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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 I,
finite element (FE) models establishment and validations for both the aircrafts and NPP buildings are
performed. (i) Airbus A320 and A380 aircrafts are selected as the representative medium and large
commercial aircrafts, and the corresponding fine FE models including the skin, beam, fuel and etc. are
established. By comparing the numerically derived impact force time-histories with the existing pub-
lished literatures, the rationality of aircrafts models is verified. (ii) Fine FE model of the Chinese Zhejiang
Sanao NPP buildings is established, including the detailed structures and reinforcing arrangement of both
the containment and auxiliary buildings. (iii) By numerically reproducing the existing 1/7.5 scaled
aircraft model impact tests on steel plate reinforced concrete (SC) panels and assessing the impact
process and velocity time-history of aircraft model, as well as the damage and the maximum deflection
of SC panels, the applicability of the existing three concrete constitutive models (i.e., K&C, Winfrith and
CSC) are evaluated and the superiority of Winfrith model for SC panels under deformable missile impact
is verified. The present work can provide beneficial reference for the integral aircraft crash analyses and
structural damage assessment in the following two parts of this paper.
© 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 key infrastructures, e.g., nuclear power plants (NPP), critical
bridges and skyscrapers, are the valued potential targets for
deliberate hijacking and attacking by terrorists since their de-
structions could result in significant impact on the nation, such as
tremendous casualties, enormous economic loss, serious social
panic, etc. Investigations of the large commercial aircraft impact
effect have been drawing extensive attention, particularly after the
9/11 event. Before 11 September 2001, nuclear installations were
only designed to withstand the impact of a typical light fighter, e.g.,
F4 fighter, whilst a large commercial aircraft crash and the corre-
sponding safety assessment for NPP were considered as a beyond
.

by Elsevier Korea LLC. This is an
basis event (BDBE) by the U.S Nuclear Regulatory Commission
(NRC) [1]. 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 [2], US Nuclear Energy Institute [1,3] 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
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.
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The evaluation of 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 both the crushing force term and the inertial term. Sugano et al.
[11] conducted the full-scale F4 Phantom fighter (19t) impact test
on the flat reinforced concrete (RC) block target with the velocity of
215 m/s, and a reduction coefficient of 0.9 was introduced into the
inertial term of the Riera force function based on the test data. Duan
et al. [12] carried out the full-scale J6 fighter (6.71t) impacting test
on a movable concrete target, and it is found that the ratio of the
impulse of the crushing force to that of the total impact force re-
mains approximately a constant.

Considering the huge costs of the prototype commercial aircraft
impact test as well as the rapid development of the high-
performance computer and finite element (FE) program, the nu-
merical simulation has becoming a feasible and efficient way to
reproduce the whole aircraft collision process and damage of NPP
buildings. Commonly, two main approaches are adopted in the
existing works: (i) the loading-time history method (decoupled
simulation): applying the loading-time history curve on the
structure directly [13e16] (ii) the missile-target interaction method
(coupled simulation): reproducing the total impacting process by
establishing both the FE models of aircraft and structure [17e22].
Abbas et al. [23,24], Zhang et al. [17], Siefert and Henkel [25], Arros
and Doumbalski [26] concluded that the decoupled analysis cannot
reflect the high-frequency response and the coupled simulation are
more conservative than the decoupled simulation. Sadique et al.
[15] studied the behavior of BWRMark III type nuclear containment
structure impacted by Phantom F4, Boeing 707e320 and Airbus
A320 by using ABAQUS/Explicit FE code, respectively. It showed
that the most dangerous strike location of containment structure is
the mid-height of containment and the containment damage
caused by Phantom F4 is mostly localized. Zhang et al. [17] estab-
lished a fine FE model of A320 aircraft and a prestressed RC NPP
containment, and an empirical formula to predict the maximum
impact deflection was proposed by conducting the systematic nu-
merical simulations and parametric analyses. Lu et al. [18] estab-
lished three different fine-grained FE models of B767 aircraft, and
the coupled impact analysis showed that the finer aircraft model
should be used in the numerical simulations, and an overly
simplified model will underestimate the impact force of the
aircraft. Kukreja [27] numerically simulated the Indian 500MWe
Pressurized Heavy Water Reactor containment impacted by Boeing
707e320 and Airbus 300B4, it showed that the double RC
containment is effective to resist the commercial aircrafts impact.
Lee et al. [28] established the three Phantom F4 fighter models:
Lagrange, Lagrange-SPH (smoothed-particle hydrodynamics)
hybrid and SPH models, it was shown that the SPH and Hybrid
models lead to more severe damage to the concrete wall.

In this paper, the safety assessment of Generation III NPP
buildings including the containment and auxiliary buildings sub-
jected to medium (A320) and large (A380) commercial aircrafts
crash are performed. Three parts are included, the establishment
and verification of FE models of above two aircrafts, NPP contain-
ment and auxiliary building are introduced in Part I. Then, in Part II,
by conducting the coupled crash analyses, the integral damage and
vibration of NPP buildings under aircrafts impact are assessed
numerically based on the validatedmodels. Finally, aiming to assess
the impact resistance of SC structures subjected to the relatively
hard aircraft engines, the local responses of SC plates impacted by a
flat rigid missile are studied in Part III, respectively.

1.1. FE models of aircrafts and validations

For the safety assessment of NPP buildings against commercial
aircraft impact, the highest probability of collision and the most
dangerous scenarios should be considered. Therefore, two repre-
sentative aircrafts are chosen, one is the medium aircraft Airbus
A320 which has the largest amounts in service, the other is one of
the largest aircraft Airbus A380 in service. The basic parameters of
above two aircrafts are given in Table 1.

The establishment of FE models of aircrafts were referred from
the actual aircraft. Based on the open information about aircrafts,
the shape and size of them are identical with the actual ones, and
the total mass and mass distribution are roughly the same as the
actual aircrafts. FE models of the detailed aircrafts structures are
established as fine as possibility. As for the element types, the beam
elements are used for beam structures such as the main girders,
ribs, stringers and landing gears, while the skin, floor and engine
are modeled with shell elements. The SPH elements are adopted to
describe the aviation fuel. Besides, the seat equipment, personnel
baggage, etc. are weighted by using the ELEMENT_MASS elements
in LS-DYNA [29].

2.1. FE model of airbus A320

FE models of A320 aircraft and its main components are shown
in Fig. 1 and Fig. 2, respectively. The total weight of A320 aircraft
model is approximately 72t, including approximately 47000 beam
elements, 94000 shell elements and 44000 SPH elements.

2.2. FE model of airbus A380

Considering that the A380 aircraft is mainly for the interconti-
nental long-distance flight, the total weight of the corresponding FE
model after deducting some consumed fuel is about 400t. The FE
model of A380 aircraft and its component are shown in Fig. 3 and
Fig. 4, there are approximately 116000 beam elements, 625000
shell elements and 100000 SPH elements in total.

2.3. Constitutive models and parameters

The main frame of the aircrafts floor board beams is made of
4340 steel, and the secondary framework such as stringers and ribs
are made of 2024 aluminum. The simplified Johnson Cook Model
(*MAT_098) given in Eq. (1) is used for rebars of RC target and
beams of aircrafts. The corresponding model parameters in the
present analysis are listed in Table 2.

sy ¼
�
Aþ Bεp

n
��

1þ CIn _ε*
�

(1)

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.

For the shell elements such as aircraft skins, floors, engines and
fuel tanks, the Plastic Kinematic Model (*MAT_003) as given in Eq.
(2) is adopted to describe the aluminum alloy materials with
considering the strain rate effects. The material properties are
shown in Table 3

sy ¼ E
�
1þ ð_ε=CÞ1=P

�
(2)

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

The fuel is modeled by using SPH elements, the material model
is Null model (*MAT_009) as given in Eq. (3) and the equation of
state (EOS) is EOS_GRUNEISEN. Since the EOS parameters of the
aviation fuel are difficult to obtain, the EOS parameters of the water
are utilized instead and the deviations are considered very small for



Table 1
Parameters of two commercial aircrafts.

Aircraft Maximum takeoff weight (t) Wing span (m) Fuselage length (m) Number of passengers

A320 73.5 34.1 37.6 150
A380 560.2 79.8 72.7 555

Fig. 1. Airbus A320 aircraft (a) actual aircraft [30] (b) FE model.

Fig. 2. FE models of A320 aircraft components (a) fuselage (b) engine (c) fuel.
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simulating the splashing of fuel. The corresponding material and
EOS parameters are listed in Table 4.

s0ij ¼ 2mε0ij (3)

where ε
0
ij is the deviatoric strain rate and m is the dynamic viscosity

coefficient.

2.4. Validations

Based on the established FE models of A320 and A380 aircrafts,
the longitudinal mass distributions of two aircrafts models can be
measured section by section by using the programHyperMesh [35],
as shown in Fig. 5. It can be seen that, the mass per unit length of
aircraft nose and tail is small, while the mass per unit length of the
medial fuselage was relatively large since the fuselage, wing, en-
gine, landing gear and fuel are concentrated.

Aiming to verify the validity of the numerical simulations re-
sults, the rationality of aircrafts models should be firstly assessed.
At present, the impact velocity of 100 m/s which corresponds to
the taking off and landing velocity of aircraft are selected, the
impact forces of two aircrafts are derived by conducting the nu-
merical simulations of the aircrafts colliding with the flat rigid wall,
as shown in Fig. 6.

Considering the crushing forces of the two commercial aircrafts
are hardly to derive, it is difficult to compare the derived impact
forces with the theoretical impact forces calculated by Riera func-
tion [6]. At present, the derived impact forces given in Fig. 7 are
compared with the existing published impact forces of aircrafts
with the nearly identical weight. For examples, for the impact force
of A320 aircraft model, the impact force of B707-320 calculated by
Riera function [10] and impact force of A320 aircraft numerically
obtained by Sirfert and Henkel [25] were chosen to compare. For
the impact force of A380 aircraft, the impact force time-history of
Boeing B747 aircraft reported by OECD/NEA [36] based on Riera
function as well as Arros and Doumbalski [26] based on numerical
simulation are selected to compare, respectively.

It can be found from Fig. 7 that, due to different types, sizes,
masses and impact velocities, the overall durations and amplitude
of the impact force, the peak load and the corresponding



Fig. 3. Airbus A380 aircraft (a) actual aircraft [31] (b) FE model.

Fig. 4. A380 aircraft components (a) actual engine [32] (b) FE model of engine (c) actual fuselage [33] (d) FE model of fuselage (d) fuel.

Table 2
Constitutive model parameters of target rebars and aircrafts beams [34].

Material model MAT_SIMPLIFIED_JOHNSON_COOK
(*MAT_098)

Material type 4340 steel 2024 aluminum
Density r (kg$m�3) 7830 2770
Young's modulus E (Pa) 2.00e11 7.0e10
Poisson's ratio n 0.29 0.33
Hardening constant A (Pa) 7.92e8 2.65e8
Hardening constant B (Pa) 5.10e8 4.26e8
Hardening exponent n 0.26 0.34
Strain rate constant C 0.014 0.015

Table 3
Constitutive model parameters of alloy aluminum.

Material model MAT_PLASTIC_KINEMATIC (*MAT_003)

Density r (kg$m�3) 2700
Young's modulus E (Pa) 7.3e10
Yield stress sy (Pa) 5.0e8
Poisson's ratio n 0.33
Strain rate parameter C 40.4
Strain rate parameter P 5.0
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occurrence time instant are significantly different, while the vari-
ation tendency of the impact force-time histories are basically
identical. The aircraft nose impact resulted in a relatively stable
impact force, while the impact of the wings and engine lead to an
obvious increase of the impact load. Then, with the kinetic energy
of the aircraft is consumed and the aircraft velocity is decreased,



Table 4
Material and EOS parameters of fuel.

Null model (*MAT_009) EOS_GRUNEISEN

Density (kg$m�3) 750 C (m$s�1) 1.48e3
Pressure cutoff (Pa) �10 S1 1.979
Dynamic viscosity coefficient m 1e-03 S2 0
Relative volume for erosion in tension TE 0 S3 0
Relative volume for erosion in compression CE 0 GAMAO 0.11
Young's modulus E (Pa) 0 A 3

Initial internal energy E0 0
Initial relative volume V0 1.0

Fig. 5. Mass distributions of aircraft (a) A320 (b) A380.

Fig. 6. Numerical simulations of aircrafts impacting flat rigid wall at 100 m/s (a) A320 (b) A380.
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the impact force gradually decreased during the tail impact.
Particularly, the A320 and B707-320 aircrafts are both medium
aircrafts with nearly identical mass and impact velocity, thus their
impact force history curves are closer. The A380 and B747 aircrafts
have nearly identical masses and different impact velocities, thus
the value and occurrence time instant of peak impact force are
different. Therefore, it can be concluded that, the two fine aircraft
FE models established above can reflect the impact loading char-
acteristics of actual aircrafts. The corresponding constitutive
material models and parameters of A320 and A380 aircrafts in the
present numerical simulations are validated, which will be utilized
in the following coupled numerical simulations of aircraft collision
in Part II of the present paper.
3. FE model of NPP buildings and validations

In this section, the fine FE models of NPP buildings including the
containment and auxiliary buildings are firstly established by using



Fig. 7. Impact force-time histories of various aircrafts.
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the program HyperMesh [36]. Then, based on the 1/7.5 scaled
deformable aircraft model impact test on SC panels [37,38], the
corresponding numerical simulations with the FE code LS-DYNA
[29] are performed, and the applicability of the existing K&C
model (*MAT_072), Winfrith model (*MAT_084) and CSC model
(*MAT_159) for concrete are compared, respectively.

3.1. FE model of NPP buildings

The present NPP buildings are based on the Chinese Zhejiang
Sanao plant, and the corresponding structural dimensions and
reinforcing details are not given for the requirements of secrecy.
Considering that the containment is to protect safety related nu-
clear equipment from external impacts and prohibit the release of
the inside radiological substances, as well as the spent fuel pools in
the auxiliary buildings where the spent fuel tank is stored, the FE
models for the NPP containment and spent fuel room of the are
particularly established as fine as possible. Furthermore, in the Part
II of this paper, the containment and spent fuel room are selected as
the most potential impact targets by the aircrafts.

3.1.1. NPP containment
FE models of the main and detailed structures of containment

are shown in Fig. 8. The main structures of containment are
composed of the cylinder, air intake, the conical roof and gravity
drainwater tank. The detailed structures include rebar, corbel, steel
beam and reinforced plate. The cylinder of containment is the full
SC (FSC) structure which has steel plates on both faces of concrete,
and the reinforcing tie bars are used to connect the steel plates.
Particularly, the junction of the containment cylinder and the
auxiliary buildings is the RC structure. The structure of air intake is
identical with that of the cylinder. The air intake is located at the
junction of the cylinder and the conical roof, where the circular
pipes are used to permit the entry of the outside cooling air. The
conical roof and gravity drain water tank are both the half SC (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. As shown in Fig. 8(b), several reinforced plates are arranged
at the bottom of the conical roof and the air intake, while the air
intake is arranged with the corbel to support the steel beam that
located in the internal wall of the conical roof.

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, steel beam and the reinforced
plate. Considering the large volume of the containment, based on
the mesh convergence analyses, the concrete element size is
adopted as about 250mm� 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.

3.1.2. Auxiliary buildings
As shown in Fig. 9, by using the program HyperMesh [35], FE

model of the five storey auxiliary building are established from
bottom to the top successively. Particularly, in order to reflect the
actual building as fine as possible, the partition walls and door
openings of each floor are built. The enclosed wall and upper roof of
the spent fuel pool room are considered as the unfavorable impact
locations. Therefore, as shown in Fig. 10, two layers of steel mesh,
tie bars and inner steel plate are arranged for the enclosed wall.
Besides, the upper roof is supported by the five shaped steel beams
to enhance the rigidity and impact resistance of the roof. The
concrete is modeled with the solid element, beam element is used
tomodel the steel rebar and shell element is used tomodel the steel
plate.

After the fine FE models of NPP containment and auxiliary
buildings are both established, the integral FE model of NPP
buildings can be derived as shown in Fig. 11.

3.2. Validations

The previous studies have paid more attention to the local
damage such as perforation and scabbing of target impacted by
rigid missiles. Comparably limited works are concentrated on the
impact of soft missiles such as aircraft. In this section, the numerical
simulations of the scaled deformable aircraft model impact tests on
SC panels [37] are performed. By assessing the impact process and
the velocity-time history of aircraft model, as well as the damage
and the maximum deflection of SC panels, the applicability of the
existing concrete constitutive models, i.e., K&C model (*MAT_072),
Winfrith model (*MAT_084) and CSC model (*MAT_159) are
compared and validated.

3.2.1. Scaled model impacting test [37].
Mizuno et al. [37] carried out the scaled aircraft model

impacting test, in which the aircraft and SC panel are both the 1/7.5
scale model of the full-scale impact tests [11] and two types of SC
panels were designed, i.e., full SC (FSC) and half SC (HSC) panels.
The full SC type had steel plates on both surface of the concrete
while the half SC type had a steel plate on the rear face of the
concrete and rebar on the front face. The thickness of the steel plate
is approximately 1/70 to 1/100 of the panel thickness. In the impact
tests, aircraft models with total mass of nearly 25 kg and length of
1.35 m were accelerated to reach the impact velocity of about
150 m/s, and collide with the SC panels perpendicularly. The main
test parameters are given in Table 5.

Fig. 12 shows the gas propelled launcher facility, which is mainly
composed of an acceleration cart, a two-rail support track, a piston,
a cart stopper, a piston acceleration tube and a piston catcher tank.
The aircraft model was initially attached to acceleration cart and
launched. When the aircraft model reached the desired velocity,
the cart is separated from the aircraft model to make the aircraft
model hit the target freely.

Taking the HSC-80 panel for example, Fig. 13 shows the sche-
matic view of the reinforcement and studs details. The steel rein-
forcing bars with the diameter of 6 mmwere arranged on one side
of the panel at the spacing of 85 mm, and the other side of panel
used headed studs of 2 mm at 40 spacing to connect the steel plate.
In the tests, the target panel was amounted on a reaction frame at



Fig. 8. FE model of NPP containment (a) main structure (b) detailed structure.
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their four corners by the tensioned bolts shown in Fig. 13(a).
The schematic view of 1/7.5 scaled aircraft model is shown in

Fig. 14. The aircraft model mainly consists of fuselage and engine,
where the fuselage consists of fiberglass cylinder and a high-
density low strength foam filler. The engine is composed of a
0.127 mm-thick steel outer shell, a hexcel honeycomb core, a lead
tape attached to the outside and two 1.6 mm-thick steel end plates.
In the impact tests, two high-speed cameras were arranged, one
was located on the front of the SC panel, and the other was placed
on the back of the target to observe the failure mode of the target,
e.g., penetration, bulge, perforation and etc. The displacement and
strain gauges on the back of some panel, such as FSC-80 and HSC-
120, are used to measure the deflection and strain of the rear steel
plate.

3.2.2. FE model
Considering both the calculation accuracy and time, the element

size is determined to be 5 mm � 5 mm � 5 mm by conducting the
mesh convergence analyses. Besides, considering that the panel is
an axisymmetric structure, the 1/4 FE models of experimental FSC
and HSC panels are established, as shown in Fig. 15. The concrete is
modeled with a solid element, beam element is used to model the
steel rebar and headed studs, and shell element is adopted tomodel
the steel plate. The contact between the steel plate and concrete are
realized by the keyword CONTACT_ERODING _SURFACE_TO_SUR-
FACE, and the rebars are embedded into the concrete by using the
option CONSTRAIND _LAGRANGE_IN_SOLID.

Fig. 16 shows the FE model of aircraft. The engine and fuselage
are modeled with the solid element, and the engine skin and
aircraft skin are modeled with shell element. The option CON-
TACT_ERODING _NODES_TO_SURFACE is adopted to realize the
contact between the aircraft and target panel, even though the
external surface elements of fuselage will be deleted after failure.

3.2.3. Constitutive models for concrete

(1) K&C model (*MAT_072)

K&C concrete model [40] (*MAT_072) is generally used to
analyze the dynamic responses of concrete structures under



Fig. 9. FE model of auxiliary buildings (a) 1st floor (b) 2nd floor (c) 3rd floor (d) 4th floor (e) top floor (f) auxiliary buildings.

Fig. 10. Spent fuel pool room (a) reinforcing bar (b) shaped steel beam.
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intensive loadings. It takes into account the reinforcement effect,
strain rate effect, strain strengthening, damage effect and softening
effect comprehensively. K&C model describes the complex me-
chanical behavior of concrete materials by the initial yield surface
Fig. 11. NPP buildings (a) actual buildings [39
Dsy, maximum strength surface Dsm and residual strength surface
Dsr given in Eq. (4), and the load between the strength surface is
determined by the interpolation of above strength surfaces.

Dsy ¼

8>>><
>>>:

a0y þ P
��

a1y þ a2y
�
; P � fyc

.
3

1:35ft þ 3P
�
1� 1:35ft

.
fyc

�
;0 � P � fyc

.
3

1:35ðP þ ftÞ; P � 0

(4a)

Dsm ¼

8>>>>><
>>>>>:

a0 þ P=ða1 þ a2Þ; P � fc=3

1:5=jðP þ ftÞ;
8<
:

l � lm;�ft � P � fc=3
or 0 � P � fc=3

9=
;

3ðP=hþ ftÞ; P � 0 and l> lm

(4b)
] (b) FE model (c) cross sectional model.



Table 5
Test parameters [37].

Test No. SC panel thickness (mm) Compressive strength of concrete (MPa) Steel plate thickness (mm) Impact velocity (m$s�1)

HSC-60 60 36.4 0.8 149
FSC-60 60 37.7 0.8 152
HSC-80 80 38.1 1.2 149
FSC-80 80 39.6 1.2 146
HSC-120 120 40.9 1.6 146

Fig. 12. Gas propelled launcher facility [37].

Fig. 13. HSC-80 panel (a) rebar (b) headed studs on steel plate [37].

Fig. 14. Schematic view of aircraft model [37].
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Dsr ¼ a0f þ P
.�

a1f þ a2f P
�

(4c)

where ai、aiy and aif(i ¼ 0, 1, 2)are the material parameters, which
are obtained by fitting the experimental data of triaxial compres-
sion test, l and h are the damage variable, fc and ft are the
compressive and tensile strength of concrete. fyc ¼ 0.45fc is the
uniaxial yield strength of concrete. p¼ �ðsxx þsyy þszzÞ= 3 is the
average pressure. jðpÞ shown in Eq. (5) is the ratio of tension me-
ridian to compression meridian.
jðPÞ ¼

8>>>>>>>>>>>>>><
>>>>>>>>>>>>>>:

1=2 P � 0

1=2þ 3ft=2fc P ¼ fc=3

afc

��
a0 þ

2afc
3a1 þ 2aa2fc

	
P ¼ 2afc

3
;az1:15

0:753 P ¼ 3fc

1 P � 8:45fc

(5)

(2) Winfrith model (*MAT_084)

Winfrith concrete model [41] takes the strain rate effect into
account, and the inputs of parameters are simple. The dynamic
strength of concrete is obtained by multiplying the initial strength
of concrete by the strength enhancement factor. The tensile (ET) and
compressive (EC) strain rate enhancement factors are



Fig. 15. FE models of target panel (a) FSC (b) HSC.

Fig. 16. FE model of scaled aircraft model.
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8><
>:

ET ¼ ð_ε=_ε0TÞ1:016d; EC ¼ ð _ε= _ε0CÞ1:026a
0
_ε � 30s�1

ET ¼ h_ε1=3; EC ¼ g _ε1=3 _ε>30s�1 (6)

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, log10h¼ 6:933d� 0:493 and log10g ¼
Table 6
Comparisons of test data with numerical results.

Target Test/analysis Residual velocity
of Engine (m$s�1)

Velocity of debris of
rear face (m$s�1)

HSC-60 Test 40 53
K&C 48 70
Winfrith 30 65
CSC 60 85

FSC-60 Test 22 58
K&C 21 55
Winfrith 24 36
CSC 32 50

FSC-80 Test e e

K&C e e

Winfrith e e

CSC e e

HSC-80 Test e e

K&C e e

Winfrith e e

CSC e e

HSC-120 Test e e

K&C e e

Winfrith e e

CSC e e
6:156a0 � 0:492. fcu is the cubic compressive strength of concrete.
The enhancement factor of modulus of elasticity (EE) given in Eq. (7)
takes the average value of compressive and tensile strength
enhancement factors.

EE ¼0:5�
h
ð _ε=_ε0T Þ0:016 þ ð_ε=_ε0CÞ0:026

i
(7)

(3) CSC model (*MAT_159)

The CSC model [42] is developed by Federal Highway Admin-
istration (FHWA) for the protection of viaduct piers under vehicle
impact. By multiplying the continuous hardening compaction sur-
face (cap) and shear failure surface are realized, the yield stress
function is
Maximal deflection
of plate (cm)

Size of crater (cm) Panel damage mode

Front face Rear face

e e e P
e e e P
e e e P
e e e P
16.1 34 55 P
14.6 30 � 29 45 � 31 P
16.3 32 � 30 54 � 46 P
8 26 � 24 34 � 28 P
4.3 45 e Non-P
5.2 32 � 32 e Non-P
4.6 33 � 33 e Non-P
3.4 35 � 33 e Non-P
7.8 44 e Non-P
13.4 31 � 31 e Non-P
6.5 45 � 45 e Non-P
3.8 35 � 34 e Non-P
0.4 e e Non-P
0.8 e e Non-P
0.7 e e Non-P
0.8 e e Non-P
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YðI1; J2; J3Þ¼ J2 �<ðJ3Þ2F2f ðI1ÞFcðI1; kÞ (8)

where I1, J2, J3 are the first, second and third invariant of the stress
tensor, k is the cap hardening parameter. FcðI1; kÞ is the hardening
cap, Ff ðI1Þ is the shear failure surface, and RðJ3Þ is the Rubin three-
invariant reduction coefficient. The multiplication form enables the
cap and shear surfaces to be continuously and smoothly incorpo-
rated at their intersections. The shear failure surface Ff ðI1Þ simu-
lates the tensile section and the lower confining compressive
section, which is expressed as:

Ff ¼ðI1Þ ¼ a� l expbI1 þ qI1 (9)

where the coefficients l, q, a and b are derived from the triaxial
compression test. The cap hardening surface is as Eq. (10). The shear
failure surface intersects the cap at I1 ¼ Lðk0Þ, and k0 is the value of
I1 when the shear surface and the cap intersect initially.
Fig. 17. Comparisons of aircraft model impact process for F
FcðI1; kÞ ¼

8>>><
>>>:

1 I1 � LðkÞ

1� ðI1 � LðkÞÞ2
ðXðkÞn� LðkÞÞ2

I1 > LðkÞ
(10a)

LðkÞ ¼
8<
:

k k � k0
k0 k< k0

(10b)

XðkÞ¼ LðkÞ þ RFf ðI0Þ (10c)
3.2.4. Comparison and discussion
By describing the concrete materials respectively with K&C,

Winfrith and CSC constitutive models, the impact process and the
velocity-time history of aircraft model, as well as the damage and
SC-60 panel at (a) 2 ms (b) 6 ms (c) 10 ms (d) 20 ms
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the maximum deflection of experimental SC panels are numerically
derived. The comparisons between the numerical simulation re-
sults and test data are listed in Table 6. The “d” in the table in-
dicates that the corresponding experimental data have not been
obtained. For the target panel damage mode, the abbreviation “P”
and “Non-P00 denote that the perforation of panel is occurred or not.
It can be seen that, compared with the FSC panel, the residual ve-
locity of the aircraft model and deflection of HSC panel are larger,
which indicates that the impact resistance of FSC structure is su-
perior to that of HSC structure. Moreover, the damage of target
panel weakens with the increase of panel thickness. At follows, the
applicability of above three concrete constitutive models is evalu-
ated by comparing the numerically simulated results and experi-
mental data.
3.2.4.1. Impact process. Taking FSC-60 panel as an example, Fig. 17
shows the experimental [37] and simulated impact process of the
scaled aircraft model at various time instants from 2 ms to 20 ms. It
indicates that, at 2 ms, a slight bulge appears on the back face of
rear steel plate. At 6 ms, relatively obvious bulge occurred on the
rear face of the panel when the engine collided with the panel,
indicating that the local damage was mainly caused by the hard
impact of the engine. At 10 ms, the panel is perforated and the tail
of aircraft model is not totally embedded, only the panel modeled
with CSC model is perforated and some concrete debris are ejected
out, while the panelsmodeledwithWinfrith and K&Cmodels are in
Fig. 18. Comparisons of damage for FSC-

Fig. 19. Comparisons of front
the critical perforation state in which the steel plate is cracked. At
20 ms, the whole aircraft model perforates the panel, the panels
modeled with both Winfrith and K&C models show punching
failure and large concrete fragments are ejected out. The cracking
range of the rear steel plate of the panel modeled with Winfrith
model is the largest, which is in good agreement with the experi-
mental phenomenon. It is followed by the panel modeled with K&C
model, while the panel modeled with CSC model have the least
cracking range. After the perforation, the fuselage of aircraft is
almost completely broken, and the engine has undergone certain
compressive deformation.
3.2.4.2. SC panel damage. Comparisons of damage for FSC-60, FSC-
80, HSC-80, HSC-120 panels between simulated and experimental
results are shown in Figs. 18e21, the detail data of crater size and
deflection are given in Table 5. Considering that the FSC-80 and
HSC-120 panels are not perforated in both test and numerical
simulation, and the deformations of are slightly, the corresponding
rear face pictures of those two panels are not given. By comparing
Fig. 18(a) with Fig. 18(b), it can be seen that the frontal damage of
panel is less than that of the rear face, and the punching failure of
the panel modeled with K&C andWinfrith models is more obvious.
As shown in Fig. 18(b), the rear face damage of the panel described
with K&C model is most obvious, followed by Winfrith model, and
that of the CSC model is slightest. Besides, by comparison of Figs. 20
and 21, it can be seen that the damage of HSC-120 panel is
60 panel (a) front face (b) rear face.

damage for FSC-80 panel.
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obviously less than that of HSC-80 panel, which indicates that
increasing the concrete thickness can effectively reduce the dam-
age and enhance the structural safety degree.
3.2.4.3. Residual velocity of fuselage and engine. Fig. 22 shows the
comparisons of experimental and numerical simulated fuselage
and engine velocity-time histories of aircraft model in three shots,
i.e., FSC-60 (b) FSC-80 (c) HSC-80 (the corresponding experimental
velocity datawas not given for HSC-120 panel). It should be pointed
out that, (i) as shown in Fig. 14, the speed sensors are placed at the
tail of the engine and fuselage with the same section, thus the
averaged velocity of engine tail element is extracted; (ii) consid-
ering the low strength of fuselage material and almost complete
damage during the impact test, the whole fuselage is treated as an
integral component to derive its velocity.

It can be seen from Fig. 22(a) that, the fuselage collides with the
FSC-60 panel till 5.5 ms, the aircraft fuselage is destroyed very
quickly due to the low strength and then the velocity decreases
slowly. At 5.5 ms, the engine impacted on the panel and the kinetic
energy decrease obviously. The aircraft model fuselage and the
engine are connected through the tape, also the strength of engine
and fuselage differs greatly, thus the engine velocity decreases
faster than the fuselage. After 7.5 ms, the engine perforates the
panel and continues to fly freely. The simulated residual velocity by
using CSC model is larger than the test data, while the simulated
results of K&C and Winfrith models agree well with the test data.

As can be seen in Fig. 22(b)e(c), the velocities of engines
decrease to zero after 7 ms, which indicates that the panel has not
Fig. 21. Comparisons of front d

Fig. 20. Comparisons of damage for HSC-
been perforated, the predicted velocity time-histories of engine is
in good agreement with the experiment. The data measurement in
the numerical simulation is inconsistent with the test, thus there
exists deviations between the simulated and test results. However,
the simulated results agree well with the experimental data before
the fuselage is completely damaged. Due to the limited data
collected from the test, the experimentally derived velocity time-
histories of engine obtained are incomplete, while the variation
trend of the simulated results coincides with the corresponding test
data. In addition, for the K&C and Winfrith modeled panels, the
velocity-time histories of engine are rebounded after 7 ms because
the concrete is completely damaged in the impact area while the
steel plate is not perforated.
3.2.4.4. SC panel deformation. Fig. 23 shows the comparisons of
experimental and numerically simulated maximum deflections of
SC panels under impact, in which the transverse coordinates indi-
cate the distance between the measuring point away from the
panel center. The two experimental curves are recorded by two
high-speed cameras, and Fig. 23(b) also gives the tests results
measured by displacement gauges arranged behind the panel. As
can be seen from Fig. 23, the deflection of the impact region is the
largest, and the farther the measuring point from the impact center
is, the smaller the corresponding deflection is. The FSC panel
modeled by K&C model is in good agreement with the experi-
mental observations on the deflection characteristics, while the
corresponding predicted result for HSC-80 panel is relatively larger.
The deflection of panel modeled with CSC model is smaller than
amage for HSC-120 panel.

80 panel (a) front face (b) rear face.



Fig. 22. Comparisons of velocity-time histories of aircraft model (a) FSC-60 (b) FSC-80 (c) HSC-80.
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that of the test, and the corresponding deflection curve has obvious
turning point at the transition of the impact area and the non-
impact neighboring area, which indicates that there is a shortage
of CSC model in the present discussed scenario. The deflection
curves predicted by the Winfrith model agree well with the
experimental data.

In general, by numerically simulating the scaled deformable
aircraft model impact test on SC panels with the three concrete
constitutive models, and assessing the impact process and velocity-
time history of aircraft model, the damage and maximum deflec-
tion of SC panels, the applicability and superiority of Winfrith
model is verified to reproduce the test. Therefore, Winfrith model
will be adopted to perform the aircraft crashing and rigid missile
impacting analyses in the following Part II and Part III of this paper.
4. Conclusions

Aiming to perform the safety assessment of NPP buildings
subjected to commercial aircraft crash, in Part I of this paper, the
main work and conclusions are as follows:

(1) Airbus A320 and A380 aircrafts are selected as the repre-
sentative medium and large commercial aircrafts, and the
fine FEmodels of them including the skin, beam, fuel and etc.
are established. Then, the collision velocity of 100 m/s cor-
responding to the taking off and landing velocities of aircrafts
is chosen, by conducting the numerical simulations of above
two aircrafts impacting on a rigid flat wall and comparing
with the existing published impact forces of aircrafts with
nearly identical weight, the rationality of the aircrafts models
is verified.

(2) The fine FE model of the Chinese Zhejiang Sanao NPP
buildings is established, including the containment and
auxiliary buildings. The containment consists with the cyl-
inder, air intake, conical roof and gravity drain water tank,
and the five storey auxiliary buildings with the partition
walls, door openings, as well as the detailed reinforcement of
the enclosed wall and upper roof of the spent fuel pool room
are all reproduced.

(3) Based on the 1/7.5 scaled aircraft model impact tests on SC
panels, by numerically assessing the impact process and the
velocity-time history of aircraft model, as well as the damage
and themaximumdeflection of SC panels, the applicability of
the existing three concrete constitutive models, i.e., K&C,
Winfrith and CSCmodels are evaluated. The applicability and
superiority of Winfrith model for SC panels under deform-
able missile impact is verified.



Fig. 23. Comparisons of SC panel deflection (a) FSC-60 (b) FSC-80 (c) HSC-80.
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