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Seismic Analysis of AP1000 Nuclear Island
Structure by Using the Finite Element
Software ANSYS

Nguyen Dinh Kien, Vu Lam Dong

Abstract—Seismic analysis of AP1000 nuclear
island structure by using the commercial finite
element software ANSYS is presented. Using the
ANSYS  Workbench, a sophisticated three-
dimensional finite element model of the structure is
created and employed in the analysis. Dynamic
response of the structure to both the one-directional
and three-directional acceleration time histories are
considered in the analysis. The time histories for the
relative  displacement, velocity and absolute
acceleration of the structure are obtained for various
earthquakes, including American El Centro, Japanese
Kobe and Vietnamese Dien Bien earthquakes. The
numerical results show that the dynamic
characteristics obtained by using one-directional and
thee-directional acceleration time histories are
different, and the three three-directional acceleration
time histories should be employed in the seismic
analysis. The result also reveals that the nuclear
island is safer in Dien Bien earthquake that it is in El
Centro and Kobe earthquakes. The distribution of the
von Mises stresses of the structure according to the
maximum displacement at the top point is also
examined and highlighted.

Index Terms— AP1000, nuclear island, seismic
analysis, finite element model, dynamic response,
ANSYS.
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1 INTRODUCTION

he AP1000, designed and developed by

Westighouse Electric Company and its patners,

is an advanced nuclear power plant with improved

use of passive safety features. The plant has been

chosen by China, and it is under consideration by

Vietnamese government for Ninh Thuan 2 nuclear
power plant.

The safety of a nuclear power plant under
actions of natural disasters such as earthquakes and
tsunamis is the most concerned of engineers and
researchers in designing a new plant as well as in
evaluating the existing plants. Various methods,
including the numerical methods and facility
survey, have been developled in assessing the
behaviour of a nuclear plant under seismic loadings
[1].  Among the numerical methods, the finite
element method, is preferable due to its versatility
in the spatial discretization. The seismic analysis of
nuclear power structures by using the finite element
method have been extensively reported in the
literature. Manjuprasad et al. [2] derived a
nonlinear isoparametric solid finite element for
computing the dynamic response of reinforced
concrete containment shell at nuclear plants
subjected to seismic loading. The element with 20
nodes was developed by modelling the concrete in
compression by elasto-viscoplastic constitutive
laws and tensionstiffening effect by a strain-
softening rule. Various finite elements in ANSYS
library, including the beam element, shell element
and brick element have been employed by Tinic
and Orr [3] to model different parts of the AP1000
plant in their dynamic analysis of the nuclear island
structure. The stick and shell finite element models
for seismic analysis of the AP1000 nuclear island
structure have been developed by Tunon-Sanjur
[4]. The effects of soil-structure interaction has
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been taken into consideration in the finite element
models in Ref. [4]. Nakamura [5] presented a
method in which the frequency-dependent soil
impedance can be transformed to the time domain
for evaluating the seismic behaviour of a nuclear
power building deeply embedded into the soil. The
finite element method was empoyed by the author
in combination with the direct integration
Newmark method to obtain the vibration
characteristics of the nuclear building. A nonlinear
three-dimensional finite element model for
studying the ultimate seismic response and fragility
assessment of a nuclear power building has been
developed by Nakamura et al. in [6]. Also
considering the fragility evaluation problem of
nuclear power buildings, Perotti et al. [7] proposed
a numerical procedure for investigating fragility of
nuclear structures under action of seismic loading.
The structures in the work have been considered to
be isolated by a viscous damper system. The
efffects of isolated system on the seismic behaviour
of nuclear power structures are explored in more
detail by several researchers. In this line of work,
Hang et el. [8] developed the numerical models for
seisemic behaviour of a sample isolated nuclear
power building, and the authors showed that
isolation systems greatly reduce both the median
and dispersion of seismic demands on secondary
systems in nuclear power plants. Zhao and Chen [9]
utilized the finite element software ANSY'S to carry
out an investigation on the dynamic behaviour of
isolated nuclear power buildings subjected to three-
directional seismic loading. The numerical results
obtained from the finite element modelling are
useful in evaluating the safety of the reinforced
concrete contaiment under earthquakes. Chen et al.
[10] also employed the ANSYS to compute the
vibration modes and dynamic response of isolated
and non-isolated AP1000 nuclear island building to
earthquakes. The authors showed that the viscous
damper system used to isolate the building has
significant effect on the dynamic behaviour of
building and the maximum accelerations of the
isolated structure are considerably lower than that
of the non-isolated one. Politopouos et al. [11]
employed the finite elements and Lysmer radiation
boundaries to model the soil domain under the
nuclear power plant to investigate the effect of
foundation embedment on the floor response
spectra of an isolated nuclear power plant. The
authors concluded that the base rocking excitation
induced by soil-structure interaction may amplify
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the non-isolated modes' response. The finite
element software ABAQUS was employed by Zhai
et al. [12] to study the effect of aftershocks of
earthquakes on the dynamic behaviour of nuclear
buildings. The numerical results of the work
indicate that the aftershocks have a significant
effect on the responses of reinforced concrete
containment in terms of maximum top
accelerations, maximum top displacements and
accumulated damage. The effects of fluid-structure
interaction on the dynamic behaviour of nuclear
power structures have been considered recently.
Frano and Forasassi [13] presented the three-
dimensional sloshing analysis procedure which
allows the fluid to follow the movement of the
structure in their study of the effects of isolated
system on the dynamic behaviour of nuclear
reactors. With the help of the software ANSYS
Zhao and Chen [14] examined the effect of fluid-
structure interaction in their investigation on the
free vibration of AP1000 shield building. The
numerical result obtained in the work shows that
the natural frequency increases by decreasing the
water level in the tank. Also using the finite
element modeling and taking the fluid-structure
interaction into account, Zhao et al. [15] studied the
effects of various elevations and shapes of air
intake in water tank on the dynamic response of
AP1000 shield building to seismic loading. The
authors showed that the von Mises stress of both
rectangular and circular air intakes at the lower
location were greater than that of the higher
location and the stress for circular air intake was
less than that of rectangular air intake under
seismic loading. Also consideration of fluid-
structure interaction, Xu et al. [16] presented a
vibration analysis of AP1000 shield building by
modeling the building by 8-node solid elements.
The results indicate that the high water level in the
water tank can limit the vibration of the AP1000
shield building and can more efficiently dissipate
the kinetic energy of the AP1000 shield building by
the fluid-structure interaction.

The AP1000 nuclear power plant, as above
mentioned, is considered by Vietnamese
government for Ninh Thuan 2 nuclear power plant,
and thus understanding seismic behaviour of
structures at the plant is important from both the
design of the plant and research points of view.
Among the five main buildings of the AP1000, the
safety of the nuclear island building under
earthquakes is the most important, and it should be
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investigated. In this paper, the seimic analysis of
the AP1000 nuclear island structure by using the
finite element software ANSYS is presented. With
the help of the ANSYS Workbench, a three-
dimensional finite element model is created and
employed in the analysis. The dynamic
characterictics, including the time histories for
displacements, velocities, accelerations and the
distribution of equivalent von Mises stress of the
structure are obtainde for various earthquakes,
including El Centro 1944, Kobe 1995 and Dien
Bien 2001 earthquakes. The dynamic behaviour of
the structure in the earthquakes is discussed in
consequency.

2 ANSYS WORKBENCH AND FINITE ELEMENT
MODEL FOR NUCLEAR ISLAND STRUCTURE

ANSYS [17] is a finite element package with a
library of large number of elements. With a strong
solver, ANSYS allows to analyze complex
problems in the field of structural mechanics. With
Workbench platform enables ANSYS to be user
friendly and easier to create a finite element model.
The ANSYS Workbench is employed in the present
paper to develop the finite element model for
seismic analysis.

The AP1000 nuclear island consists of the
containment building with the steel containment
vessel and the containment internal structures, the
shield building, and the auxiliary building as
depicted in Fig. 1. The nuclear island with length of
77.42m, width of 26.67m, height of 81.98, radius of
shield building is 22.1m, radius of containment
vessel is 19.8m and wall thickness of 0.92 m is
formed from steel and reinforced concrete. The
containment vessel is made of pure steel with
thickness of 0.041m. Using ANSYS Workbench, a
sophisticated three-dimensional finite element
model for the nuclear island structure as shown in
Fig. 2 can easily created. The model consists of
shell and brick elements in which the shell
elements are employed to model the steel
containment vessel and shield building, whereas the
brick elements are used to model the remaining
parts of the structures.

The interface between the upper parts of the
structure and the basemat as well as between the
walls of the building and the upper basemat are
modeled by the share node option of ANSYS. In
order to ensure appropriate of the chosen mesh,
convergence of the mesh has been carried out for
finding an acceptable mesh. As a result, a mesh

with a total number of 88349 elements, in which
2192 elements are share node elements, is decided
to employ in the analysis.

Containment
Vessel

Figure 1. Main components of AP1000 nuclear island structure

[4].

Figure 2. Finite element model for AP1000 nuclear island
structure.
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3 FINITE ELEMENT SEISMIC ANALYSIS

Following the standard procedure of finite element
analysis, the stiffness and mass matrices for the structure are
formed, and the equations of motion for seismic analysis can be
writtenjn the fpllowing form [18.]‘

MD +CD+KD = -MID,

()
where M, C, K are, respectively, the mass,
damping and stiffness matrices of the structure; D

is the vector of unknown relative nodal
displacements, D =0D/0t,D=0°D/dt* are

the relative nodal velocities and nodal. The right
hand-side of (1) defines the inertia forces due to the

ground motion, in which D 2 is the vector of

ground motion, defined as
D,()=D,-D 2)

with D, is the vector of absolute nodal

accelerations.

In (1), I is the influence coefficient vector, having
1 for elements corresponding to degrees of freedom
in the direction of the applied ground motion and
zero for the other degrees of freedom. For the one-
directional ground motions the vector I is of the
(18]

I=[100100-——————— ] 3)

and for three-directional ground motions, the vector
I has the following form

100100-———————
1=/010010——————— )
001001 ———————

The damping effect must be considered in the
seismic analysis of the structure, and the
proportional damping is adopted herein. In this
regard, the damping matrix C in Eq. (1) is formed
by linear combination of the structural stiffness
matrix K and the mass matrix M as

C=aK+ M ®)
where o and f are, the stiffness and mass

proportional damping coefficients, respectively.
The damping coefficients can be calculated from
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the critical damping ratio and the structural natural
frequencies as follows

a=26"9% 5

w, + o,

25

, + o,

(6)

where ¢ is the damping ratio, depending on the
structural material, and a value &=5% is assumed
for both the concrete and steel of the structure
herein; @; and w, are natural frequencies of the
structure, which are necessary to choose to bound
the design spectrum. Normally, w; is selected as the
fundamental frequency, and a value of 30 Hz is
chosen for the frequency w> because the spectral
contents of seismic design are insignificant above
this frequency [19].

In order to evaluate the dynamic response of the
nuclear island building under earthquakes, the input
Acceleration Time Histories (ATHs) of the
earthquakes are applied at the base of the building.
Fig. 3 shows the ATHs for North-South (N-S)
component of Japanese 1995 Kobe and American
1940 El Centro earthquakes. The ATHs for the
North-South (N-S), East-West (E-W) and Up-
Down (U-D) components of the Vietnamese 2001
Dien Bien earthquake is illustrated in Fig. 4. The
ATHs in the figures are used to compute the nodal
force vector in the right-hand side of (1) for
evaluating the dynamic response by using the
integration Newmark method. By examining Fig. 3
and Fig. 4 in more detail one can see that that the
ground acceleration of Dien Bien earthquake is less
than haft lower than that due to Kobe earthquake.
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Figure 3. ATHs for N-S component of Kobe El Centro
earthquakes.
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Figure 4. ATHs for three-directional components of Dien Bien
earthquake.

4 NUMERICAL RESULTS AND DISCUSSION

This section presents the numerical results on
dynamic response of the nuclear island structure
under several earthquakes. The structure is assumed
to be fixed at its base. The results are given for both
the one and three-directional ATHs. The difference
between the dynamic characteristics obtained from
the one-directional ATHs and three-directional
ATHs is highlighted.

4.1 Response to One-Directional ATHs

Analysis of structures under seismic loading is
complex and time consuming, especially for
earthquakes with long ATHs. Due to the compute
limitation and time saving, the seismic analysis of
structures subjected to one-directional acceleration
time histories of earthquakes is carried out. Here,
the dynamic response of the nuclear island to the
North-South ATHs of Kobe and ElI Centro
earthquakes is examined.
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Figure 5. Time history for relative horizontal displacement at
top point.
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Figure 6. Time history for relative horizontal velocity at top
point.
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Figure 7. Time history for absolute horizontal acceleration at
top point.

In Figs. 5-7, the time histories for the relative
displacement, relative velocity and absolute
acceleration at the top point of the nuclear island
structure due to the N-S ATHs of Kobe and El
Centro earthquakes are illustrated, respectively.
The response of the structure to Kobe earthquake is
considerably higher than that of the structure under
El Centro earthquake. The maximum displacement,
velocity and acceleration at the top point obtained
from Kobe earthquake is more than twice higher
than that obtained from El Centro earthquake. In
addition, the response due to the Kobe earthquake
is mainly contributed in the first 12 seconds, and it
decays rapidly after this period. The displacement
response under the El Centro earthquake is,
still relative large after the 12th
second, and even until the 20th second, as seen
from the figure. Similar remarks can be drawn for
the response of the relative velocity and absolute
acceleration at the top point as
depicted in Fig. 6 and Fig. 7, respectively. In order
to compare the response of the structure to the N-S
ATHs of the two earthquakes in more detail, Table
1 lists the critical of the dynamic
characteristics of the structure obtained in Kobe
and El Centro earthquakes. As clearly seen again
from the Table, the relative
displacement, velocity and absolute acceleration at
the top point of the structure obtained in Kobe
earthquake are twice higher than that obtained in El
Centro earthquake.

however

values

maximum
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TABLE 1
CRITICAL RESPONSE VALUES OF DYNAMIC RESPONSE AT THE
ToP POINT TO N-S ATHS OF KOBE AND EL CENTRO

EARTHQUAKES
Response Kobe El Centro
P Earthquake Earthquake
] Maximum 5.7833x107 2.3512x1072
displacement (m)
~ Minimum -5.2869x102 -1.9847x10?
displacement (m)
Maximum velocity 1.2792 0.56181
(m/s)
Minimum velocity
(m/s) -1.2530 -0.41577
Maximum 27.9940 12.659
acceleration (m/s?)
Minimum -30.9320 -11.999

acceleration (m/s?)

>

Figure 8. Distribution of equivalent von Mises of nuclear island
under unidirectional ATH of Kobe earthquake.

The distributions of equivalent von Mises stress
of the nuclear island at the time when the structure
attained the maximum displacement at its top point
is depicted in Fig. 8 and Fig. 9 for the Kobe and El
Centro earthquakes, respectively. The von Mises

stress (0, ) is defined as

Oym :\/%[(0_1 _0_2)2 +(o, _03)2 +(oy _01)2]
(7

where o1, 02 and o3 are, respectively, the first, the
second and the third principle stresses. The
maximum stress, as seen from the figures, is
occurred at the lower part of the nuclear island and
for both the case of the earthquakes. The amplitude
of the stress obtained from Kobe earthquake is
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somehow higher than that obtained from El Centro
earthquake.

Figure 9. Distribution of equivalent von Mises distribution of

nuclear island under unidirectional ATH of El Centro
earthquake.

4.2 Response to Three-Directional ATHs

For more realistic, three-directional ATHs of
earthquakes should be employed in seismic
analysis of the nuclear island. In addition to the
ATHs of Dien Bien earthquake in Fig. 4, the three-
directional components for ATH for El Centro
earthquake which are available in Ref. [18] are
employed herewith for computing the dynamic
response of the structure.
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Figure 10. Time history for relative horizontal displacement at
top point due to three-directional components of El Centro
earthquake.

Figs. 10-12 illustrate the time histories for the
relative displacement, relative velocity and absolute
acceleration at the top point of the nuclear island
due to the three-directional ATHs of El Centro
earthquake, respectively. The corresponding figures
obtained from the three-directional ATHs of Dien
Bien earthquake are displayed in Figs. 13-15,
respectively. The remarks which can be drawn can
be made from these figures are as follows.
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Figure 11. Time history for relative horizontal velocity at top
point due to three-directional components of El Centro
earthquake.
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top point due to three-directional components of El Centro
earthquake.
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Figure 13. Time history for relative horizontal displacement at
top point due to three-directional components of Dien Bien
earthquake.

e The dynamic behavior of the nuclear island
structure in Dien Bien earthquake is very much
different from that in El Centro earthquake. In Dien
Bien earthquake, the structure oscillates
significantly during the first 5 seconds, and it then
rapidly decays, but the situation is different when
the structure is subjected to El Centro earthquake,
and the structure still significantly oscillates after
10 seconds. In addition, the dynamic
characteristics obtained by using the Dien Bien
ATHs are much smaller than that obtained from the
El Centro ATHs. This due to the fact that the
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acceleration of the Dien Bien ground acceleration,
as seen from Figs. 3 and 4 is much smaller than that
of the El Centro ground acceleration.

e The dynamic behavior obtained from the
three-directional components of the El Centro
ATHs is different from that using the one-
directional component of the ATHs. The relative
displacement, velocity and absolute acceleration
obtained from the three-directional components of
ATHs are slightly higher than that obtained from
the one-directional component. In other words, the
dynamic characteristics are underestimated by
using the one-directional ATHs, and three-
directional components of ATHs should be
employed whenever possible.
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Figure 14. Time history for relative horizontal velocity at top
point due to three-directional components of Dien Bien
earthquake.
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Figure 15. Time history for absolute horizontal acceleration at
top point due to three-directional components of Dien Bien
earthquake.

In order to show the difference between the
dynamic response of the nuclear island obtained
from the three-directional ATHs of Dien Bien and
El Centro earthquakes, Table 2 lists the critical
values of the relative displacement, relative
velocity and absolute acceleration at the top point
of the nuclear island structure. The response of the
structure under El Centro earthquake, as clearly
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seen from the table, is almost ten times higher than
that under Dien Bien earthquake. By comparing
the data listed Table 1 and Table 2, one can see
again that the critical values obtained from the
three-directional component ATHs of the El Centro
earthquake are lightly higher than that obtained by
using the one-directional ATHs. From the obtained
numerical results, one can conclude that the nuclear
island is more safe in Dien Bien earthquake than in
American El Centro earthquake.
TABLE 2

CRITICAL RESPONSE VALUES OF DYNAMIC RESPONSE AT THE
Top POINT DUE TO 3-D ATHS DIEN BIEN AND EL CENTRO

EARTHQUAKES
Response Dien Bien El Centro
P Earthquake earthquake
Maximum S
displacement (m) 0.0025 2.3512x10
Minimum
displacement (m) -0.0030 -1.9847x10
Maximum velocity
(m/s) 0.0599 0.56181
Minimum velocity
(m/s) -0.0530 -0.41577
Maximum 1.6221 12,659
acceleration (m/s?)
Minimum
-1.5313 -11.999

acceleration (m/s?)

! 1|

Figure 16. Deformed configuration (upper) and distribution of
equivalent von Mises (lower) corresponding the maximun
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displacement at top point of of nuclear insland under El Centro
earthquake.

L

Figure 17. Deformed configuration (upper) and von Mises
distribution (lower) corresponding the maximun displacement at
top point of of nuclear insland under Dien Bien earthquake.

The deformed configurations and the
distributions of equivalent von Mises stress
according to the maximum displacements at the top
point of the nuclear island structure under El
Centro and Dien Bien eathquakes are depicted in
Figs. 16 and 17, respectively. By examining these
figures in more detail, one can see that the structure
deforms more strongly under El Centro earthquake
than it does under Dien Bien earthquake. The
distribution of the von Mises stresses of the
structure obtained from the two earthquakes is also
different. In addition to the stress amplitude, the
position where the stress reaches the maximum
value is also differenet. In addition, the dynamic
response of the structure due to the El Centro
earthquake, and mentioned in the previous sub-
section, is not significant as that due to Kobe
earthquahe, thus the nuclear island is more safe in
the Dien Bien earthquake that it is in the El Centero
and Kobe earthquakes.
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5 CONCLUSION

Seismic analysis of AP1000 nuclear island
structure by using the finite element software
ANSYS has been presented. Based on ANSYS
Workbench, a three-dimensional finite element
model for the structure has been created and
employed in the analysis. One and three-directional
components of the time histories for ground
accelerations have been employed to compute the
dynamic response of the structure. The dynamic
characteristics, including the time histories for the
relative displacement, velocity, absolute
acceleration and von Mises stress distribution of the
nuclear island structure were obtained for various
earthquakes, including Japanese 1995 Kobe
earthquake, American 1940 El Centro earthquake
and Vietnamese 2001 Dien Bien earthquake. The
obtained numerical results of the present work
reveal that the dynamic response of the structure
obtained from one-directional ATHs is different
from that three-directional components of ATHs,
and the dynamic characteristics of the structure
obtained from the unidirectional ATHs are slightly
underestimated. The safety of the nuclear island
under in Dien Bien earthquake is not much
concerned compares to that in El Centro and Kobe
earthquakes. It should be noted that the
nonlinearities which are often encountered when
the structure subjected to strong earthquakes, and
the soil-structure interaction have not been
considered in the present work. More efforts should
be made to take these factors into consideration in
the seismic analysis of structures at nuclear power
plants.
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Phan tich dia chan cong trinh dao hat nhan

AP1000 su dung phan mém
phan tir htru han ANSY'S

Nguyén Pinh Kién, Vii Lam DPong

Vién Co hoc, VAST, 18 Hoang Quéc Viét, Ha Noi

Tém tit— Bai bao trinh bay phwong phip phan
tich dia chin cong trinh dio hat nhin ciia nha may
dién nguyén tir AP1000 trén co sé sir dung phin mém
phén tir hiru han thwong mai ANSYS. Mé hinh phén
tir hitu han 3 chiéu cho cong trinh dwgc khéi tao bing
ANSYS Workbench va sir dung trong phan tich. Pap
ng dong lwe hoc ciia cong trinh véi phd gia tée nén
theo mgt va ba phuwong dwoc quan tam nghlen ciru.
Mobi quan hé giira chuyen vi, van tdc tuong dbi va gia
tdc tuyét ddi véi thoi gian dwge tinh toin va thu nhin
cho mdt sé tran dong dit khac nhau, ké ca El Centro
& My, Kobe & Nhit Bin va Dién Bién & Viét Nam. Két
qui sb chi ra ring cic dic trung dong luc hoc ciia
cong trinh nhan dwgc trén co sé gia téc nén theo mot
va ba phuong 1a khac nhau va gia téc nén theo ba
phwong cin dwge sit dung trong phan tich. Két qua
ciing cho thiy cong trinh nha may dién hat nhan dudi
tac dong ciia dong dat Dién bién an toan hon khi chiu
tic dong cia dong dit El Centro va dong dit Kobe.
Sw phan bé ciia wng suit von Mises ing tai thoi diém
chuyén dich ¢ dinh cong trinh dat gia trj l6n nhit
ciing dugc khio sat va nhén manh.

Tir khéa— AP1000, ddo hat nhén, phén tich dia
chan, mé hinh phén ti hitu han, dap tng dong luc
hoc, ANSYS.



