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Although more attention has been given towards the analysis of large commercial aircraft impacts since the
September 11 attacks, little work has been done on the vibration response of internal structures and equipment of
nuclear power plants (NPPs) during an impact. With a focus on new NPPs, this paper develops a remeshing

g\:allgg(:)oun dary finite element method algorithm for contact surfaces, which utilizes the advantages of scaled boundary finite element (SBFE) polyhedral
(SBFEM) elements to fully realize the potential of Octree and structured grid discretization methods. The vibration
Combination bonding method response of nuclear island internal structures is examined. The influence of the interaction between the foun-
SSI effect dation and the structure on the overall dynamic response is analyzed. Meanwhile, different ranges of foundation

size are investigated for balance between computational efficiency and accuracy. The vibration propagation
mechanism is found by studying the influence of different artificial boundary types and damping conditions of
foundation. The results show that the interaction has a significant influence on the vibration response, and that a
foundation size of 1B (height of the steel containment vessel) on all sides provides the optimal balance between
computational and accuracy requirements. Furthermore, the damping ratio of the foundation plays a key role in
vibration propagation. Finally, the combined bonding method is highly flexible, and allows cross-scale inte-
gration of different mesh sizes.

1. Introduction

By the end of 2019, there were 442 operational nuclear power plants
in the world contributing to a net capacity of about 390 GW. Since then,
53 additional plants have been planned for construction to generate a
net capacity of about 56 GW. The United States takes the largest share of
nuclear power plants at 96 units while China has the largest number
under construction at 10 units [1]. However, since the 9/11 attacks in
the United States, the ability of nuclear power plants to withstand a
malicious impact by a large commercial aircraft has become a focal issue
that has attracted attention from nuclear safety regulators in various
countries, nuclear power plant research and development (R&D) orga-
nizations, and even the general public. In 2009, the US Nuclear Regu-
latory Commission issued Federal Regulation 10CFR 50.150 [2], and in
2016 the National Nuclear Safety Administration of China issued a new
version of HAF 102-2016 [3]. The regulations include an assessment of
potential impact of maliciously piloted commercial aircraft. At present,
worldwide efforts have led to extensive and in-depth research results
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[4-9].

When a nuclear power plant suffers from a malicious impact by a
commercial or civilian aircraft, a series of catastrophic accidents will be
initiated, such as 1) impact-induced global and local structural failures;
2) effects of violent shock caused by impacts on the structures, systems
and components (SSCs); and 3) fire-related problems due to fuel leakage
caused by the collision [10,11]. Analysis of impact-induced vibrations
requires a fine mesh size of the impact region and the damage diffusion
area to accurately emulate the evolution of damage. On the other hand,
the modelling and grid discretization of the internal structure involves a
large number of cross-scale connection problems. However, traditional
grid discretization methods inevitably lead a tedious, manual modelling
and very high computational costs. Thus, notable results have been
limited in this field. In addition, the performance of key modelled
equipment also requires validation from experimental data, which are
not found in the literature.

Petrangeli [12] studied the severe vibration of internal nuclear
power plant structures when the plant is struck by aircraft. Since the
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Fig. 1. Profiles of nuclear power plants.

internal structure and the external wall are connected by a common raft
foundation, it is assumed that an isolation device should be set inside to
reduce the influence caused by vibration. Kostov [13] established a
refined three-dimensional finite element model of the generation III
reactor VVER A92, and used the model to study structural integrity
problems and evaluate the safety of important equipment in the event of
aircraft impact. Impact loads can be analyzed via three different
methods: force-time history as determined by Riera method, force-time
history as computed by finite element analysis [14], and missile-target
interaction analysis. Typically, a variety of impact locations and
loading intensities are considered in impact load analyses. The safety of
the internal structure can be evaluated using the floor acceleration and
displacement response spectra and the absolute cumulative velocity
(CAV). Shin [15] analyzed damage conditions and vibration

In the 3D domain:

The displacement of any point:

(43,2} =, 5,20, 3,20, 32 |

characteristics of auxiliary plants after impact from commercial aircraft
by using force-time history analysis (FTHA) and missile-target interac-
tion analysis (MTIA) respectively. Thai [16] conducted a missile-target
interaction analysis of aircraft impact on the auxiliary building of
KSNP in South Korea, and evaluated the influence of overall and local
damage and vibration on structural safety. The simulation results show
that the vibration acceleration values exceed the requirements for
shutdown according to the Nuclear Regulatory Commission. In the
commission, the impact of B767-400 aircraft on structures similar to the
auxiliary building would be too devastating to guarantee the safety of
internal equipment. However, for questions of whether the internal
equipment of the nuclear power plants meets vibration safety re-
quirements, whether the vibration and acceleration is enough to reach
the shutdown threshold, and whether the NEIO7-13 [17] instruction
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The symmetric, positive-definite elasticity matrix [ D] is introduced to obtain stress vector, as shown:
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Fig. 2. The elastic-static governing equations.
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The variational principle is introduced, and the equilibrium equation can be expressed as:

Eofzu(é:);g +(2E, + EIT —E)Su(o) .+ (EIT —E)u()+ (f)zMo'fzu(SE) =0

i 4 141 :
E, = [ [ BIDB,|J|dnds  E,=[ [ BIDB,|J|dnd :
H -1-1 -1-1 i

i 4141 4141

\E,= [ [ BIDB,|J|dnd, M, = [ pN"N|J|dnd<'
where B, and B, are the strain displacement transition matrices, D is the
constitutive matrix and N is the shape function of a surface element.

Fig. 6. Scaled boundary polyhedron shape functions.
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(a) Geometry of Model 1 (b) Geometry of Model 2

Fig. 12. Horizontal verification group.

manual can still be used as a reference in the case of such an impact,
there are not yet any reliable guidance from research results nor are
there any established the evaluation methods.

Our previous research [18] demonstrated that refined models and
fine-scale elements more accurately reflect failure processes and be-
haviours [19]. Furthermore, the prior efforts are the first known suc-
cessful attempts to combine the scaled boundary polyhedron finite
element analysis method (SBFEM) with the octree technique to perform
refined analysis of damage evolution in nuclear engineering structures.
Key insights into damage evolution laws are obtained. Building upon the
prior work, this paper aims to bridge the gap in the availability of vi-
bration response analysis and evaluation methods for internal equip-
ment of nuclear power plants impacted by large commercial aircraft.
This paper combines bonding cross-scale modeling methods to establish
a computational model of the AP1000 Nuclear Island, including the
steam generation module (CA01) and other internal structures. The vi-
bration responses of the internal structure are examined. The important
influence of structure-soil interaction effect (SSI effect) on the vibration
response of internal structures during impact is further analyzed. Then,
the paper discusses feasible ranges at which the rock foundation can be
Fig. 13. Model 1: Octree mesh discretization. truncated during modelling. Mechanisms by which vibrations are

transmitted and the effects of such mechanisms on the vibration
response are analyzed. Finally, a set of evaluation criteria are estab-
lished for safety assessment.

Local zoom

2. Containment vessel model
2.1. Profiles of nuclear power plants

The nuclear island (NI) of the AP1000 is composed primarily of a
reactor building and an auxiliary building. The reactor building has an
exterior reinforced concrete (RC) containment vessel, an interior steel
containment vessel and internal structural components as shown in
Fig. 1. The reinforced concrete (RC) containment vessel is also called a
shield building and has an outer diameter of 44.2 m and wall thickness
of 0.914 m. The conical roof wall thickness is also 0.914 m. In the in-
ternal components, the top and bottom of the steel containment vessel
are oval-shaped. The thicknesses of the top and bottom oval-shaped
structure are 41.3 mm and 47.6 mm, respectively. The interior steel
containment vessel has a clearance of 1.37 m from the shield building.
The reactor building is affixed to the RC basement slab, which is 1.8 m
thick.

Local zoom

2.2. Summary of the SBFEM

Fig. 14. Model 2: Combination bonding method.

The essential theory of the SBFEM is summarized in this section. The
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Nuclear Island with consideration of
. buried depth

Foundation

(a) Geometry of Model 3
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. Octree mesh discretizatic

Structural mesh discretization

(b) Geometry of Model 4

Fig. 15. Vertical verification group.

Local zoom

Fig. 16. Model 3: Octree mesh discretization.

Local zoom

Fig. 17. Model 4: Combination bonding method.

Table 1
Details of the example verification group.
H-group V-group
Model 1 Model 2 Model 3 Model 4
NI Octree grids ~ Octree grids Octree grids ~ Octree grids
Foundation Structured grids Structured grids
Purpose Verify accuracy in the horizontal ~ Verify accuracy in the vertical

direction direction

key equations necessary for explaining the solution procedure and
implementation are provided here. Additionally, since the SBFEM
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solution is analytical in the radial direction, it is more precise than
isoparametric FEM [20]. Firstly, the elastic-static governing equations
are obtained from the necessary solution procedure as shown in Fig. 2.
With the introduction of radial coordinates &, the boundary can be
scaled radially from the scaling center (Fig. 3 and Fig. 4). For 3D
problems, the displacements at a point (&, , ¢) inside a pyramid can be
interpolated from the displacement function u(¢), as shown in Fig. 5.
The variational principle is introduced to derive the SBFEM equation
in the nodal displacement function u(¢). Simultaneously solving the
equations in Fig. 2, the equilibrium equation can be expressed as:

Eou(é) e+ (2Eo + E] — E\)éu($) . + (Ef — Ex)u(§) +F(§) =0 1

The coefficient matrices Ei(i = 0,1,2) depend on only the geometry
and the material properties of the domain, which are evaluated for the
boundary surface elements and assembled over the discretized poly-
hedron boundary. F(¢) is a load vector that includes only the contribu-
tions from the body loads. With the help of the Galerkin weighted
residual method, the equation becomes as shown in Fig. 6. The analyt-
ical nodal displacement function u(¢) can be derived in the radial di-
rection. To solve the SBFEM equation, a variable X(¢) that incorporates
the nodal displacement function u(¢) and the nodal force function q(¢) is
introduced as follows:

X@:{gkﬁﬁ

Using eigenvalue decomposition, the Hamiltonian matrix Z formu-
lated using the coefficient matrices E;(i = 0,1,2) and the identity matrix I
can be decoupled into pairs of eigenvalues as shown in Eq. (3). The
parameters y, and y, are the modal displacements and forces, respec-
tively. the detailed process from Eq. (3) to Eq. (5) is in the reference[21].

@

| EJ'ET—051 -E;' @)
" | -E,+E\E;'El  —(E\E;" — 0.5
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2.3. Octree mesh methodology

The Octree mesh methodology is a hierarchical, tree-like data
structure that is used to describe a 3D space. This technique can be
considered as a 3D extension of the quad-tree methodology. Further
details can be found in references [22]. So far, several researchers have
combined the SBFEM-based polyhedron element and the Octree tech-
nique to overcome the shape limitations of conventional elements
[21,23-26].
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Fig. 19. Time history curve of earthquake acceleration.

Conventional isoperimetric elements such as tetrahedra, pyramids,
prisms and hexahedra a fixed geometry (as shown in Fig. 7). Polyhedron
elements can possess an arbitrary shape (as shown in Fig. 8), thus
bypassing the limitation of the conventional discrete elements (e.g.
hexahedrons, pentahedrons and tetrahedrons). By leveraging the ad-
vantages of the polyhedron, cross-scale transitions in the finite element
model can be efficiently and smoothly implemented. Furthermore, the
discretization process is amenable to a high degree of automation.

3. Combination method of structured and octree grids
3.1. Octree discrete model

In our prior work [18], the whole shield building is modelled with
Octree grid discretization. The segmented volume models divided ac-
cording to different materials and assembly components were meshed
automatically. However, the prior approach had some deficiencies. As
shown in Fig. 9(a) for circular structures, polygons divided the circle in
the process of octree discretization, which precludes meshing in the
radial direction. As shown in Fig. 9(b), other research efforts found that
during the discretization of slender members a fine symmetry mesh size
could not be satisfied.

3.2. Combination bonding method

Traditional structured grids include geometries such as tetrahedra,
hexahedra, etc. Structured grids are suitable for circular, slender, and
thin-walled structures and components, all of which require regular and
fine grids. On the other hand, the Octree discrete method has a strong
advantage in solving complex bodies. In order to leverage the advan-
tages of both methods, this paper intends to develop a discrete method to
combine structured grid and octree grid to establish more precise and
efficient models.

In the combined method, circular and slender members are dis-
cretized using structured grids while other structures are discretized
using Octree grids. The two different types of grids are then adhered
together at the interfaces (Fig. 10). The method only remeshes the grids
of the contact surface without changing the existing grids in the rest of

1483

the structures. After adding new nodes and edges on the contact surface,
SBFEM is used to construct complex polyhedron elements.

Fig. 11 demonstrates an example of the combination process in
which regions 1 and 2 are targeted for combination. First, the contact
surface is determined through contact bonding relationship, then error
tolerance is set and unmatched nodes and edges are inserted. Relatively
small elements and short edges can be deleted to improve the compu-
tational reliability. Finally, the scaled boundary finite polyhedron ele-
ments are used to construct the contact surface polyhedron elements
after the reconstruction.

This method benefits from the advantages of both structure grid and
octree grid discrete methods. With efficient independent modelling and
free flexible combination, the method can provide cross-scale inter-
facing of different grid sizes. In particular it does not require modifica-
tions to existing meshes when new structures are components are added
to the model. Thus, the method can effectively facilitate the rapid
establishment of refined, whole system models of nuclear power plants.

3.3. Numerical example

The method above need to verify computationally. Two groups,
including horizontal combination bonding group and vertical combi-
nation bonding group are set up. These groups are respectively referred
to as “H-group” and “V-group” in the following. The purpose of the “H-
group” is to verify that the proposed combined bonding method gen-
erates accurate data in the horizontal direction. While the “V-group” is
for the vertical direction.

The “H-group” Model 1 (Fig. 12(a)), which is composed of an overall
model of the Nuclear Island (NI) and the foundation, which is meshed
with an octree discrete grid. Fig. 13 shows the mesh obtained after the
octree discretization of Model 1. In “H-group” Model 2 (Fig. 12(b)), the
NI is discretized using octree gridding while the foundation is dis-
cretized using structured grid. The two parts in Model 2 are then com-
bined. Fig. 14 shows the mesh after the combination bonding of Model 2.

The “V-group” Model 3 (Fig. 15 (a)). The model considers the buried
depth of the NI, and the model is meshed via octree discretization.
Fig. 16 shows the grid obtained the Octree discretization of Model 3. In
“V-group” Model 4 (Fig. 15 (b)), the NI is meshed through Octree
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Fig. 20. The acceleration time history curves in H-group.

1484



Y. Sui et al.

Acceleration (m-s™)
A B IS )

}
=)

Acceleration (m-s™)
[ = w EN

!
=)

Acceleration (m-s?)
D B IS IS

!
-

‘ b iy A1 1 \
M A

— Octree discrete
—e— Combination bonding method

?‘4 ]'l““')" gLl

<

8 12
Time (s)

(a) Observation point 1

16 20 24

o[l a1 Mlas

— Octree discrete
—— Combination bonding method

<>

8 12
Time (s)

(b) Observation point 2

16 20 24

— Octree discrete
—e— Combination bonding method

<

Enlarged view of transition

‘

Enlarged view of impact region

EE——

8 12
Time (s)

(c) Observation point 3

Mesh model

1485

16 20 24

Fig. 21. The acceleration time history curves in V-group.

Fig. 22. Structured grids of the shield building.
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Table 2
Concrete Parameters.
Material Parameter Value
Concrete Mass density 2400 kg/m*
Shear modulus 32.5 GPa
Poisson’s ratio 0.2
Compressive strength 27.6 MPa
Tensile pressure 3.26 MPa
Steel CV Mass density 7800 kg/m>

Young’ modulus 2.06 x 10° MPa
Poisson’s ratio 0.3

discretization while the foundation is meshed with structured grids. The
components are then combined. Fig. 17 shows the grid after the com-
bination bonding of Model 4.

Table 1 summarizes the characteristics of the verification groups.
Fig. 18 shows the locations of observation points in the two verification
groups. The concrete in the NI has an elastic modulus of 3.25 x 10* MPa,
Poisson’s ratio of 0.2, and density of 2400 kg/m°. The foundation is a
lithologic foundation with a density of 2450 kg/m?, elastic modulus of
1.5 x 10* MPa and Poisson’s ratio of 0.28. The seismic wave originated
from the RG1.60 spectrum over a duration of 25 s is shown in Fig. 19.
The seismic input method used is the uniform excitation method
(combined seismic inertia force and constrained boundary). In addition,
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considering that it is used for validation, unidirectional ground motion is
adopted.

The software used for verification calculation above and dynamic
analysis in following sections in this research is GEOGYNA[27,28],
which is a high-performance computational system developed by the
Institute of Earthquake Engineering at the Dalian University of Tech-
nology. Fig. 20 compares results from each observation point of Model 1
(octree method) and Model 2 (combination method) in the “H-group”. It
can be seen that time history curves almost completely coincide, thus
verifying the accuracy of the method in the horizontal direction. Like-
wise, Fig. 21 overlays observations from Model 3 (octree method) and
Model 4 (combination method) in the “V-group”. The coinciding of the
curves also verifies the accuracy of the combination method in the
vertical direction.

In summary, with the advantage to combine and bond different
element types, the method proposed successfully achieves node addition
and element reconstruction.

4. Response of internal structure during impact
4.1. Model utilizing the combined bonding method

After verifying the accuracy of the proposed combined bonding
method, the computational model to be used in this study is established.
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Fig. 26. The acceleration response spectrum result of observation points.
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NPP-Primary Auxillary Bullding Model
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[16]

(b) Auxiliary plant of KSNP NPPs
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Supported Individually

(a) Structure Description of AP1000 NPPs

(¢) IRTS NpPs 3]

Fig. 27. Other models from literature. (a) Structure Description of AP1000 NPPs. (b) Auxiliary plant of KSNP NPPs [16]. (c) IRIS NPPs [33]

Nuclear Island

Enlarged View

X-Z Plan View

Fig. 28. Model with lithologic foundation.
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(a) Rigid

(b) Flexible

Fig. 29. The damage situation of shield building in external perspective.

During the aircraft impact on nuclear power plants, it is necessary to
analyze the damage of the shield building and the effect of vibration on
the internal structures. The external shield building is a cylindrical
structure. In order to perform radial meshing, structured grid dis-
cretization is adopted (Fig. 22). The mesh of the impact zone and the
transition zone requires a fine size, and thus combination bonding
method can be conveniently used to integrate meshes of different sizes
(see enlarged view of Fig. 22). Meanwhile, the reactor building in the
model includes the pressurizer compartment, steam generators module
(CAO01), the reactor vessel cavity (CA04), the operating and maintenance
floor and other important internal structures. Due to the complexity in
the spatial characteristics of the internal structure, the octree grid dis-
cretization method is adopted.

Fig. 23 shows the final step, the components are combined using the
proposed combination method. The model has 916,747 cells and
1,104,036 nodes.

4.2. Aircraft force and material parameters

The load curve derived from relevant research [29] and HAD101,/04
[30] issued by the National Nuclear Safety Authority of China, which
details codes pertaining to nuclear power plant safety. According to the
characteristics of commercial aircraft, the impact effects can be divided

(a) Rigid

(b) Flexible

Fig. 30. The damage situation of shield building in internal perspective.
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into two parts, the fuselage and the wing. The fuselage collided with the
structure, followed by the wings about 0.13 s later. Based on the code’s
appendix, the force time-history curve and impact area time-history
curve for a Boeing 707-320 aircraft are shown in Fig. 24 and Fig. 25.
Although these aircraft types are obsolete, they are still official and are
thus imported in this study.

An increase in strength due to high strain rates from the impact-
induced, rapid deformation should be considered for the analysis of
the concrete containment vessel. In general, the static strength values
should be increased by using Dynamic Increase Factors (DIFs). Accord-
ing to the NEIO7-13 reports [17], the compressive strength DIF is 1.15
and the tensile strength DIF is 1.20. Concrete failure is assessed using the
plastic damage model, which can describe the complex behaviour of
concrete (27.6 MPa and 3.26 MPa compressive and tensile strengths,
respectively) subjected to large strains and high pressures [31]. In
addition, the analysis utilizes the smeared model that is often adapted to
simulate complex reinforced concrete structures. In the smeared model,
the reinforcement is smeared uniformly in each concrete element, and
the smeared element can be considered as continuous and homogeneous
material [32]. Table 2 lists the material parameters and values of the
smeared concrete element.

4.3. Dynamic response of the internal structures

Five observation points, including node A at the top of pressurizer
compartment, node B at the top of the reactor vessel cavity, node C at the
bottom of the steam generator module, and node D and E at the oper-
ating and maintenance floor, are selected to observe the vibration re-
sponses of the internal structure during the impact. Each observation
points of the floor response spectrum (impact direction are only orga-
nized) over the 0.4 s impact duration after applying force-time history
analysis (FTHA) are shown in Fig. 26.

The figure shows that the acceleration responses of all nodes are
weak, especially at observation point C (peaked at 0.006 g). However,
despite the nodes at the bottom of the shield building are fully con-
strained at the rigid boundary conditions, results from the models re-
ported other researchers [16] show quite intense. To appreciate how
these difference arose, Fig. 27 summarizes the models in other major
research, where Fig. 27(a) is the shield building model of AP1000,
Fig. 27(b) is the auxiliary plant of the KSNP Nuclear Power Plant in
South Korea, and Fig. 27(c) shows the IRIS (International Reactor
Innovative and Secure) advanced light water pressurized water reactor
building.

The Damage and Failure behind Reinforced
Concrete Wall after F-15E Impact

Schematic Drawing of The Plane Impact a
Reinforced Concrete Wall

Fig. 31. The damage of a reinforced concrete wall subjected by an F-15E
fighter jet [34].
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(a) Rigid

(b) Flexible

Fig. 32. The damage of shield building in center section.
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As seen in the figures, the impact for the KSNP power plant occurs on
the wall of the auxiliary building, which is connected to the floor slab.
Likewise, for the IRIS power plant, the containment vessel is directly
connected to the internal structures. Due to such structural form, the
impact force from the aircraft is transmitted directly to the floor slab.
However, the internal structure of the AP1000 reactor building is
located in a separate cylindrical steel shell vessel. Meanwhile, the steel
containment vessel is not directly connected to the external shield
building (i.e. 1.37 m distance). Instead, the vessel is connected to the
external building only by the foundation structure, and thus if rigid
boundaries are used, the amount of vibration transmitted from the
external shield to the internal structures via the foundation are greatly
diminished.

4.4. Model with foundation

The concrete base mat and the foundation at the bottom of the NI are
built together as shown in Fig. 28. The foundation is lithologic with a
bedrock density of 2450 kg/m®, elastic modulus of 1.5 x 10* MPa and
Poisson’s ratio of 0.28. The size of the foundation is 140 m x 140 m in
the horizontal plane and 60 m in the vertical direction. There are
959,528 cells and 1,152,076 nodes in the model.
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0 20 40 60 80 100
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(b) Point B
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= 02
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=

Fig. 33. The acceleration response spectra result of observation points in the model with foundation.
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Shield building

60 m

(a) 1B model
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the top point of pressurizer compartment

the top point of the reactor vessel cavity

the bottom point of the steam generator module
the operating and maintenance floor point1

the operating and maintenance floor point2

mT AT >

(b) Observation point

Fig. 34. The 1B model and the locations of the observation points.

4.5. Influence of SSI effect on structural responses of reactor building

In order to properly analyze the effects of impact-induced vibration
on the internal structure, it is necessary to first understand the details of
the damage situation of the shield building and determine whether the
presence of bedrock affects the damage characteristics and expansion of
the shield building. Fig. 29 shows the front view of the damage expe-
rienced by the shield building when the foundation is either rigid or
flexible. It is noted that the legend presents the degree of damage used
by tensile damage factor, which is taken from the concrete plastic
damage model. The figure shows that the damage in the wing and engine
position is the most significant and extends downwards. The damage
region extends diagonally upward and downward, and are nearly
identical for both foundation types. Fig. 30 shows the damage from in-
ternal perspective. An asterisk-shaped damage area can be seen behind
the impact area, and the damage extends downward towards of the
engine region. A report about the impact of F-15 jet fighers [34]
(Fig. 31), which is one of the few studies that look at the internal
perspective of the damage, also presented an asterisk-shaped damage
area on the internal face of the wall. The damage region and the extent of
the impact-induced damage area on the internal face are similar for both
foundation types.

Finally, the sectional view of the damage is presented in Fig. 32. The
damage distribution of the wall along the radial direction and the
elevation direction of the shield building are almost the same. Based on
the above analysis, it can be concluded that the assumption of a flexible

Shield building

(a) 2B model

M

foundation does not affect the damage situation. Moreover, the key issue
for deformation analysis have studied carefully in our previous research
[18].

Fig. 33 shows the floor response spectra at each observation point
when the foundation is flexible versus when the foundation is rigid. The
responses of all observation points increase significantly when the
foundation is lithologic. The maximum acceleration (0.33 g) occurs at
node A, followed by node E at 0.22 g. The acceleration responses of
observation points B, Cand D are 0.11 g, 0.10 g and 0.18 g, respectively.
The peak frequency of the acceleration response spectrum at each
observation point is concentrated around 25 Hz.

5. The reasonable truncation range
5.1. Models with different foundation sizes

Soil-structure interaction has a great influence on the impact-
induced vibration response of the internal structure of the reactor
building. Therefore, it is necessary to analyze both the acceptable ranges
of sizes for the foundation and type of artificial boundary conditions.

Using the height B = 66 m of the steel containment vessel as a
reference, the foundation extends 1B (Fig. 34), 2B and 3B in horizontal
and vertical directions respectively. Fig. 35(a) shows a 2B model, which
has 1,118,936 elements and 1,328,036 nodes, and Fig. 35(b) shows a 3B
model, which has 1,404,260 elements and 1,621,953 nodes. To avoid
the influence of scattered waves reflecting at the boundary, a

Shield building

x | 2

(b) 3B model

Fig. 35. Perspective views of the 2B and 3B models.

1491



Y. Sui et al.

1.50
N — 1B model
1.00 —2B model
— ---= 3B model
% 0.50
0.00
g
=}
<
£
2 2050
j*)
3
<
-1.00
-1.50
0000 0050 0.100 0150 0200 0250 0300 0350 0.400
Time (s)
(a) Point A
Time (s)
0.50
— 1B model
030 ——2B model
oW === 3B model
E 010
£
E -010
o
3
< 030
-0.50
0000 0050 0100 0150 0200 0250 0300 0350 0400
Time (s)
(c) Point C
120
— 1B model
0.80
A — 2B model
'/*;: 0.40 ===~ 3B model
0.00
g
g
5
5 040
3
<
-0.80
120

0.000

0.050  0.100  0.150 0.200 0.250 0.300 0350  0.400
Time (s)
(e) Point E

Structures 47 (2023) 1476-1497

0.60
— 1B model
0.40 — 2B model
A 2 === 3B model
020
0.00
g
=
£
< -0.20
3
<
-0.40
-0.60
0.000  0.050  0.100 0.150 0200 0.250 0.300 0350  0.400
Time (s)
(b) Point B
0.80
1B model
0.40 ~ 2B model
% “77"3B model
0.00
g
=
s
£
=
8
S -0.40
<
-0.80
0.000  0.050 0.100 0.150 0200 0250 0300 0350 0.400
Time (s)
(d) Point D

the top point of pressurizer compartment

the top point of the reactor vessel cavity

the bottom point of the steam generator module
the operating and maintenance floor pointl

the operating and maintenance floor point2

mT AT >

Fig. 36. The acceleration response spectrum result of observation points in the model with foundation.
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Point 1
Point 2
Point 3

Point 4

Point 5
Point 6

Fig. 37. The calculation model with foundation (1B model).

viscoelastic artificial boundary is applied at the edges of the foundation
in all models to absorb the vibration energy transmitted by the upper
structure. The parameters of artificial boundary are set according to the
previous section.

5.2. Investigating the acceptable size ranges of the foundation

The time-history curves of the acceleration at the observation points
for all models are plotted in Fig. 36. The plots show that the accelera-
tions for all nodes are nearly identical across the three models, with
slightly more differences in the peak accelerations.

The results demonstrate the minimal influence of the foundation size
on the response spectra. Thus, further analysis and research are needed
to determine the reasons for this outcome. The sectional view of the 1B
computational model is shown in Fig. 37. Points 1-6 are successively set
along the direction of foundation depth, and the acceleration time his-
tory results of each observation point are shown in Fig. 38. In the figure,
the time of peak acceleration is delayed in correlation with the depth,
thus providing some insight into the nature of vibration propagation in
the foundation. In addition to delays, the vibration also weakens at
deeper depths (i.e. 0.25 m/s? at Point 1 and 0.01 m/s? at Point 6) during
the propagation process due to the action of foundation damping.

Structures 47 (2023) 1476-1497

Point 1
Point 2
Point 3
Point 4
Point 5
Point 6
Point 7
Point 8

Point 9

Point 10

Fig. 39. The computational model with foundation (2B model).

Point 6 of the 1B model is too close to the bottom boundary, and thus
to avoid the influence of the boundary on the results, the larger 2B
model (Fig. 39) is used and more points are observed. Similar to the 1B
model, the observation points (Points 1-10) are set along the direction of
foundation depth. In addition, the acceleration time-history of all
observation points are shown in Fig. 40. Similar to the 1B model, the
time of peak acceleration is more delayed and the intensity of the ac-
celeration is more attenuated if the observation point is deep (i.e. Point
10 is very weak at 0.009 m/s2. In addition, Point 6 in the 2B model has a
similar acceleration (0.02 m/s?) as the 1B model. The above observa-
tions suggest that vibrations have trouble propagating long distances in
the foundation possibly due to the damping of the foundation.

If the damping of the foundation plays a major role in the response of
the model, there is a need to see whether the form of the boundary
contributes a secondary influencing factor. Therefore, we return to the
1B model and perform testing with rigid boundaries versus absorbing
boundaries. The resulting acceleration time-history curves are shown in
Fig. 41, and it can be seen that the accelerations of all observation points
are almost the same. Thus, the artificial boundary conditions have
limited impact on the accelerations.

Next, an analysis of the influence of foundation damping parameters
on vibration is needed. In the analysis, the damping ratio of the
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Fig. 38. The calculation model with foundation.
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foundation is adjusted from 5 % to 0.1 % to observe whether vibration
propagation is affected by the reduction of damping. The 1B model is
still used, and a viscoelastic artificial boundary is set at the edges of the
foundation. The computed results are shown in Fig. 42. The results show
that the acceleration of each observation point experienced significant
changes due to changes in the damping ratio. This observation aligns
with the previous theory that the damping of the foundation improved
the vibration response of the mode. The results so far demonstrate that
the foundation size in the 1B model is adequate for studying the vibra-
tion response of the NI due to aircraft impact.

5.3. Evaluation of dynamic responses

In order to further evaluate the influence of the vibration on the
internal structures, it is necessary to define certain criteria. As there is no
agreed upon reference standard for safety requirements and what con-
ditions should trigger a shutdown, this paper preliminarily uses a pro-
cedure based on the EPRI NP-5930 [35] report. This report provides the
following two-level criterion for determining whether the Operating
Basis Earthquake (OBE) has been exceeded:

1) Response spectrum check: the ground response spectrum (5 %
damping ratio) for the motion at the site exceeds the corresponding
OBE design response spectrum or 0.20 g, whichever is greater;

2) Cumulative absolute velocity (CAV) check: the computed CAV value
from the ground motion is greater than 0.3 g*s. CAV is defined as
follows:

cAv = /0 " la@)-d() 3.1)

where a(t) is the acceleration response time history, tpax is the duration.

Although this procedure has been originally used for the seismic
safety assessment of a NPP, it can also be used to assess the safety
conditions of the NPP subjected to the aircraft crash.

Fig. 43(a) and (b) respectively show the response spectrum of each
observation node in cases of rigid foundation and flexible foundation.
The accelerations of the rigid foundation model are generally weak, so
the comparison with OBE are not discussed. For the model with flexible
foundation, if 0.20 g is used as the evaluation standard (dotted line in
the figure), then node A (at the top of pressurizer compartment) and
node E (at the operating and maintenance floor) have exceeded the
critical value. Furthermore, the CAV values of each node are plotted in

Structures 47 (2023) 1476-1497

Fig. 44, which shows that the maximum CAV value is only 0.011 g *s.
According to the reference standard, although the peak value of the
response spectrum exceeds the safety standard, the CAV is less than the
threshold value of 0.30 g *s and thus no alarm is needed.

However, it should be noted from the CAV equation that the integral
is dependent on time. Since earthquakes have significantly longer
duration than an aircraft impact, the integral value for the aircraft
impact will be significantly smaller. Therefore, further research and
more detailed evaluation criteria are needed to determine whether the
evaluation criteria obtained solely from seismic studies is reasonable.

6. Conclusion

This paper established an advanced computational model of an
advanced Generation III + nuclear island through the use of a novel
combined bonding technique. The new model is used to investigate the
dynamic response of the internal structures in the nuclear island when
an aircraft has impacted the shield building. The following conclusions
can be drawn from the results:

1) The remeshing algorithm developed for contact surfaces only re-
quires a secondary mesh discretization performed on the contact
surface. The proposed method method utilizes the superiority of
SBFEM polyhedral elements to fully leverage the advantages of
Octree and structured grid discretization methods. Through the
method, individual components can be meshed independently and
freely interfaced with each other, thus allowing cross-scale combi-
nation of different mesh sizes.

2) Since the shield building is connected to the internal structures only
by the foundation structure, results obtained from the rigid foun-
dation are distorted. The results became more realistic when SSI
effects (i.e. the addition of a flexible foundation) were taken into
account. Therefore, SSI effects must be considered when analyzing
the vibration response of AP1000 NPPs.

3) A foundation size of B x B x B, where B is the height of the steel
containment vessel, satisfies accuracy requirements. Furthermore,
the results indicate that the damping ratio of the foundation plays a
key role in vibration propagation.
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