m thick raft foun-
dation, and it is a Class I seismic structure. +e nuclear
island structure has a height of about 87.75m (including the
basement and a buried depth of 11.7m), a length of 90.80m,
and a width of 57.70m.+e outer diameter of the SB is about
47.97m, and the wall thickness is 1.10m. +e AB is a
reinforced concrete shear wall structure with elevations of
18.05m, 20.35m, and 35.30m; it contains a two-level
basement, and the bottom elevation is −11.70m. SCV has a
height of about 65.70m and a diameter of 39.70m. A crane
beam is coupled to the SCV, with an elevation of 39.0m.

2.2. Establishment of Finite Element Model. A refined model
of CAP1400 nuclear island structure was established using
ABAQUS finite element software.+e SB, AB, and SCVwere
simulated with the shell element (S4R). +e concrete base
floor and the concrete foundation inside the SCV were
simulated with the solid element (C3D8R). +e equipment
installation floor inside the SCV and the nuclear island raft
foundation were simulated with the shell elements (S4R).
+e internal reactor cooling loop (RCL), pressurizers, and so
forth were simulated by the three-dimensional beam ele-
ment (B31) and connected to the internal structure through
the rod element (T3D2). +e Tie constraint was adopted
between the SB and CIS and the AB, and the Embedded
constraint was adopted between the SCV and CIS. Figure 2
illustrates the refined finite element model of the nuclear
island structure, which adopted CAP1400 structural design
parameters, that is, the weights of the concrete structure and
the SCV steel plate were 2550 kg/m3 and 7800 kg/m3, the
elastic moduli were 34.5GPa and 206GPa, and Poisson’s
ratios were 0.2 and 0.3, respectively.

2.3. Modal Analysis of Nuclear Island Structure. In order to
better analyze the dynamic characteristics of the nuclear
island structure, the Lanczos method was adopted to per-
form a modal analysis on CAP1400 structure [13, 14].
According to [15, 16], the first ten modes were chosen for
extraction in this research, and it was found that the natural
vibration period of the first two modals of the nuclear island
structure was about 0.23 s (Table 1). +e modes were mainly
expressed as the beam translation in the Y- and X-directions
(Figure 3). It could be seen that the horizontal ground
motion had a greater impact on the nuclear island structure,
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Figure 1: Diagram of the nuclear island structure.
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Figure 2: Finite element model of the nuclear island structure. (a) Model composition. (b) Whole model. (c) +ree views.

Table 1: First ten modes of CAP1400 nuclear island structure.

Mode 1st 2nd 3rd 4th 5th 6th 7th 8th 9th 10th
Period (s) 0.2345 0.2234 0.1546 0.1426 0.1381 0.1329 0.1185 0.1157 0.1123 0.1107

U, Magnitude
+1.039e + 00
+9.525e – 01
+8.659e – 01
+7.793e – 01
+6.927e – 01
+6.061e – 01
+5.195e – 01
+4.329e – 01
+3.464e – 01
+2.598e – 01
+1.732e – 01
+8.659e – 02
+0.000e + 00

Z

Y
X

Z

YX

(a)

U, Magnitude
+1.024e + 00
+9.391e – 01
+8.537e – 01
+7.683e – 01
+6.829e – 01
+5.976e – 01
+5.122e – 01
+4.268e – 01
+3.415e – 01
+2.561e – 01
+1.707e – 01
+8.537e – 02
+0.000e + 00

Z

Y
X

Z

YX

(b)

Figure 3: +e first two modes of CAP1400 nuclear island structure. (a) +e 1st modal. (b) +e 2nd modal.
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and the maximum deformation occurred at the cooling
water tank on the top of the SB. +e first and second order
modes of vibration revealed the stiffness of CAP1400 nuclear
island structure model, that is, the stiffness in the Y-direction
was slightly smaller than the stiffness in the X-direction.

+e SB was constrained by the surrounding C-shaped
AB, which enhanced the stiffness on one side of the nuclear
island structure. Its first-order mode was along the direction
of weaker stiffness, indicating that the AB changed the
dynamic characteristics of the nuclear island structure, and
the influence of the AB on the dynamic characteristics of the
entire nuclear island structure could not be ignored. +e
entire nuclear island had to be considered to accurately
reflect its seismic response characteristics, which was con-
sistent with the research conclusions in [17].

In order to ensure the correctness of the calculation
model, the modal analysis results of CAP1400 nuclear island
structure were compared with the results of the relevant
existing literature [11, 18–22]. As can be seen from Table 2,
the natural vibration frequencies of the first two orders were
similar to the results reported in the existing literature.
Specifically, the average natural vibration frequencies of the
first two orders given by the existing literature were 4.17Hz
and 4.30Hz, respectively. Compared with the nuclear island
structure model in this research, the error rates were only
2.17% and 4.02%. +erefore, the finite element model of
CAP1400 nuclear island structure established in this re-
search was more reasonable.

3. Dynamic Calculation Model of the Soft Rock
Foundation-Nuclear Island Structure System

3.1. Soft Rock Sites. AP1000 standard design provides five
types of nonbedrock sites with shear wave velocities of less
than 1100m/s, that is, firm rock (FR), soft rock (SR), upper
bound soft-to-medium soil (SMS-UB), soft-to-medium soil
(SMS), and soft soil (SS), in addition to hard bedrock [1].
Figure 4 shows the shear wave velocity for these five types of
nonbedrock sites as a function of depth. Specifically, the
shear wave velocity of SR is about 740–960m/s. According to
“the Safety Guidelines for Site Evaluation and Foundation
Geotechnical Engineering Issues of Nuclear Power Plants,”
an SR site belongs to the Class II site foundation category,
and its shear wave velocity was about 300–1100m/s. During
nuclear power plant site selection, the shear wave velocity of
the currently selected SR sites mostly ranges from 350m/s to
950m/s, with the sites being mainly mudstone or muddy
cemented sandstone [23, 24].

During site selection of a nuclear power plant, SR is a
good option for a nonbedrock site. However, as one of the
five types of AP1000 nonbedrock sites, SR has some special
engineering properties, which are that SR is equivalent to
general strongly weathered rocks, and it has nonlinear and
strain softening characteristics [25]. At present, the seismic
analysis of nuclear island structures on SR sites is a frontier
research topic.

In this research, the upper stratum of the site selected for
the nuclear power plant was the Quaternary Neolithic Sea-
Land Alternate Faces sedimentary layer, the soil was mainly

silty clay, with silt sand and silt soil in part, and the exposed
thickness was in the range of 8.0–25.5m. +e lower part was
composed of strongly weathered mudstone, moderately
weathered mudstone, sandstone, and so forth, which were
continuously distributed and horizontally layered. +is site
belonged to the category of a typical SR site. +e basic
mechanical parameters of the site are shown in Table 3.
According to the “Code for Seismic Design of Buildings”
(GB50011-2010), the equivalent shear wave velocity of the
site was 515m/s, whichmeant that the site was categorized as
a Class I1 site.

3.2. Nonlinear Constitutive Model. While analyzing the SR
foundation-nuclear island structure dynamic interaction,
the modified Davidenkov constitutive model that was sec-
ondarily developed by Zhao et al. was used to describe the
dynamic nonlinear characteristics of the SR foundation [26].
+is constitutive model has been used for the seismic re-
sponse analysis of soil-underground structures, and it has a
certain degree of reliability [27–29]. +e stress-strain rela-
tionship of the constitutive model is shown in Figure 5(a).

+e relationship between the dynamic shear modulus
ratio G/Gmax, the damping ratio λ, and the shear strain c for
the SR site foundation was obtained with the dynamic tri-
axial test [30], as shown in Figure 5(b). +e Davidenkov
backbone curve parametersA, B, and c0 are shown in Table 4
[31], as obtained by fitting equation:

G

Gmax
� 1 −

c/c0( 
2B

1 + c/c0( 
2B

⎛⎝ ⎞⎠

A

. (1)

3.3. Mesh Generation and Boundary Condition. +e maxi-
mum vertical dimension hmax of the mesh of the SR
foundation model was taken as 1/8 to 1/10 of the wavelength
corresponding to the cutoff frequency [32], which could be
calculated based on the following equation:

Vs

10fmax
≤ hmax ≤

Vs

8fmax
, (2)

whereVs is the shear wave velocity of the soil layer and fmax is
the cutoff frequency, which was taken as 25Hz. According to
this, the vertical dimension of the mesh was in the range of
1.3–4.0m, the horizontal dimension was in the range of
1.5–3.0m, and the mesh of the area near the nuclear island
structure was refined.

In order to eliminate the boundary effect caused by the
reflection and refraction of seismic waves at the SR site
foundation model boundary, the lateral size of the SR
foundationmodel was about five times the foundation size of
the nuclear island structure, and the viscoelastic artificial
boundary was adopted [33]. +e buried depth of the nuclear
island structure model was 11.7m. +e structure was con-
nected to the SR site by the Tie constraint. Figure 6 illustrates
the overall established refined model of the SR foundation-
nuclear island structure system.
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Table 2: Comparison of the first two order modes of the nuclear island structure model.

Type
Nuclear island structure (m)

Calculation platform
Natural vibration frequency (Hz)

Height Diameter +ickness 1st Error 2nd Error
CNP1000 (Duan et al. [18]) 48.00 40.00 1.10 MSC. MARC 4.34 1.88% 4.38 2.23%
CNP1000 (Zhang et al. [19]) 48.00 40.00 1.10 SAP2000 4.48 5.16% 4.52 0.89%
CPR1000 (Yi et al. [20]) 66.68 37.00 0.90 ANASYS 4.22 0.94% 4.28 4.46%
AP1000 (Wang and Yang [11]) 83.36 44.20 1.00 ABAQUS 3.92 7.98% 4.25 5.13%
AP1000 (Wang et al. [21]) 83.37 44.2 0.912 ANASYS 4.04 5.16% 4.04 9.82%
CAP1400 (Li et al. [22]) 87.75 49.97 1.10 ABAQUS 3.99 6.34% 4.35 2.90%
CAP1400 (this research) 87.75 49.97 1.10 ABAQUS 4.26 — 4.48 —
Note. Error� (calculation result of existing literature− calculation result in this research)/calculation result in this research× 100%.
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Figure 4: Shear wave velocity curve of nonbedrock sites in AP1000 standard design.

Table 3: Basic mechanical parameters of the SR site.

Soils +ick (m) Density (kg/m3) Shear wave velocity (m/s) Poisson’s ratio μ
Silty clay 10.2 1960 316 0.47
Strongly weathered mudstone 9.4 2110 461 0.39
Moderately weathered mudstone 13.9 2250 559 0.35
Sandstone 16.5 2300 807 0.32
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Figure 5: +e stress-strain relationship of the soil and the relationship curve between G/Gmax, λ, and c.
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3.4. Input Ground Motion. +ere are two methods to de-
termine the input ground motion in site seismic safety
evaluation in China, namely, the deterministic method and
the probabilistic method.+e deterministic method involves
characterizing the hypocenter by the seismogenic structure
and its largest potential earthquake or the seismotectonic
area and its maximum diffuse earthquake. +e probabilistic
method involves characterizing the hypocenter by the po-
tential seismic source and its seismic activity parameters.
Based on these two methods for the site seismic safety
evaluation results, it was determined that the SL-1 and SL-2
peak accelerations of the horizontal bedrock ground motion
of the proposed nuclear power plant site were 0.10 g and
0.20 g, respectively. In order to study the impact of the
groundmotion characteristics on the seismic response of the
nuclear island structure, the near-field and far-field actual
seismic records were selected as the input bedrock ground
motion (Table 5), and each seismic record was amplitude-
modulated. +e peak accelerations of the input bedrock
ground motion were taken as 0.05 g, 0.10 g, and 0.20 g. +e
ground motion was input along the direction of the nuclear
island structure with a slightly weaker stiffness (i.e., the
translation direction of the first-order mode, as shown in
Figure 3). +e acceleration time history and the Fourier
spectrum of the original seismic records are shown in
Figure 7.

4. Calculation Results and Analysis

4.1. Floor Acceleration

4.1.1. Acceleration Time History. In this research, the ob-
servation points were set at the representative locations of
SB, SCV, CIS, and AB of the nuclear island structure
(Figure 8). It was found that the acceleration time history
curves were similar at different observation points, but the
peak accelerations were different. Figure 8 presents the
acceleration time history curve of each observation point
when the input ground motion intensity was 0.20 g. It can be
seen from the figure that the acceleration response of each
observation point showed a magnification effect in a dif-
ferent degree because of the spatial structure characteristics
of the nuclear island and the spectrum characteristics of the
input ground motion. Furthermore, due to the amplifying
effect of the SR foundation and the high-frequency filtering
effect, the acceleration response of the nuclear island
structure under the impact of the near-fieldMZQP wave was
smaller than that under the impact of the far-field SUCHIL
wave. +e peak acceleration of each observation point was
closely related to its height. Specifically, the peak acceleration
at the top of the SB (the highest point of the entire nuclear
island structure) was the largest, followed by the peak ac-
celeration at the top of the SCV, while the peak acceleration

Table 4: Constitutive model parameters of the SR site.

Soils A B c0 (×10−4)
Silty clay 1.202 0.457 18.09
Strongly weathered mudstone 1.313 0.439 30.01
Moderately weathered mudstone 1.531 0.422 35.27
Sandstone 1.727 0.351 60.42

Nuclear island structure Soft rock site
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Figure 6: Calculation model of the SR foundation-nuclear island structure system.
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Table 5: Input bedrock ground motion information.

Earthquake name Seismic
wave Station

Fault
distance
(km)

Direction Predominant
period (s)

PGA
(g)

Arias
intensity (m/

s)

Significant
duration D5–95 (s)

Wenchuan, China,
2008, Ms8.0

MZQP
wave 51MZQ 2.0 km EW 0.10 0.841 11.622 30.065

Michoacan, Mexico,
1985, Ms8.1

SUCHIL
wave SUCHIL 226.4 NS 0.35 0.078 0.0657 20.48
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Figure 7: Acceleration time history and Fourier spectrum of input bedrock ground motion.
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at the top of the AB was slightly larger than that of the CIS.
+erefore, as a Class I seismic structure, the passive cooling
water tank was set on the top of the SB, which was an
important focus during the seismic analysis of the nuclear
island structure.

4.1.2. Peak Floor Acceleration (PFA). Figure 9 shows the
changing trend of the PFA of the nuclear island structure as a
function of the height. It can be seen from the figure that,
with the increase of the height, the PFAs of the SB, SCV, AB,
and CIS generally increased to varying degrees. Specifically,
the PFA of the SB increased rapidly, especially at the higher
part of the structure, while the PFA of the lower part of the
SB was slightly smaller than that of the base floor, which was
mainly related to the larger stiffness of the base floor and the
complicated structure of the AB around the SB. +ese
characteristics were beneficial to the seismic resistance of the
pipelines and equipment inside the SCV, and the same law
was also reported by [9]. Additionally, the centralized mass
rod model was used to simplify the bottom constraint of the
nuclear island foundation. No reduction was observed in the
peak acceleration, but, generally, this did not affect the
dynamic characteristics of the nuclear island structure
system [34, 35]. +e SCV had a relatively larger stiffness and
larger height, and its PFA showed an increasing trend with
height, while the PFA of the AB and the CIS only increased
slightly.

With the increase of the input ground motion intensity,
the PFA of the nuclear island structure also increased. Be-
cause the SR site filtered the MZQP wave with richer me-
dium-high frequencies and it amplified the SUCHIL wave
with more developed low frequencies, the increasing am-
plitude of the PFA under the input of the SUCHIL wave was
larger than that under the input of the MZQP wave.
+erefore, the PFA of the nuclear island structure for
nonlinear SR sites was affected by the spectrum character-
istics of the input ground motion. +at is, with the en-
richment of the medium-high-frequency components in the
input ground motion, the increasing amplitude of the PFA
of the nuclear island structure decreased with the increase of
the input ground motion intensity.

4.1.3. Amplification Factor (AF) of the PFA. In order to
better analyze the acceleration response of the nuclear island
structure, the AFs of the PFA relative to the bedrock and the
basemat were calculated with the following equations:

AFbedrock �
PANIS

PABGM
, (3)

AFbasemat �
PANIS

PANIB
, (4)

where PANIS is the PFA of the nuclear island structure,
PABGM is the peak acceleration of the bedrock ground
motion, and PANIB is the peak acceleration of the nuclear
island basemat.

Figure 10 shows the distributions of AFbedrock and
AFbasemat at the top of the SB, SCV, AB, and CIS. It can be
seen from the figure that as the input ground motion in-
tensity increased, the SR site gradually entered a nonlinear
state, and AFbedrock shows a decreasing trend. +e decrease
of AFbedrock was more obvious for the input far-field
SUCHIL wave. AFbasemat showed an increasing trend, and
AFbasemat increased faster when the near-field MZQP wave
was input. Because it was affected by the characteristics of
the ground motion spectrum, the AF of the PFA of the
nuclear island structure under the input of the far-field
ground motion was generally larger than that under the
input of the near-field ground motion. In view of the spatial
difference of the nuclear island structure, the AF of the PFA
at the top of the SB was the largest, followed by that of the
SCV, while the AF of the PFA of the CIS was slightly larger
than that of the AB.

+e change characteristics of the AF of the PFA with the
increase of the input ground motion intensity indicated that
the SR site had gradually entered a nonlinear state. +e
Niigata-ken Chuetsu-oki Earthquake (2007) and Suruga Bay
Earthquake (2009) in Japan both appeared to have nonlinear
behaviors for the SR sites of nuclear power plants [36–38].
Combined with the AF of the relative basemat, it was found
that the amplification effect of the nuclear island structure
caused by near-field ground motion mainly depended on the
characteristics of the nuclear island structure itself, while the
amplification effect of the nuclear island structure caused by
far-field ground motion mainly depended on the propa-
gation of the bedrock ground motion through the nonlinear
SR site to the nuclear island foundation bottom. Compared
with the near-field high-frequency ground motion, the far-
field low-frequency ground motion was more destructive to
the nuclear island structure. +erefore, during the SSI
analysis of a nuclear island structure, it is necessary to
consider not only the nonlinear characteristics of the soil but
also the influence of the near-far field spectral
characteristics.

4.2. Floor Response Spectrum (FRS). +e acceleration re-
sponse spectrum reflects the influence of the input ground
motion on the dynamic characteristics of a nuclear island
structure by comprehensively considering the input ground
motion, the dynamic characteristics of the nuclear island
structure, and the relationship between the two. It is an
important indicator for the seismic response characteristics
of a nuclear island structure, and it is an important part of
seismic performance analysis. In this research, the accel-
eration response spectrum Sa(T) of the nuclear island
structure was normalized using equation (5), and the di-
mensionless dynamic coefficient β spectrum was obtained as
the FRS of the nuclear island structure.

β(T) �
Sa(T)

PFA
, (5)

where β(T) is the dynamic coefficient and Sa(T) is the
acceleration response spectrum of the nuclear island
structure.

8 Science and Technology of Nuclear Installations



Figure 11 shows the FRS of the nuclear island structure
observation points with a 5% damping ratio. It can be seen
from the figure that, due to the high-frequency filtering effect
of the SR site and the complexity of the nuclear island
structure, the bedrock spectrum was larger than the FRS of
the nuclear island structure in a short-term period (<0.2 s),
especially for the near-field ground motion. In the mid-term
period, the FRS of the nuclear island structure was greater
than the bedrock spectrum in the period of 0.2–1.0 s for the
near-field ground motion, and the FRS of nuclear island
structure was greater than the bedrock spectrum in the
period of 0.2–0.7 s for the far-field ground motion. In the
long-term period, the FRS of the nuclear island structure
showed a consistent changing trend, and the difference
became smaller and smaller. With the input of the near-field
MZQP wave, the FRS of the nuclear island structure moved
obviously toward the long-period direction (low-frequency
band), while with the input of the far-field SUCHIL wave,
the FRS of the nuclear island structure moved slightly to-
ward the short-period direction (high-frequency band).
Under the effect of the far-field SUCHIL wave, the peak FRS

of the nuclear island structure was relatively large in the
period of 0.20–0.40 s, and it showed a double-peak char-
acteristic. Its main peak period was 0.22–0.25 s, and the
secondary peak period was about 0.27 s. +e peaks were
relatively close, and they were close to the basic period of the
nuclear island structure (0.235 s; the corresponding natural
frequency was 4.26Hz). +erefore, the nuclear island
structure had a relatively stronger seismic response under
the effect of the far-field SUCHIL wave. +e peak FRS of the
nuclear island structure increased with the increase of the
input ground motion intensity, but the corresponding
predominant period remained essentially unchanged.

Figure 12 shows the changes of the FRS of the SB, SCV,
AB, and CIS with height when the input ground motion
intensity was equal to 0.2 g. It can be seen from the figure
that the higher the height of the nuclear island structure
observation point, the smaller the peak FRS, but the pre-
dominant period was essentially the same. Under the effect
of the near-field MZQP wave, the FRS of the SB, SCV, AB,
and CIS was narrower and more consistent; the peak FRS of
the base floor was significantly larger, while the peak FRS of
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Figure 9: Relationship between the PFA and the height of the nuclear island structure.
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the other floors had no significant difference. Under the
effect of the far-field SUCHIL wave, there were differences in
the double-peak spectrum shapes of the FRS of the SB, SCV,
AB, and CIS, and the changes in the peak FRSs on different
floors were relatively uniform.

4.3. Floor Relative Displacement. +e relative displacement
of different parts of the nuclear island structure under a
seismic load directly reflected the degree of seismic damage
to the nuclear island structure. Figure 13 shows the peak
floor relative displacement (PFRD) of the nuclear island
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Figure 10: AF of the PFA of the nuclear island structure.
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Figure 11: FRS of the nuclear island structure observation points.
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structure, that is, the absolute value of the maximum dif-
ference between the horizontal displacement time history of
each observation point and the horizontal displacement time
history of the basemat. It can be seen that the PFRD at the
top of the SB was significantly increased, which may have
been caused by the weak whiplash effect at the tapered roof
of the SB. +is part was installed with the passive cooling
water tank, so its seismic load should have been appropri-
ately increased during seismic design. With the increase of
the height of the observation point at the SB, SCV, AB, and
CIS, the corresponding PFRD showed an increasing trend.
Generally, the PFRD of the nuclear island structure under
the effect of the far-field SUCHIL wave with richer low
frequencies was larger than that under the effect of the near-
field MZQP wave. +e top of the SB, which was the highest
location of the entire nuclear island structure, had the largest
relative displacement. For the SL-2 limiting safe ground
motion, that is, when the input ground motion intensity was
0.20 g, the PFRD at the top of the SB was close to 2.5 cm,
which met the deformation requirement of the nuclear is-
land structure for normal use and which had a high safety
margin [39].

With the enrichment of the medium-high-frequency
components of the input ground motion, the increasing
amplitude of the PFRD of the nuclear island structure de-
creased gradually with the increase of the input ground
motion intensity. When the input ground motion intensity

increased from 0.05 g to 0.20 g, the increasing amplitudes of
the PFRD of the SB and the SCV were 1.787 cm and
1.055 cm, respectively, under the effect of SUCHIL wave, and
they were 1.658 cm and 0.933 cm, respectively, under the
effect of the MZQP wave with richer medium-high fre-
quencies. +erefore, the relative displacement of the nuclear
island structure under the SSI effect was related to the
spectral characteristics of the input ground motion. +e far-
field ground motion with further epicenters and relatively
fewer medium-high-frequency components might have
caused more serious potential damage to the nuclear island
structure.

Regarding the nonlinear effect, from the relative dis-
placement response in Figure 13, it can be seen that the
nonlinear relationship was not obvious. +is was mainly
because although CAP1400 nuclear island site used in this
research was a soft rock site, the equivalent shear wave
velocity of the site reached 515m/s, and the stiffness was
even larger. +erefore, although the nonlinear constitutive
model was used, the nonlinear effect might not have been
obvious in a site with such a large shear wave velocity, which
led to the fact that the nonlinear effect in the figure could not
be clearly reflected. In addition, according to the site seismic
safety assessment report, 0.05 g, 0.10 g, and 0.20 g were se-
lected as the input peak accelerations. However, because the
ground motion intensity was not particularly strong, the soft
rock site might still have been mainly elastically deformed,
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Figure 12: Changes of the FRS with the height of the nuclear island structure.
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resulting in insignificant nonlinear effects. Nonetheless,
there are still some reflections on the nonlinear effect in
Figures 9 and 10 for the acceleration changes of the nuclear
island structure.

5. Study of the Critical Shear Wave Velocity of
Nonbedrock Sites

Due to the advancement and novelty of CAP1400 nuclear
power plant, it will definitely be built more and more fre-
quently in the future. However, the critical shear wave ve-
locity of a nonbedrock site suitable for CAP1400 nuclear
island structure has yet to be studied. +erefore, five types of
SR stratums measured from the geological survey data of
nuclear power plants were selected first in this research. +e
basic mechanical parameters are shown in Table 6. Based on
this, the influence of the shear wave velocity of the SR site on
the PFA, PFRD, and FRS of CAP1400 nuclear island
structure was mainly investigated when the input peak
bedrock acceleration was 0.2 g. +en the recommended
critical shear wave velocity of nonbedrock sites for CAP1400
nuclear island structure was obtained, which provided a
necessary reference basis for the site selection and seismic
analysis of CAP1400 nuclear power plants.

5.1. Influence of ShearWaveVelocity onPFAofNuclear Island
Structure. Figure 14 shows the changes of the PFA of the
nuclear island structure with the shear wave velocity of the
SR site at four observation points. It can be seen from the
figure that, with the increase of the shear wave velocity, the
PFA at each observation point increased accordingly, that is,
the PFA of the nuclear island structure built on a harder rock
foundation was larger. +e PFA at the top of the AB and the
CIS was significantly smaller than that of the SB and the
CSV, which had a larger height. +e PFA of the CIS was the
smallest due to the low height of the CIS observation point
and the constraints from the SB and the SCV. It could be
seen that the internal structure supporting the nuclear power
equipment and the pipelines had high seismic safety. In
seismic design, it is recommended that more attention
should be paid to the SB and SCV where the earthquake
response is more severe, and appropriate seismic measures
should be taken.

5.2. Influence of Shear Wave Velocity on PFRD of Nuclear
Island Structure. +e influence of the shear wave velocity of
the SR site on PFRD of the nuclear island structure is il-
lustrated in Figure 15. It can be found from the figure that,

H
ei

gh
t (

m
)

–15

0

15

30

45

60

75

0.5 1.0 1.5 2.00.0
PFRD (cm)

2.5

MZQP wave
0.05g
0.10g
0.20g

(a)

H
ei

gh
t (

m
)

0.0 0.5 1.0 1.5 2.0 2.5
PFRD (cm)

–15

0

15

30

45

60

75

MZQP wave
0.05g
0.10g
0.20g

(b)

H
ei

gh
t (

m
)

0.0 0.5 1.0 1.5 2.0 2.5
PFRD (cm)

–15

0

15

30

45

60

75

MZQP wave
0.05g
0.10g
0.20g

(c)

H
ei

gh
t (

m
)

0.0 0.5 1.0 1.5 2.0 2.5
PFRD (cm)

–15

0

15

30

45

60

75

MZQP wave
0.05g
0.10g
0.20g

(d)

H
ei

gh
t (

m
)

–15

0

15

30

45

60

75

0.5 1.0 1.5 2.0 2.50.0
PFRD (cm)

SUCHIL wave
0.05g
0.10g
0.20g

(e)

H
ei

gh
t (

m
)

–15

0

15

30

45

60

75

0.5 1.0 1.5 2.0 2.50.0
PFRD (cm)

SUCHIL wave
0.05g
0.10g
0.20g

(f )

H
ei

gh
t (

m
)

–15

0

15

30

45

60

75

0.5 1.0 1.5 2.0 2.50.0
PFRD (cm)

SUCHIL wave
0.05g
0.10g
0.20g

(g)
H

ei
gh

t (
m

)

–15

0

15

30

45

60

75

0.5 1.0 1.5 2.0 2.50.0
PFRD (cm)

SUCHIL wave
0.05g
0.10g
0.20g

(h)

Figure 13: Relationship between the PFRD and the height of the nuclear island structure.
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with the increase of the shear wave velocity of the SR site, the
PFRD at each observation point of the nuclear island
structure gradually decreased, but when the shear wave
velocity exceeded 915m/s, the reduction of the PFRD tended
to stabilize, especially under the input of the near-field
MZQP wave. When the shear wave velocity was 395m/s

(extreme SR site), the PFRD at the top of the SB reached the
largest values (5.04 cm and 4.70 cm) under the input of the
MZQP wave and the SUCHIL wave. Although the stiffness
of the nuclear island structure was reduced, it still main-
tained a good overall performance and met the deformation
requirement for the seismic performance of a nuclear island

Table 6: Basic mechanical parameters for different SR sites.

Type Density (kg/m3) Shear wave velocity (m/s) Predominant period (s)
Constitutive model parameters
A B c0 (×10−4)

Site 1 1960 395 0.506 1.11 0.42 10.6
Site 2 2070 532 0.376 1.24 0.39 18.4
Site 3 2140 720 0.278 1.39 0.36 31.5
Site 4 2310 915 0.219 1.45 0.35 38.1
Site 5 2350 1099 0.182 1.58 0.34 51.2
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Figure 14: Relationship between the shear wave velocity of the SR site and the PFA of the nuclear island structure.
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structure. +e PFRD of the nuclear island structure under
the effect of the SUCHIL wave was slightly larger than that
under the effect of the MZQP wave except for the fact that
the shear wave velocity was 395m/s. +is suggested that the
CAP1400 nuclear island structure-foundation system was
more sensitive to the near-field wave uniform spectrum
ground motion at an extreme SR site. +erefore, when the
site of a nuclear power plant is selected at a site with a
relatively low shear wave velocity (e.g., sand), special at-
tention should be paid to the influence of near-site earth-
quake motion.

5.3. Influence of ShearWaveVelocity on FRS of Nuclear Island
Structure. Figure 16 shows the FRS at the top of the SB and
the SCV with the change of the shear wave velocity of the SR
site. It can be seen from the figure that, with the increase of
the foundation stiffness of the SR site, the peak FRS of the
nuclear island structure showed a decreasing trend, and the
predominant period showed a decreasing trend, that is,
moving toward the low-period (high frequency) direction.
In the short-term period (T< 0.3 s), the FRS on a harder SR
site was larger; in themid-term period (0.3–2 s), the FRS on a
softer SR site gradually became larger, especially when the
shear wave velocity was smaller. In the long-term period
(T> 2 s), the FRS became extremely small, and the influence
of the site hardness was no longer significant. +is showed
that the influence of the shear wave velocity on the nuclear
island structural system was mainly reflected in the higher

frequency band of the floor response spectrum (T< 0.6 s),
and the influence on the low frequency band was small.

As the shear wave velocity of the SR site increased, the
shape of the FRS gradually changed from a single peak to a
double peak under the input of the far-field SUCHIL wave,
while the shape of the FRS remained essentially unchanged
under the input of the near-field MZQP wave. +e peak FRS
of the SB under the effect of the near-field MZQP wave was
smaller than that under the effect of the far-field SUCHIL
wave, while the peak FRS of SCV showed an opposite trend.
+is suggested that the island structure and the spectrum
characteristics of the input groundmotion had very complex
effects on the seismic response of the nuclear island at the SR
sites. When the shear wave velocity remained unchanged,
especially when the shear wave velocity was relatively small,
the predominant period of the FRS under the input of the
far-field SUCHIL wave was greater than that under the input
of the far-field MZQP wave. As the shear wave velocity
increased, the FRS of the nuclear island structure under the
input of the far-field SUCHIL wave moved faster toward the
low-period (high frequency) direction, indicating that the
far-field ground motion might have a greater impact on the
nuclear island structure.

5.4. Analysis and Suggestion for Critical Shear Wave Velocity
onNonbedrockSites. Both China’s “Code for Seismic Design
of Nuclear Power Plants” (GB50267-97) and the US AP1000
Standard Design Guideline point out that SSI must be
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Figure 16: FRS at the top of the SB and SCV.

Table 7: PFA and PFRD at the top of the SB.

Case Vs

(m/s)

MZQP wave SUCHIL wave
PFA ai
(g) (aV − ai/aV)(%)

PFRD di
(cm) (|dV − di|/dV)(%)

PFA ai
(g) (aV − ai/aV)(%)

PFRD di
(cm) (|dV − di|/dV)(%)

I 1099 0.695 5.47 1.781 10.35 0.742 6.74 1.653 6.44
II 1150 0.712 3.18 1.727 7.00 0.752 5.41 1.580 1.74
III 1200 0.721 2.01 1.649 2.17 0.761 4.38 1.562 0.58
IV 1250 0.733 0.37 1.623 0.56 0.787 1.03 1.556 0.19
V 1300 0.735 — 1.614 — 0.795 — 1.553 —
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considered when the site shear wave velocity is less than
1100m/s. +e results of this research showed that when the
shear wave velocity of the SR site gradually increased to
1099m/s, the changes of the PFA and the PFRD of the
nuclear island structure both tended to stabilize. However,
this was not enough to determine the critical shear wave
velocity of the nonbedrock sites for CAP1400 nuclear island
structure. +erefore, in this research, 1150m/s, 1200m/s,
1250m/s, and 1300m/s were taken as the site shear wave
velocities to obtain the PFA and the PFRD at the top of the
SB and the SCV, as shown in Tables 7 and 8. It can be seen
from the tables that when the shear wave velocity exceeded
1099m/s, the changes of the PFA and the PFRD at the top of
the SB and the SCV obviously slowed down. Compared with
case V, the maximum change rates of the PFA and the PFRD
were 7.49% and 12.80%, respectively. Specifically, when the
shear wave velocity was 1250m/s, the minimum change rate
was 0.19%, the maximum change rate was only 1.66%, and
the effect of the shear wave velocity was negligible. +ere-
fore, when the site shear wave velocity was greater than
1250m/s, the shear wave velocity had a very minimal effect
on the seismic response of CAP1400 nuclear island struc-
ture-foundation system, and SSI could be ignored during the
seismic analysis of the nuclear island structure. It is worth
mentioning that the shear wave velocity here is the average
value in the depth range of 0–50m.

6. Conclusions

+e seismic performance of a nuclear island structure is one
of the core concepts in the CAP1400 project safety evalu-
ation, and the seismic response characteristics of the nuclear
island structures on SR sites are the focus of the current
research related to nuclear power plant seismic and site
selection, specifically. Based on the actual SR site of a nuclear
power plant, in this research, the nonlinear characteristics of
an SR site and SSI were considered. In addition, a three-
dimensional refined finite element model of CAP1400 nu-
clear island structure on the SR site was established, and the
seismic response characteristics of CAP1400 nuclear island
structure on the SR site with near-far field ground motions
were studied. By analyzing the influence of the shear wave
velocity of the SR site on the seismic response characteristics
of the nuclear island structure, the recommended critical
shear wave velocity of nonbedrock sites for CAP1400 nu-
clear island structure was proposed. +e conclusions and
recommendations are as follows.

(1) As the input ground motion intensity increased, the
SR site gradually entered a nonlinear state, and the
nonlinear seismic effect of the SR foundation-nu-
clear island structure system intensified accordingly.
Furthermore, the acceleration and relative dis-
placement response of the nuclear island structure
also increased with the input ground motion in-
tensity, but the increasing amplitude of the PFA and
the PFRDwas reduced.+e PFA and the PFRD at the
top of the SB, where the cooling water tank was
located, were the largest, and this might be con-
sidered to increase the seismic load at this location
appropriately during seismic design.

(2) +e peak FRS of the nuclear island structure de-
creased with the enrichment of the high-frequency
components in the input ground motion, and it
moved toward the long-period and short-period
directions with the near-field and far-field ground
motions, respectively. +e peak FRS decreased
with the increase of the height of the observation
point, and the predominant period remains es-
sentially unchanged. Additionally, the peak FRS
decreased with the increase of the shear wave
velocity of the SR site, and it moved toward the
low-period direction.

(3) +e amplification effect of the nuclear island
structure caused by the near-field and far-field
ground motions mainly depended on the charac-
teristics of the nuclear island structure itself and the
propagation of the bedrock ground motion through
the nonlinear SR site to the nuclear island foundation
bottom. Due to the amplification effect of the SR site
and the high-frequency filtering effect, the far-field
ground motion was more destructive to the nuclear
island structure.

(4) +e critical shear wave velocity of the nonbedrock
sites for CAP1400 nuclear island structure was
1250m/s, that is, for the seismic analysis of CAP1400
nuclear island structure, when the site shear wave
velocity was greater than 1250m/s, SSI could be
ignored during seismic design.

Data Availability

+e data used to support the findings of this study are
available from the corresponding author upon request.

Table 8: PFA and PFRD at the top of the SCV.

Case Vs

(m/s)

MZQP wave SUCHIL wave
PFA ai
(g) (aV − ai/aV)(%)

PFRD di
(cm) (|dV − di|/dV)(%)

PFA ai
(g) (aV − ai/aV)(%)

PFRD di
(cm) (|dV − di|/dV)(%)

I 1099 0.540 7.49 1.036 5.82 0.566 4.51 0.749 12.80
II 1150 0.548 6.10 1.021 4.29 0.580 2.03 0.716 7.83
III 1200 0.560 4.14 1.004 2.55 0.586 1.14 0.690 3.92
IV 1250 0.579 0.82 0.988 0.92 0.590 0.40 0.675 1.66
V 1300 0.584 — 0.979 — 0.592 — 0.664 —
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