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a b s t r a c t

Investigations of the commercial aircraft impact effect on nuclear island infrastructures have been
drawing extensive attention, and this paper aims to perform the safety assessment of Generation III
nuclear power plant (NPP) buildings subjected to typical commercial aircrafts crash. At present Part II,
based on the verified finite element (FE) models of aircrafts Airbus A320 and A380, as well as the NPP
containment and auxiliary buildings in Part I of this paper, the whole collision process is reproduced
numerically by adopting the coupled missile-target interaction approach with the finite element code LS-
DYNA. The impact induced damage of NPP plant under four impact locations of containment (cylinder, air
intake, conical roof and PCS water tank) and two impact locations of auxiliary buildings (exterior wall
and roof of spent fuel pool room) are evaluated. Furthermore, by considering the inner structures in the
containment and raft foundation of NPP, the structural vibration analyses are conducted under two
impact locations (middle height of cylinder, main control room in the auxiliary buildings). It indicates
that, within the discussed scenarios, NPP structures canwithstand the impact of both two aircrafts, while
the functionality of internal equipment on higher floors will be affected to some extent under impact
induced vibrations, and A380 aircraft will cause more serious structural damage and vibrations than
A320 aircraft. The present work can provide helpful references to assess the safety of the structures and
inner equipment of NPP plant under commercial aircraft impact.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The 9/11 terrorist attack on World Trade Center (WTC) and
Pentagon made public recognized the tremendous catastrophe of
aircraft impacts on national critical infrastructures. Hereafter, US
Department of Energy [1], US Nuclear Energy Institute [2,3] and US
Nuclear Regulatory Commission [4,5], as well as the National Nu-
clear Safety Administration of China [6] successively issued rele-
vant guidelines and requirements for the safety analyses of NPP
containment and auxiliary buildings impacted by large commercial
aircrafts. In the reports Safety Aspects of Nuclear Power Plants in
Human Induced External Events issued by International Atomic En-
ergy Agency (IAEA) [7e9], the main catastrophic accidents of the
.

by Elsevier Korea LLC. This is an
NPP buildings under the aircraft collisions are: (i) impact induced
global and local damage and failure; (ii) impact induced vibrations
of structures, systems and components; (iii) the leakage of fuel tank
induced fire during aircraft impact. Concerning the Generation III
nuclear power plant reactor, this paper aims to perform the safety
assessment of NPP buildings subjected to typical commercial air-
crafts crash.

The determination of the aircraft impact force is fundamental
and essential for aircraft impact analyses. Riera [10] proposed the
classic Riera function to predict the impact force of aircraft, which
consists of the crushing force term and the inertial term. After-
wards, several prototype and reduce-scaled fighter crash tests were
performed to evaluate the applicability of Riera function. Kobori
Research Complex and Sandia National Laboratories jointly con-
ducted the full-scale F4 Phantom fighter (19t) impact test on the flat
reinforced concrete (RC) block target with the impacting velocity of
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215m/s, and a reduction coefficient of 0.9 to the inertial term of the
Riera force function was experimentally derived [11]. By perform-
ing the scaled aircraft model collision tests, Wen et al. [12]
confirmed the effectiveness of Riera function and derived that the
above reduction coefficient should be varied within 0.8e1.
Recently, Duan et al. [13] carried out an experiment of the proto-
type J6 fighter (6.71t) impacting on a movable concrete block
target. It is found that the ratio of the impulse of the crushing force
to that of the total impact force remains approximately a constant,
thus the impact force-time history can be calculated without
knowing the airplane's crushing force distribution.

Considering the huge costs of performing the prototype or
scaled aircraft impact test, as well as the rapid development of
high-performance computer and commercial finite element (FE)
program, the numerical simulations have becoming a feasible and
reliable way to analyze the aircraft impact issues. Commonly, two
main numerical approaches for the dynamic responses analyses are
adopted: (i) the loading-time history approach (decoupled simu-
lation): applying the loading-time history curve, i.e., Riera function,
on the structure directly [14e19] (ii) the missile-target interaction
approach (coupled simulation): reproducing the total impacting
process by establishing both the FE models of aircraft and structure
[20e26]. As for the safety assessment of NPP, Abbas et al. [27,28],
Zhang et al. [20] and Siefert et al. [29] and Arros and Doumbalski
[30] concluded that the decoupled analysis cannot reflect the high-
frequency response generated during the impact and the impact
loading area is difficult to determine, the coupled simulation are
more conservative than the decoupled approach. Furthermore, the
coupled simulation can reflect the energetic fluxes within the
aircraft as well as the local stress concentrations of the stiffer parts,
e.g., the envelope of the fuselage [29]. For the existing relatedworks
with adopting the coupled simulation approach, Zhang et al. [20]
established a fine FE model of A320 aircraft and a prestressed
reinforced concrete NPP containment, and by conducting the sys-
tematic numerical simulations and parametric analyses, an
empirical formula to predict the maximum impact deflection was
proposed. Lu et al. [21] established three different fine-grained FE
models of B767 aircraft, and the coupled impact analysis showed
that the finer aircraft model should be adopted in the numerical
Fig. 1. FE model of
simulations. Kostov et al. [22] assessed the structural safety of A92
reactor building under aircraft Boeing 747-400 collisions, and it was
derived that the external protective structures provided enough
strength and ductility to prevent aircraft penetrations. Thai et al.
[23] estabished the FE models of a nuclear building and B767-400
aircraft to discuss the influences of reforcing ratio and arrange-
ment of steel rebar on the structural behavior of nuclear building, it
was found that the rebar ratio has a significant effect on resisting
aircraft impact and reducing the local damage. Thai and Kim [24]
numerically examined the global and local damage, as well as the
vibration safety of RC Primary Auxiliary Building of the Korea
Standard Nuclear Power Plant subjected to Boeing 767-400 aircraft
crash. It showed that the safety of the containment, excepting vi-
bration safety, are ensured in all aircraft impact scenarios. Lee [25]
developed the numerical models of a prestressed NPP containment
and a B747 aircraft, and it indicated that the global responses differ
significantly under different aircraft impact velocities and angles,
while the tendon prestress and impact position affect the global
response slightly. Lee et al. [26] established the Lagrange, Lagrange-
SPH (smoothed-particle hydrodynamics) hybrid and SPH models
for Phantom F4 fighter, and it showed that the SPH and hybrid
models show more severe damage to the concrete wall.

In the present part of this paper, based on the established and
verified FE models of aircrafts Airbus A320 and A380, as well as the
NPP containment and surrounding auxiliary buildings in Part I of
this paper [31], the whole collision processes are reproduced
numerically by adopting the coupled simulation approach with the
FE program LS-DYNA [32]. Then, the dynamic responses of NPP
buildings under four aircraft impact locations of containment
(cylinder, air intake, conical roof and PCS water tank) and two
impact locations of auxiliary buildings (exterior wall and roof of
spent fuel pool room) are studied in Sections 3 and 4, respectively.
Furthermore, in Section 5, by considering the inner structures of
containment and raft foundation of NPP, the structural vibration
analyses are performed under two aircraft impact locations (middle
height of cylinder, main control room in the auxiliary buildings).
The safety of equipment under aircraft impact induced structural
vibrations are evaluated according to the EPRI NP-5930 report [33].
The present work can provide helpful references for the structural
NPP buildings.
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damage and equipment vibration assessment of NPP plant under
commercial aircraft impact.
2. FE models of aircrafts and NPP buildings

2.1. FE models

2.1.1. Aircrafts
In the previous Part I of the present paper [31], two represen-

tative aircrafts, i.e., the medium aircraft Airbus A320 and the large
aircraft Airbus A380 are chosen, and the refined FE models of above
two commercial aircrafts are established as shown in Fig. 1 and
Fig. 3 in Ref. [31], respectively.
Fig. 3. Stress-strain relationship of Plastic Kinematic Model.

Table 1
Constitutive model parameters of concrete.

Model parameters MAT_WINFRITH_CONCRETE
(*MAT_084)

Containment Auxiliary buildings

Density r (kg$m�3) 2500 2500
Young's modulus E (Pa) 3.55e10 3.15e10
Poisson's ratio n 0.19 0.19
Uniaxial compressive strength (Pa) 3.55e7 2.34e7
Uniaxial tensile strength (Pa) 2.74e6 2.20e6
Fracture energy FE (N$m�1) 150 150
Aggregate size (radius) (mm) 20 20

Table 2
Constitutive model parameters of steel.

Model parameters MAT_PLASTIC_KINEMATIC
(*MAT_003)
2.1.2. NPP buildings
In the previous Part I of the present paper [31], as shown in Fig.1,

the fine FE models of Chinese Zhejiang Sanao NPP buildings
including the containment and surrounding auxiliary buildings are
established. The total height of the containment is 81.8 m
(including 12 m buried underground), and the outer diameter of
containment is 44.2 m. The main structures of containment are
composed of the cylinder, air intake, conical roof and gravity drain
PCS water tank. The cylinder of containment is the full steel con-
crete (FSC) structure which has steel plates on both faces of con-
crete, and the reinforcing tie bars are arranged to connect the steel
plates. Particularly, the junction of the containment cylinder and
the auxiliary buildings is the reinforcing concrete (RC) structure.
The conical roof and gravity drainwater tank are both the half steel
concrete (HSC) structures that only the internal wall is reinforced
by the steel plate and the core concrete is reinforced with the
double surface steel mesh. Besides, the partition walls and door
openings on each floor of the five storey auxiliary building are
reproduced. Particularly, the reinforcing details of the enclosedwall
and upper roof of the spent fuel pool room, i.e., reinforcement bars,
steel plate and steel beam, are also established.

The core concrete is modeled with the solid element and the
beam element is used to model the steel rebar. Shell element is
used to model the steel plate, corbel and steel beam. Considering
the huge volume of the containment, based on the mesh conver-
gence analyses, the concrete element size is adopted as about
250 mm � 250 mm � 250 mm for guarantee both the calculation
efficiency and precision. Therefore, there are four layers along the
thickness of cylinder and the conical roof, six layers along the
thickness of air intake, and two or three layers along the thickness
of water tank.
Fig. 2. Stress-strain relationship of Winfrith Concrete model.
2.2. Constitutive models and parameters

2.2.1. Concrete
In the previous Part I of this paper, the validations of Winfrith

model (MAT_WINFRITH_CONCRETE, *MAT_84) [34] for steel con-
crete (SC) panels under deformable missile impact is verified, thus
it is adopted to describe the concrete in the present aircraft crash
numerical simulations. Fig. 2 shows the corresponding stress-strain
relationship of a unit cube element subjected to a uniaxial loading,
Rebar Steel plate

Density r (kg$m�3) 7800 7850
Young's modulus E (Pa) 2.0e11 2.0e11
Yield stress sy (Pa) 4.0e8 3.45e8
Poisson's ratio n 0.3 0.3
Strain rate parameter C 40.4 40.4
Strain rate parameter P 5.0 5.0

Table 3
Impact locations on the containment.

Case Impact
position

Height
(m)

Failure criteria

1A Cylinder 32.1 Deflection of rear steel plate exceeds clearance
2A Air intake 59.4 Deflection of rear steel plate exceeds clearance
3A Conical roof 67.5 Deflection of steel beam exceeds clearance
4A PCS water

tank
71.4 The water tank can be damaged, but the damage

should be judged.



Fig. 4. Impact locations of NPP containment.

Fig. 5. Impact progress of A320 (a) Case 1A (b) Cas
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in which the compression model shows perfect elastic-plastic
behavior and has a limit strain (εcu) at failure, and the tension
model shows elastic softening behavior with fracture strain (ε0). For
the tension model, the strain softening behavior is determined by
the parameter FE, and when the strain rate effect is included, the
parameter FE is considered as the fracture energy.

TheWinfrith concretemodel [34] takes the strain rate effect into
account, and the dynamic strength of concrete is obtained by
multiplying the static strength of concrete by the strength
enhancement factors. The tensile (ET) and compressive (EC) strain
rate enhancement factors are

8>>>><
>>>>:

ET ¼ ð_ε=_ε0T Þ1:016d; EC ¼ ð_ε=_ε0CÞ1:026a
0

_ε � 30s�1

ET ¼ h_ε1=3; EC ¼ g _ε1=3 _ε>30s�1
(1)

where _ε0T ¼ 3:0� 10�6s�1, _ε0C ¼ 3:0� 10�6s�1, d ¼ 1=ð10 þ
0:5fcuÞ, a0 ¼ 1=ð5 þ 0:75fcuÞ, log10h ¼ 6:933d� 0:492, log10g ¼
6:156a

0 � 0:492, and fcu is the cubic compressive strength of con-
crete. As for the modulus of elasticity, the corresponding
enhancement factor (EE) is adopted as the average value of
e 2A (c) Case 3A (d) Case 4A (isometric view).
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compressive strength and tensile strength enhancement factors,
which has the form of

EE ¼0:5�
h
ð_ε=_ε0TÞ0:016 þ ð _ε=_ε0CÞ0:026

i
(2)

The model parameters of concrete in the NPP containment and
auxiliary buildings are listed in Table 1.
2.2.2. Steel
The Plastic Kinematic Model (MAT_PLASTIC_KINEMATIC,

*MAT_3) as given in Eq. (3) is adopted to describe the steel rebar
Fig. 6. Impact process of A380 (a) Case 1A (b) Case

Fig. 7. Impact process of aircraft
and steel plate, the corresponding elastic-plastic behavior is shown
in Fig. 3 and the model parameters are given in Table 2.

sy ¼ E
�
1þ ð_ε=CÞ1=P

�
(3)

where sy is the yield stress, E is the Young's modulus, _ε is the strain
rate, C and P are the strain rate parameters.

2.2.3. Aluminum
As for the aircraft, the main frame of the floor board beams are

made of 4340 steel, and the secondary framework such as stringers
2A (c) Case 3A (d) Case 4A (isometric view).

A380 in Case 1A (top view).



Fig. 8. Impact force-time history aircraft A380 in Case 1A

Fig. 9. Aircraft impact deflection-time histories in

Fig. 10. Effective plastic strain of steel plate in t
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and ribs are made of 2024 aluminum. The simplified Johnson Cook
Model (MAT_SIMPLIFIED_JOHNSON_COOK, *MAT_098) given in Eq.
(4) is adopted. By referring [35], the corresponding model param-
eters are listed in Table 2 in previous Part I of this paper [31].

sy ¼
�
Aþ Bεp

n
��

1þ CIn _ε*
�

(4)

where sy is the yield stress, A and B are the hardening constants, C is
the strain rate coefficient, and n is the hardening exponent, εp is the
effective strain, _ε* is the effective strain rate.
2.3. Boundary conditions and contacts

The FE model components are assembled with the appropriate
constraints and contacts. The rebar, corbel and reinforced plate are
embedded into the concrete by using the option *CON-
STRAINED_LARGRANGE_ IN_SOLID. It takes into account the fric-
tion between the steel and concrete, which makes the rebar,
corbel with concrete work together. The option
the impact central zone (a) A320 (b) A380.

he impact central zone (a) A320 (b) A380.



Table 4
Impact positions on the auxiliary buildings.

Case Impact position Height (m) Failure criteria

1B Exterior wall of auxiliary containment 17.4 Deflection of rear steel plate exceeds clearance
2B Roof of auxiliary containment 36.7 The rear steel plate failed

Fig. 11. Impact locations of auxiliary buildings (a) Case 1B (b) Case 2B

Fig. 12. Impact process of A320 (a) Case 1B (b) Case 2B

Y.G. Qu et al. / Nuclear Engineering and Technology 52 (2020) 397e416 403
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*CONTRACT_TIED_NODES_TO__SURFACE is used for the contact
between the containment and auxiliary buildings, while the option
*CONTRACT_AUTOMATIC_ NODES_TO_SURFACE is adopted for the
aircraft-concrete contact. Besides, the fixed boundary conditions
are applied to the bottom nodes of NPP containment and auxiliary
buildings.
Fig. 15. Impact force-time history aircraft A380 in Case 1B
3. Dynamic responses of NPP containment under aircraft
impact

3.1. Impact locations on containment

In this section, based on the missile-target interaction approach,
the FE code LS-DYNA [32] is utilized to numerically simulate the
impact of A320 and A380 aircrafts on NPP buildings. The inner steel
containment provides a sealed environment for the reactor, thus a
high degree of tightness and integrity of which are required. The
acceptance criteria for design extension events-1 (DEE1) defined by
IAEA [8] specifies that the local inelastic deformation and damage
in the structure are accepted as long as the basic safety function of
the containment is ensured. Therefore, for the safety assessment at
present, themaximal impact deflection of containment be less than
the clearance of the containment and the inner steel containment,
as stated in Table 3. In order to evaluate the impact resistance of the
containment, four aircraft impact locations are selected as shown in
Fig. 4 and Table 3. These locations cover the most vulnerable po-
sitions of the main structure of containment, and the correspond-
ing evaluation criteria are given according to the engineering
practice. The impact position in Table 3 refers to the height from the
bottom of NPP containment. All impacts occur perpendicularly,
thus the aircraft is 55� from the horizontal plane in Case 3A.
Fig. 13. Impact process of A38

Fig. 14. Impact process of aircraft
3.2. Impact process

The impact processes of A320 and A380 aircrafts are shown in
Fig. 5 and Fig. 6 respectively. Although A320 and A380 aircrafts are
different in size, their impact processes are nearly identical.
Considering the length of the paper, taking Case 1A as an example,
Fig. 7 further shows the top view of the impact process of aircraft
A380. Fig. 8 illustrates the calculated raw impact force-time history
as well as the 50 Hz low-pass filtered signals following the NEI07-
13 [3] recommendations.

It can be found that, firstly, the aircraft nose collides with the
containment and is buckled rapidly, the corresponding impact force
0 (a) Case 1B (b) Case 2B

A380 in Case 1B (top view).
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also increases with the enlarging of the aircraft-target contact area.
Then the mid-fuselage, wing and engine crashed with the
containment, and the impact force reach the peak value. The car-
ried fuel is splashed out due to the severe deformation and rupture
of fuel tanks mounted on the aircraft wings. The connections be-
tween the fuselage and the wing are all fractured, thus the wing
and the fuselage are separated, also the wing deviates to a certain
extent. Attributed to the decreases of the aircraft mass and velocity,
the impact force descending gradually. Finally, the wing does not
impact the auxiliary buildings due to the upward deviation angle of
the wing, although the initial impact height of the right wings of
aircrafts are lower than the height of the auxiliary buildings. With
the impact process proceeding, the fuel particles continue to splash
under inertia, and the spraying area further enlarges.

3.3. Impact deflections

Fig. 9 shows the deflection-time histories of the rear steel plate
of containment in the impact central zone. It obviously indicates
that, the damage caused by A320 aircraft is much less than that
caused by A380 aircraft. For A320 aircraft, the maximum deflection
occurs in Case 4A that aircraft impacting PCS water tank, followed
by Case 1A, and the smaller deflections occur in Case 2A and Case
3A, respectively. While for A380 aircraft, the maximum deflection
Fig. 16. Impact deflections in

Fig. 17. Effective plastic strain of steel
occurs in Case 1A that aircraft impacting cylinder, followed by Case
4A, and the less deflections in Case 2A and 3A. The above deviations
may lie in that the A320 aircraft is smaller than A380 aircraft, A380
aircraft does not collide with the structure completely.

Taking the relatively more serious damage of containment
collided by A380 aircraft for instance, it can be seen from Fig. 9(b)
that the maximum deflection of the rear steel plate at the impact
center is 183 mm when the cylinder is impacted. The clearance
between the cylinder and the inner steel containment is 1.3 m, thus
the deflection of the impact center is far less than the clearance,
which meets the safety assessment criteria specified in Section 3.1.
When the air intake is impacted by A380 aircraft, the maximum
deflection of the rear steel plate is 39 mm, while the clearance
between the air intake and the inner steel containment is 1.5 m.
Additionally, the maximum deflection of the rear steel plate is
45 mm and 131 mm for the conical roof and PCS water tank
impacted by an aircraft, respectively. Except for the impact area, the
other part remains intact and almost no damage occurs under the
aircraft impacts, which indicates that the containment has not been
damaged by the impact of large commercial aircraft, such as over-
turning, collapse, etc.

The above simulation results show that the cylinder and PCS
water tank are vulnerable to damage, and the impact resistance of
conical roof and the air intake is nearly identical. The main reasons
the impact central zone.

plate in the impact central zone.



Fig. 18. FE model of structural vibration analyses (a) mass rob model (b) foundation (c) integrated model.

Fig. 19. Impact locations for structural vibration analysis (a) Case 1C (b) Case 2C.

Y.G. Qu et al. / Nuclear Engineering and Technology 52 (2020) 397e416406
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are as follows: (i) the impact position in Case 1A is located in the
mid-height of the cylinder, thus the corresponding deflection is the
largest and the damage is the most serious in the cylinder; (ii) the
wall of PCS water tank is the thinnest, only 0.47 m, which is almost
a half of the cylinder wall thickness of containment. Also, the PCS
water tank is located at the top of the containment, which is far
from the foundation; (iii) although the structural integrity of the air
intake is influenced by the pipes to some extent, the wall and steel
plate at the air intake are the thickest in the containment and the
tension bars are arranged densely. Besides, the air intake is sup-
ported by the conical roof, thus the impact resistance of the air
intake is guaranteed; (iv) the conical roof wall is reinforced with
dense rebar and supported by the steel beams, also the conical roof
has a relatively short span, thus the conical roof also has prominent
impact resistance.

3.4. Effective plastic strain of steel plate

NEI07-13 guideline [3] provides two failure strain limit of steel
plate according to the different failure mechanism of the structure.
First is the global ductile failure strain limit, the value of which is
0.05 including a knockdown of the tensile instability strain to ac-
count for variability in material properties in weld regions and for
material hardness. Another one is the local ductile tearing effective
strain for locations in the structure under more complex state of
stress, the value of which is defined as 0.14/TF. TF is triaxiality factor
of the local state of stress, which has the form of

TF ¼ s1 þ s2 þ s3
se

(5)
Fig. 20. Witness locations of auxiliary buildings in structural vibration analyses.
where s1,s2,s3 are the principal stresses, and se is the effective
stresses, or

se ¼ 1ffiffiffi
2

p
�
ðs1 � s2Þ2 þ ðs2 � s3Þ2 þ ðs3 � s1Þ2

�1
2

(6)

Commonly, TF value can be taken as 2 in lieu of computations,
thus the local ductile tearing effective strain limit is 0.07. In brief,
the steel plate reaches the strain limit when the strain of steel plate
reaches 0.05, and some cracks occur on the steel plate when the
strain reaches 0.07.

Fig. 10 shows the effective strain-time histories of the steel plate
at the impact center under four impact scenarios, respectively. For
both A320 and A380 aircrafts, the maximum strain occurs in Case
4A that the aircrafts impacting PCSwater tank, followed by Case 1A,
and then are the Cases 2A and 3A. Although the impact deflection of
the wall at PCS water tank is similar to that at the cylinder of the
containment, the thickness of the wall at PCS water tank is only
about a half of that of cylinder, thus the corresponding strain of the
rear steel plate is larger than that of cylinder. The peak strains of the
rear steel plate in Case 4A (PCS water tank) for A320 and A380
aircrafts are 0.0015 and 0.007, respectively. The strains of rear steel
plate of the containment in the discussed four impact scenarios do
not reach the failure strain limit of the steel plate specified in
NEI07-13 code [3], which indicates that the steel plate at impact
center does not fail and the local damage is not occurred, whichmet
the safety criteria. The structural integrity is guaranteed, and there
is no local damage such as the cracking of steel plate and splash of
concrete debris.
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4. Dynamic responses of auxiliary buildings under aircraft
impact

4.1. Impact locations on the auxiliary buildings

Considering that the spent fuel is stored in the spent fuel pool
room of the auxiliary buildings, thus the safety of the enclosed wall
and roof of the spent fuel pool room should be evaluated. For safety
concern, the impact deflection is required to be less than the dis-
tance between the exterior wall and wall of the spent fuel pool
room. In practical engineering, there are neighboring buildings
located around the auxiliary buildings, thus the potential impact
locations of the wall around the spent fuel pool are discussed. The
impact positions and assessment criteria are given in Table 4, and
the corresponding schematic views for A380 aircraft are further
shown in Fig. 11. It should be noted that, Case 1B is the perpen-
dicular impact and the 10� oblique impacting angle is considered in
Case 2B.
Fig. 21. Spectrum acceleration correspo
4.2. Impact process

The impact processes of two aircrafts impacting the auxiliary
buildings are shown in Fig. 12 and Fig. 13, respectively. Similarly,
take the impact Case 1B of aircraft A380for example, the top view of
the impact process, as well as the calculated and filtered impact
force-time histories are further shown in Figs. 14 and 15, respec-
tively. In Case 1B that aircraft impacting the exterior wall of
auxiliary buildings, the wingspans of two aircrafts are larger than
the width of wall, thus both of the two aircrafts are failed to
completely collide with the wall. As shown in the figures, the left
wings of the aircrafts impact the containment. In Case 2B that
aircraft impacting the roof of the auxiliary buildings, attributed to
the 10� oblique impacting angle, the inertia of aircrafts along the
horizontal direction leads to the slip of the aircrafts, and finally
collide with the containment.
nding to Case 1C of A320 aircraft.



Y.G. Qu et al. / Nuclear Engineering and Technology 52 (2020) 397e416 409
4.3. Impact deflections

Fig. 16 shows the deflection-time histories of rear steel plate at
impact center in each impact scenario. Since that the wing span of
the aircraft is too large to completely impact the auxiliary buildings,
only part of the aircraft right wing collides with the auxiliary
containment, relatively larger deflections occur in Case 2B
compared with the Case 1B. For instance, in Case 2B, the maximal
deflections caused by A320 and A380 aircrafts are 49 mm and
101 mm, while the corresponding maximum deflections in Case 1B
are 18 mm and 58 mm, respectively. The exterior wall thickness at
the impact position is about 1.7 m, with the double-layer rein-
forcing steel bars and the rear steel plate. The distance between the
exterior wall of auxiliary building and the enclosed wall of spent
fuel pool room is 1.2 m, which indicates that the exterior wall of
auxiliary building is safe enough under the impact of both aircrafts,
and the safety of spent fuel pool room can be guaranteed.
Fig. 22. CAVs corresponding to
4.4. Effective plastic strain of steel plate

Fig. 17 shows the effective plastic strain-time histories of the
rear steel plate at the impact center in each impact scenario. The
maximum strain is 1.17 � 10�3 which occurs in Case 2B that the
aircraft A380 impacting the roof of auxiliary building. Based on the
discussions in Section 3.4, it can be derived that the inner steel plate
does not fail and local damage is not occurred, which satisfies the
safety assessment criteria.
5. Structural vibrations under aircraft impact

Except for the global and local damage to the NPP buildings, the
structural vibration induced by the aircraft impact may influence
the functionality of structures, systems and components (SSCs), e.g.,
pump, electric control cabinet, pipes, etc. Therefore, it is necessary to
evaluate the vibration safety of SSCs under aircraft impact.
Case 1C of A320 aircraft.
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5.1. FE model

FE model for vibration analyses focuses on the acceleration at
different locations of NPP buildings under aircraft impact. Based on
the previous FE model for dynamic responses analyses in Section 2,
as shown in Fig. 18, the mass rob model represents the inner
structures of the containment, as well as the elastic raft foundation
which transfers the induced vibrations are further established and
complemented. The mass rob model simplifies the internal struc-
ture into a single-degree-of-freedom rob model for vibration ana-
lyses, which retains the original mass. The foundation has the
dimension of 300m long, 200mwide and 27m thick. The FEmodel
of structural vibration analyses is shown in Fig. 18, in which the
foundation is modeled with the solid element and the element
size is 1250 mm. Besides, the option *CON-
TRACT_TIED_NODES_TO__SURFACE is adopted for the contact be-
tween the NPP buildings and foundations.
Fig. 23. Spectrum acceleration correspo
5.2. Impact and witness locations

In the structural vibration analyses, two impact cases shown in
Fig. 19 are mainly concerned. The Case 1C is that aircraft impact the
middle height of cylinder, which is the most vulnerable location of
the containment. The impact position of Case 2C is near the main
control room in the auxiliary buildings. The witness locations
where the vital components arranged in the auxiliary buildings are
further show in Fig. 20. It should be pointed out that, (i) the heights
in the figures are measured from the bottom of foundation; (ii) the
witness locations 1e5 correspond to the mass rob model of the
internal structures in the containment, as shown in Fig. 18(a).
5.3. Safety assessment of structural vibrations

The peak ground acceleration (PGA) has been used as the cri-
terion for the vibration safety assessment of nuclear facilities.
However, PGA concentrates only the peak value, and does not
nding to Case 2C of A320 aircraft.
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involve the frequency and duration of vibrations, thus it is insuffi-
cient to evaluate the safety of SSCs under aircraft impact induced
vibrations based on PGA. At present, following the studies by Thai
and Kim [14], an evaluation procedure based on the EPRI NP-5930
report [33] is adopted in which a two-level criterion for deter-
mining the Operating Basis Earthquake (OBE) exceedance was
developed. Accordingly, OBE is considered to be exceeded if the
following two conditions are both satisfied: (i) Response spectrum
check: the 5% damped ground response spectrum for the motion at
the site exceeds the corresponding OBE design response spectrum
or 0.20 g, whichever is greater; and (ii) Cumulative absolute ve-
locity (CAV) check: the computed CAV value is greater than 0.3 g$s.
The vibration response spectrum acceleration can be obtained from
the vibration acceleration-time histories. At present, the total
computing time duration is 0.6s and the time step is set as 0.0001s.
Fig. 24. CAVs corresponding to
5.3.1. A320 aircraft
Fig. 21 shows the spectrum accelerations of different witness

locations in Case 1C under A320 aircraft impact. The threshold is
the minimum spectrum acceleration of instrument can withstand
given by Kostov [36]. It can be found that, the spectrum accelera-
tions in Fig. 21(a) is nearly identical with that in Fig. 21(b), while the
spectrum acceleration increases from Fig. 21(b)e21(d) due to the
elevation of the witness points heights. In Fig. 21(d), the spectrum
accelerations of witness locations Points 16 to 20 all exceed the
threshold. Furthermore, as shown in Fig. 22, the corresponding
CAVs of each witness position are derived, and it indicates that CAV
at all locations did not exceed the threshold value of OBE 0.3 g$s.
Therefore, in the impact scenario Case 1C, the safety of inner SSCs is
guaranteed.

For Case 2C, Figs. 23 and 24 further show the spectrum accel-
erations and CAVs of different witness points, respectively. It can be
Case 2C of A320 aircraft.
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found that, the spectrum accelerations of the concerned locations
in Case 2C shows similar variation trends with that in Case 1C.
Particularly, both the spectrum accelerations and CAVs for Points
16e20 in Figs. 23(d) and Fig. 24(d) exceed the threshold, which
indicates that the functionality of SSCs arranged at the corre-
sponding locations maybe affected under the aircraft induced
vibrations.

5.3.2. A380 aircraft
As for A380 aircraft, Figs. 25e28 further show the spectrum

accelerations and CAVs of different witness points in the impact
scenarios Case 1C and Case 2C, respectively. Compared with
Figs. 21e24, attributed to the larger weight, A380 aircraft leads to
more serious structural vibrations. For instance, in Case 1C, both the
spectrum accelerations and CAVs of Points 16e20 exceed the OBE
threshold under the impact of A380 aircraft.

Generally, according to the above numerical simulation results,
the spectrum accelerations and CAVs of mass rob model and po-
sition in bottom floor both do not exceed the threshold. The
Fig. 25. Spectrum acceleration correspo
spectrum accelerations and CAVs of Points 16e20 in Case 2C
collided with A320 aircraft, as well as Case 1C and Case 2C collided
with A380 aircraft all exceed the OBE threshold, which implies that
the SSCs at the corresponding locations maybe damaged to some
extent under the impact induced structural vibrations, and the
shutdown of NPP is required. Under these circumstances, the vi-
bration isolation measures, as well as the redundant and suffi-
ciently separated components should be provided.

6. Conclusions

Aiming to perform the safety assessment of Generation III NPP
buildings subjected to commercial aircraft crash, based on the
verified FE models of aircrafts Airbus A320 and A380, as well as the
NPP buildings in the previous part of this paper, the dynamic re-
sponses and structural vibrations of the containment and auxiliary
buildings under above two aircrafts impact are studied in the
present part of this paper, the main work and conclusions are as
follows:
nding to Case 1C of A380 aircraft.



Fig. 26. CAVs corresponding to Case 1C of A380 aircraft.
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Fig. 27. Spectrum acceleration corresponding to Case 2C of A380 aircraft.
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Fig. 28. CAVs corresponding to Case 2C of A380 aircraft.
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(1) The whole collision processes are reproduced numerically by
adopting the coupled missile-target interaction approach
with the finite element code LS-DYNA.

(2) The aircraft impact induced damage of NPP plant under four
impact locations of containment (cylinder, air intake, conical
roof and PCS water tank) and two impact locations of
auxiliary buildings (exterior wall and roof of spent fuel pool
room) are evaluated. It indicates that, within the discussed
scenarios, NPP structures can withstand the impact of both
two aircrafts.

(3) By further considering the inner structures in the contain-
ment and raft foundation of NPP, the structural vibration
analyses are performed under two impact locations (middle
height of cylinder, main control room in the auxiliary
buildings). It indicates that, the functionality of internal SSCs
on higher floors will be affected to some extent under impact
induced vibrations.

(4) A380 aircraft leads to more serious structural damage and
vibrations than A320 aircraft.
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