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Abstract: In this paper, the dynamic response of a typical 160 000 m3 liquefied natural gas (LNG) prestressed concrete outer tank 
under impact loading is investigated. The applicability of the Holmquist-Johnson-Cook (HJC) material model of concrete and 
numerical simulation method on impact that is proposed in this paper is verified by the test results of concrete slabs under pro-
jectile impact cited from the reference. A detailed finite element (FE) model of the LNG outer tank, including walls, buttresses, 
domes, beams, and bottom plates, under the impact of a Tomahawk cruise missile is established. In addition, pre-stress on the wall, 
impact angles, locations, and velocities are considered and their influence on dynamic response studied. The impact damage types 
for the LNG outer tank are concluded according to dynamic response results including stress, displacement, stress sweep range, 
and energy, and critical impact velocities to distinguish these damage types are also determined. In addition, the damage types and 
their failure mechanism are analyzed by the damage factor proposed in this paper, which is based on energy propagation. Finally, 
four empirical formulas of impact loading recommended by the standard “accident analysis for aircraft crash into hazardous 
facilities” are used for checking the impact resistance performance of the LNG outer tank and compared with FE numerical sim-
ulation results. It is demonstrated, by using empirical formulas, that the common 160 000 m3 LNG outer concrete tank could suffer 
flange impact loading. However, all the four empirical results were more conservative compared to numerical results under the 
same missile perforation velocity.  
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1  Introduction 
 

Liquefied natural gas (LNG), generally stored in 
LNG tanks, is increasingly used as a major source of 
clean energy. Recently, exclusive studies on sloshing 
loads in LNG tanks (Lee et al., 2007; Graczyk and 
Moan, 2008) and the seismic performance of LNG 

tanks have been carried out (Christovasilis and 
Whittaker, 2008; Zhang et al., 2011). In addition, the 
influence of the liquefied natural gas itself, such as its 
temperature and pressure, on the LNG tank has also 
been analyzed (Chen et al., 2004). However, there are 
few studies on a LNG tank under impact loading. 
Since the LNG tank is massive in volume and com-
plicated in structure, its mechanical performance 
under impact loading (such as conventional weapons) 
still needs to be studied. The impact may cause 
damage to the inner structure or structural failure. 
Furthermore, it will cause massive economic losses 
and secondary disasters such as fires and blasts due to 
the leaking of the cryogenic liquids in the tank. 
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Therefore, research on the impact resistance of extra- 
large LNG tanks is particularly important. 

Research on LNG storage tanks has been carried 
out for more than 30 years and design codes have 
been issued, such as the Japanese design code (Dong 
and Zhang, 1996), the European design code (Euro-
pean Committee for Standardization, 2006), the 
British design code (British Standards Institution, 
1993), and the American design code (American 
Petroleum Institute, 2008). When designing a tank 
under impact, the British design code assumes the 
flying object to be a rigid body weighing 50 kg with a 
velocity of 45 m/s.  

Studies of a LNG tank under impact loading are 
few. The LNG tank is mainly fabricated from con-
crete and the impact is local. Hence, the response of a 
LNG tank under impact loading is similar to the be-
havior of concrete slabs or nuclear containment sub-
jected to projectile impact, both of which have been 
extensively studied. Several methods, including ex-
periments, numerical simulations, and empirical 
formulas, have been employed to obtain the dynamic 
responses of concrete slabs subjected to a projectile 
impact, such as the impact from a missile (Tai and 
Tang, 2006; Beppu et al., 2008; Forquin and Erzar, 
2010; Rahman et al., 2010; Beckmann et al., 2011; 
Ranjan et al., 2014; Hu et al., 2017; Liu et al., 2018; 
Xu et al., 2019). All these experiments on the concrete 
slab showed four main processes: the spalling of the 
concrete, the scabbing of the concrete, projectile 
penetration into the target, and perforation of the 
target (Li et al., 2005). In terms of numerical simula-
tion, ABAQUS was used to simulate aircraft impact 
on nuclear containers (Prabhakar et al., 2003; 
Daudeville and Malécot, 2011; Iqbal et al., 2012; 
Sadique et al., 2013) and concrete structures. 
LS-DYNA was used to simulate the aircraft impact on 
the World Trade Center (Karim and Fatt, 2005; 
Omika et al., 2005). All these studies indicate that 
using the finite element (FE) method to simulate 
impact on structures like the LNG tank is feasible. In 
order to obtain accurate results from the simulation, a 
suitable constitutive model is important. Several 
concrete constitutive models have been proposed for 
describing the mechanical behavior of concrete under 
impact loading (Johnson and Cook, 1983; Holmquist 
et al., 1993; Malvar et al., 1997; Murray, 2007). Ex-
periments have also been carried out to evaluate the 
dynamic response of a concrete beam under 

drop-weight impact. They showed that concrete was 
stronger and absorbed more energy under impact 
loading compared with static loading (Adhikary et al., 
2015; Rehacek et al., 2015). Zhang et al. (2017) in-
vestigated a model for aircraft engine impact on ultra- 
high performance steel fiber reinforced concrete 
(UHP-SFRC) panels and proposed a modified em-
pirical formula for predicting the engine missile re-
sidual velocity. Zhang et al. (2018) modified the 
formula for a rigid projectile based on the present and 
existing test data to predict the penetration depth in 
reinforced concrete (RC) panels hit by a deformable 
engine. Although some suggestions have been given 
for impact resistance of LNG tanks, the failure types 
of external concrete tanks under impact loading and 
the influence of concrete grade, projectile mass, im-
pact velocity, etc. on the response of an LNG outer 
tank still need to be studied. Hence, it is necessary to 
study the dynamic response of the LNG tank under 
impact loading.  

In this paper, LS-DYNA is used to simulate the 
impact performance of a LNG tank based on the 
practical LNG tank project. The LNG outer tank’s 
response characteristics under missile impact with 
different velocities, angles, and locations are studied. 
Rebars and prestressed rebars and their influences are 
also taken into consideration. The failure types of the 
structure under impact loading and the methods to 
identify these failure types are described. The failure 
mechanism for each failure type is analyzed. A 
damage factor for predicting which damage type will 
happen is given. Four empirical formulas are used to 
check whether in practice a 160 000 m3 LNG tank can 
suffer the impact of flange and projectile suggested in 
the British design code. Numerical simulation results 
are compared with empirical ones. The findings from 
this study can provide the basis for impact resistance 
design of the LNG tank. 
 
 
2  Introduction of the LNG project 

 
A 160 000 m3 LNG tank consists of two parts: 

the outer and inner tanks. The inner tank is built with 
9% nickel steel. The outer tank, consisting of the wall 
and dome, is fabricated from prestressed concrete. 
The geometric parameters of the outer tank investi-
gated in this study are given in Fig. 1. In this project, 
the concrete grade is C40 with cube compressive 
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strength of 40 MPa and the grade of rebar is HRB400 
with yield strength of 400 MPa. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
3  FE model establishment 

3.1  Element type and basic assumptions 

Due to the complex geometry of the LNG tank 
and the complicated mechanical behavior of the tank 
under impact loading, it is necessary to select the 
appropriate element type when establishing the FE 
model. The eight-node brick element with reduced 
integration is employed for the wall and dome of the 
LNG tank as well as the impact projectile. The fol-
lowing assumptions about the impact projectile are 
made in this study to simplify the calculation: (1) the 
impact projectile is rigid and any deformation is ig-
nored; (2) the heat loss during impact is not consid-
ered; (3) the friction between the impact projectile 
and the wall of the LNG tank wall is ignored during 
consideration of the impact process. 

3.2  Concrete constitutive model 

The choice of material constitutive relations will 
directly affect the calculation results. Hence, a suita-
ble constitutive relation is an important prerequisite 
for the effective numerical simulation. Several con-
stitutive models of concrete under high rate loading 
have been developed (Holmquist et al., 1993; Malvar 
et al., 1997). The Holmquist-Johnson-Cook (HJC) 
concrete model and continuous surface cap model 

(CSCM) are the most common concrete constitutive 
models. The CSCM concrete model (Murray, 2007) 
is easy to use but it is hard to control the yield surface 
when only inputting the unconfined compressive 
strength, mass density, and maximum aggregate size. 
To simulate the LNG tank under impact of a projec-
tile, the HJC material model is used because it can 
predict the behavior of concrete under large strain, 
high strain rate, and high pressure. Its behavior has 
been verified in simulations of concrete structures 
under impact loading (Karim and Fatt, 2005; Tai and 
Tang, 2006; Rajput and Iqbal, 2017). Although ten-
sile cracking in plain concrete targets cannot be 
predicted due to the limitations of the HJC model, it 
is adequate to model the fracture in the concrete 
under projectile impact because the compressive 
wave will reduce the tensile cracking (Rajput and 
Iqbal, 2017). The Saint Venant criterion that is based 
on the maximum principal strain is used in this study. 
Therefore, the HJC model is suitable for predicting 
the behavior of concrete and can be used in the 
present numerical simulation. The yield surface of 
the HJC model can be represented as 

 

(1 ) (1 ln ),NA D BP C                      (1) 

 
where σ*=σ/fc′ is defined as the normalized equivalent 
stress which is the ratio of actual equivalent stress to 
quasi-static uniaxial compressive strength, P*=p/fc′ is 
defined as the normalized hydrostatic pressure, A is 
the normalized cohesive strength, D is the material 
damage which ranges from 0 to 1, B is the normalized 
pressure hardening coefficient, N is the pressure 
hardening exponent, C is the strain rate coefficient, 

and 0= /      is the normalized strain rate which is 

the ratio of the equivalent strain rate to the reference 
strain rate. The damage factor D can be expressed as 
 

p p

f f
p p

,D
 
 
  


                          (2) 

 
where Δεp is the increment of the effective plastic 
strain, and Δμp is the increment of the plastic volu-

metric strain. f f
p p   is the plastic strain to fracture 

and can be represented as 

Fig. 1  LNG tank 
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  2f f * *
p p 1= ,

D
D P T                       (3) 

 
where D1 and D2 are damage parameters. T*=T/fc′ is 
the normalized maximum tensile hydrostatic pressure, 
and T is the maximum tensile hydrostatic pressure. 
When P*=−T*, the concrete cannot withstand any 
plastic strain. According to the concrete strength 
grade (C40) in this study, the concrete constitutive 
model parameters can be set as: density is 2400 kg/m3, 
the quasi-static uniaxial compressive strength is 
48 MPa, and other parameters are default (Holmquist 
et al., 1993).  

The ADD_EROSION option is used to simulate 
the failure of the concrete element. In this option, the 
maximum principal strain is defined as 0.1. It means 
that once the maximum principle strain of the element 
is larger than 0.1, the element is removed from the 
calculation. The contact type is erosion surface to 
surface (ESTS). In this contact type, although the 
failure element is deleted, the rest of the elements can 
still be considered in the calculation. The gain struc-
ture of material forming in the zone will change in the 
metal forming processes, such as stamping, deep 
drawing, bending, and punching. Grains are elon-
gated or compressed along the direction of the pro-
cessing, which is accompanied by hardening. 
Strength characteristics, such as yield strength, tensile 
strength, or hardness, will be enhanced because of the 
hardening effect. At the same time, toughness char-
acteristics, such as elongation, constriction, and im-
pact properties, are reduced. Geometric tolerance of 
precision parts can fluctuate significantly because of 
grain flow and intensity changes in the stamping 
process.  

3.3  FE model verification with the impact  
experiments 

In order to verify the applicability and accuracy 
of the established FE model in this study, the numer-
ical results were compared with the experimental 
results of a concrete slab under projectile impact 
(Dong et al., 2005). Two circular concrete slabs with 
thicknesses of 80 mm and 150 mm were adopted; the 
diameter of both slabs is 1200 mm. A ballistic gun 
with a caliber of 35 mm was used as the launching 
device. The impact projectile was fabricated from 
high strength chromium molybdenum alloy. The 

shape of the projectile was a combined cylinder and 
hemisphere with a weight of 588–597 g, a diameter of 
35 mm, and a length of 150 mm. The impact velocity 
and the residual velocity were collected by a velocity 
measuring device. The front and back sides of the 
80-mm thick slab after impact are shown in Fig. 2. 
Following the geometry and material properties of the 
slabs (Dong et al., 2005), a FE model is established. 
The HJC model was used for the concrete slab and the 
eight-node brick element was adopted both for the 
projectile and the concrete slab. The mesh size is 
about 3.3 mm×3.3 mm×3.3 mm in the impact area. 
The ADD_EROSION option and ESTS contact type 
are used.  

The whole process of the projectile impact on the 
slab is reproduced utilizing the FE simulation. Fig. 3 
illustrates the perforation process in an 80 mm thick 
concrete slab subjected to a projectile impact with a 
velocity of 376 m/s.  

Fig. 2 compares the front and back sides of the 
concrete slab from test and FE simulation, and a good 
agreement between the two can be observed in respect 
of spalls of concrete. From Table 1, it can be found 
that the error of residual velocity between FE simu-
lation results and the experimental results of Dong et 
al. (2005) is less than 5%. This error can be accepted 
and it also provides the basis for the accuracy of the 
numerical simulation of the impact. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 2  Impact perforation (experimental and FE results)
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3.4  FE modelling of the LNG outer tank  

In order to consider the effect of rebar and 
prestressed rebar ducts on the LNG tank, the method 
of converting wall thickness is used, and the pre-
liminary research work (Yan et al., 2018; Zhai et al., 
2019) has confirmed that the wall thickness differ-
ence is within 1.2%. In addition, based on the results 
of prestressed rebar distribution, tensioned stress, 
and prestress loss, Zhai et al. (2014) gave the FE 
result and method of calculating the effect of pre-
stressing of the LNG tank against impact response. It 
turns out that the nodal displacement of the impact 
point can be reduced by 2.8%–19.7%, which means 
that the prestressed rebar can improve the impact 
resistant capacity of the LNG tank. However, the 
improvement is limited. Hence, the rebars, pre-

stressed rebars, and prestressed rebar ducts were not 
considered in the FE analysis.  

Since the FE model of a LNG tank is massive 
and the influence of impact is generally local, a finer 
mesh is adopted for the impact zone (the range is 5 m 
near the point of the impact) utilizing the method of 
local mesh encryption in order to ensure the accuracy 
of impact calculation, and the element size of the 
encryption area is 0.1 m×0.1 m×0.1 m, whereas a 
relatively coarse element size of 1.0 m×1.0 m×0.2 m 
is adopted for the area a certain distance away from 
the impact zone. In this situation, the amount of 
computation is reduced and the reliability of the local 
impact can also be guaranteed. All nodes from the 
bottom plate are restricted from three translational 
degrees. Fig. 4 gives the 1/4 FE model of LNG outer 
tank that shows the different parts of the actual outer 
tank. 

A Tomahawk cruise missile, as one of the con-
ventional weapons, is selected as the impact projectile 
in this study. The weight is 1440 kg, the length is 
6.25 m, the diameter of the head is 0.52 m, and the 
max velocity is 244 m/s. Different warhead shapes 
may bring different results and therefore the selection 
of the warhead shape is important. In this study, the 
warhead of the Tomahawk, which is close to hemi-
spherical in shape, is simplified as a hemisphere. The 
missile is divided into five parts along the radial 
direction and ten parts along the length direction. The 
eight-node brick element is also adopted for the 
missile. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3  Whole process of the impact perforation 
(a) Time t=0.0003 s; (b) t=0.00037 s; (c) t=0.00045 s; (d) t=
0.0005 s; (e) t=0.0006 s; (f) t=0.05 s 

Table 1  Comparisons of FE simulation and experiment

Specimen 
No. 

Impact 
velocity 

(m/s) 

Residual velocity (m/s) 
s t

t

v v

v


Experiment 
value (vt) 

Simulation 
value (vs) 

A1 218 166 161 −3.01%
A2 250 199 189 −5.03%
A3 376 280 270 −3.57%
A4 620 529 518 −2.08%
B1 317 80 83 3.75%
B2 501 301 286 −4.98%
B3 753 554 547 −1.26%

The concrete density is 2400 kg/m3. Specimen type is plain 

Fig. 4  1/4 FE model of the LNG outer tank 



Yan et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng)   2019 20(11):823-837 828

4  Dynamic responses of LNG outer tank 
under impact loading 

4.1  Impact response of the dome 

The center point of the dome was impacted by 
the missile model with mass of 1440 kg, velocity of 
50 m/s, and diameter of 0.52 m. Since the impact 
duration is very short and the stress and strain of the 
LNG tank approach stability after 0.2 s, the whole 
impact calculation time is chosen to be 0.2 s. Fig. 5 is 
the von Mises stress of the LNG tank, which shows 
that the stress gradually spreads from the impact point 
to the nearby area and that the maximum stress was 
78.34 MPa at the impact point. Due to the high strain 
rate and confinement effect of the concrete under 
impact, its ultimate strength under impact is larger 
than that under quasi-static uniaxial compression. As 
for the dome, six elements along the diagonal are 
selected which are marked as Q1–Q6 and the FE data 
are extracted. The location of each element is shown 
in Fig. 5. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The vertical displacement–time curve and von 

Mises stress–time curve of each element are shown in 
Figs. 6a and 6b, respectively. It is observed that the 
impact point of the dome deforms first and the nearby 
area deforms immediately after the deformation of the 
impact point. Then, the deformation range spreads 
out. At the same time, the impact point reaches its 

maximum stress. When the projectile impacts the 
dome, it passes its kinetic energy to the dome and the 
impact area accepts the energy immediately. Mean-
while, the stress and displacement reach their peak 
values. The stress then spreads out and gradually 
weakens. In addition, in order to understand the in-
fluence range of the impact, this study gives the 
quantitative description. The stress sweep range is 
defined as the maximum distance of the element 
stress of more than 50 MPa from the impact point. 
According to the above definition, the stress sweep 
range of this condition is 0.583 m, which shows that 
the impact is a local effect. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4.2  Parametric study of impact response 

In this study, 30 impact cases are calculated by 
changing the impact location (wall top, middle, and 
bottom and buttress top, middle, and bottom), impact 

Fig. 6 Displacement–time curve (a) and von Mises stress–
time curve (b) of elements on the dome 
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Fig. 5  von Mises stress of the LNG tank and element 
assignment of the LNG tank 
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velocity (40 m/s, 50 m/s, and 60 m/s), and impact 
angle (0°, 30°, and 60°). In the impact case WT-40-0 
for example, W means wall, T means top, 40 means 
the impact velocity is 40 m/s, and 0 means the impact 
angle is 0°. Top, middle, and bottom mean the impact 
heights are 35 m, 17 m, and 2 m from the bottom 
plate, respectively. 

4.2.1  Impact velocity 

With different impact velocities, the impact an-
gle remains 0° here. The maximum von Mises stress 
of the element measures the LNG outer tank’s ability 
to withstand the impact force; the maximum dis-
placement of the node reflects its ability to resist 
deformation, and the stress sweep range reflects the 
impact range. Hence, this study extracts, for each 
impact position, the maximum von Mises stress of the 
element, maximum displacement, and stress sweep 
range. It can be observed from Fig. 7a that a higher 
impact velocity with higher initial kinetic energy 
leads to higher maximum von Mises stress of the 
element. When the projectile impacts the outer tank 
with a higher velocity, the outer tank will receive 
more energy, and it will cause higher stress. 

Table 2 shows the maximum displacement of the 
node and stress sweep range at different velocities. 
Increasing impact velocity results in higher maximum 
displacement of the node. When the projectile im-
pacts the outer tank with a higher velocity, the outer 
tank receives more kinetic energy from the projectile 
which leads to its larger deformation. In addition, 
increasing the impact velocity also leads to an in-
crease in the stress sweep range. This can also be 
explained by the increased kinetic energy received by 
the outer tank from the projectile. 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7  Curves of elements on the wall: (a) stress–velocity 
curve; (b) stress–angle curve; (c) stress–location curve 

(a) 

40 50 60
190

200

210

220

230

240

 BB

 BM

 BT

vo
n 

M
is

es
 s

tr
es

s 
(M

P
a)

Velocity (m/s)

 WB

 WM

 WT

0 30 60
120

140

160

180

200

220

240

vo
n 

M
is

es
 s

tr
es

s 
(M

P
a)

Angle (°)

 WB

 WM

 WT

 BB

 BM

 BT

(b) 

190

200

210

220

230

240

 BS40

 BS50

 BS60

BottomMiddleTop

vo
n 

M
is

es
 s

tr
es

s 
(M

P
a)

Loaction

 WS40

 WS50

 WS60

(c) 

Table 2  Displacement and stress sweep range under different impact velocities and angles 

Velocity 
(m/s) 

Angle 
(°) 

WB WM WT BB BM BT 
MD 
(m) 

SR 
(m) 

MD 
(m) 

SR 
(m) 

MD 
(m) 

SR 
(m) 

MD 
(m) 

SR 
(m) 

MD 
(m) 

SR 
(m) 

MD 
(m) 

SR 
(m) 

40 0 0.054 0.367 0.054 0.393 0.052 0.361 0.046 0.400 0.050 0.424 0.047 0.392

50 0 0.066 0.500 0.066 0.583 0.065 0.500 0.058 0.566 0.062 0.566 0.059 0.533

60 0 0.080 0.640 0.080 0.640 0.078 0.640 0.069 0.603 0.073 0.640 0.070 0.603

50 0 0.066 0.500 0.066 0.583 0.065 0.500 0.058 0.566 0.062 0.566 0.059 0.533

50 30 0.041 0.424 0.041 0.500 0.042 0.424 0.043 0.500 0.041 0.495 0.038 0.500

50 60 0.016 0.283 0.016 0.361 0.016 0.283 0.018 0.300 0.013 0.241 0.017 0.241

MD means maximum displacement of the nodal, and SR means stress sweep range 
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4.2.2  Impact angle 
 
With different impact angles, the impact velocity 

remains 50 m/s. The impact angle is defined as the 
angle between the center line of the missile and the 
missile projection line in the horizontal plane, in-
cluding 0°, 30°, and 60°, and the vertical impact is 0°.  

The maximum von Mises stress of the element, 
maximum displacement, and stress sweep range are 
extracted. The results are shown in Fig. 7b and Ta-
ble 2. It is observed from Fig. 7b that a larger impact 
angle leads to a lower maximum von Mises stress of 
the element and less damage. The most unfavorable 
impact angle is 0°. The reason is that, when the im-
pact angle is not 0°, the impact velocity can be de-
composed into two directions, i.e. 0° and 90°, and the 
damage of the tank wall is mainly caused by the im-
pact energy from the component of 0°. When the 
impact angle is larger, the component of 0° is smaller. 
Hence, the kinetic energy that the outer tank receives 
from the projectile is less, which leads to a lower 
maximum von Mises stress of the element. The effect 
of impact angle on the buttress also shows the same 
rule, i.e. a larger impact angle leads to lower maxi-
mum von Mises stress of the element of the buttress. 

As can be seen from Table 2, an increasing im-
pact angle leads to a decrease in maximum dis-
placement. Similarly, the kinetic energy that the outer 
tank can receive from the projectile is less with a 
greater impact angle, which causes a smaller defor-
mation. When the impact angle is less, the ability to 
resist deformation is worse. In addition, increasing 
the impact angle also leads to a decrease in stress 
range and impact area. Due to the lower stress under a 
larger impact angle, the impact area shows a decrease. 

4.2.3  Impact location 

The maximum von Mises stress of the element, 
maximum displacement, and stress sweep range are 
extracted. The results are shown in Fig. 7c and Table 2. 
As can be seen from Fig. 7c, the top part of the tank 
wall is most vulnerable, followed by the bottom part 
and finally the middle part. This is because the top 
part of the wall is connected to the ring beam which 
has greater stiffness and the stress therefore increases. 
The bottom part of the wall is connected to the bottom 
plate which also has greater stiffness. However, be-
cause the thickness of the ring beam is greater than 

that of the bottom plate, the stiffness of the top part is 
higher than that of the bottom part. The stiffness of 
the middle part is not changed. Similarly, the buttress 
has the same rule, as shown in Fig. 7c. At the same 
time, comparing the two values between the wall and 
the buttress, we can conclude that the stress of the 
buttress is higher than the wall, which can be at-
tributed to the greater thickness of the buttress as 
compared to the wall.  

It can be seen from Table 2 that the difference of 
maximum displacements of the nodes at different 
locations is very small. Hence, the maximum von 
Mises stress of the element with relatively more sig-
nificant difference is used to determine the vulnerable 
position. Table 2 indicates that the maximum dis-
placement of the node of the buttress is larger than 
that of the wall. This is the same as the maximum von 
Mises stress of the element. It can be seen from Ta-
ble 2 that, at the same impact velocity, there is little 
difference of the stress sweep range in each location, 
which shows that the size of the impact area is not 
strongly related to the impact location. 

4.3  Classification of impact damage of LNG outer 
tank 

With the increasing of impact velocity, the fail-
ure of the concrete spreads from a single element to 
the surroundings. In addition, the perforation depth of 
the missile also increases with the increase of impact 
velocity. The failure magnitude of the concrete is 
closely related to the impact velocity of the missile, 
i.e. the higher the missile’s velocity, the more serious 
the failure of the concrete. By changing the velocity 
of the impact projectile, the types of damage of the 
LNG outer tank are summarized in Table 3. 

When the missile impacts the dome and its ve-
locity is less than 75 m/s, the dome shows local dis-
tortion. When the velocity reaches 75 m/s, the con-
crete of the dome begins to spall. When the missile’s 
velocity reaches 127 m/s, the missile penetrates the 
dome. In terms of the damage types of the wall under 
missile impact, the wall shows local distortion when 
the impact velocity is less than 66 m/s. When the 
velocity reaches 66 m/s, the concrete of the wall be-
gins to spall. When the velocity of the missile reaches 
147 m/s, the missile penetrates the wall. Based on the 
above observations, two critical velocities can be 
defined to separate these three damage types, i.e. the 
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first critical velocity for the beginning of the concrete 
spalling and the second critical velocity for the per-
foration of the LNG outer tank. Fig. 8 shows the von 
Mises stress of the dome with different damage types 
at time 0.02 s. The stress sweep range is also consid-
ered, as shown in Fig. 9. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Three kinds of impact velocity correspond to the 

three failure types. It can be seen from Fig. 8 that 
when the concrete has local distortion or fails, the 
stress propagation is evident. This is mainly because 
the ratio of energy absorbed by the failure of concrete 
is small when the velocity is not very high. Thus, the 
energy received from the projectile can be spread out. 
When perforation happens, a lot of energy is absorbed 

by the failing concrete which causes weaker stress 
propagation. This phenomenon can also be seen in 
Fig. 9, which shows that the stress propagation in-
creases before the perforation and decreases after the 
perforation. Indeed, there is almost no stress propa-
gation after the perforation. Meanwhile, as shown in 
Fig. 9, when the concrete of the dome has distortion, 
the stress sweep range mutates but this mutation is not 
significant when the missile impacts the wall. 

At the same time, we also selected the KongDi- 
63 missile as an impact projectile. Table 3 shows the 
damage types. The first and second critical velocities 
are 78 and 111 m/s, respectively. Comparing the two 
kinds of critical velocities of the missiles reveals that 
their maximums are close. In this case, when the 
missile’s diameter is larger, the first critical velocity 
increases and the second critical velocity decreases. 
In the impact resistant design of the LNG tank, more 
attention should be given to those impact projectiles 
that have small diameters and large masses. In this 
study, two kinds of missile are chosen as the impact 
projectiles and three damage types are identified, i.e. 
local distortion, concrete spalling, and perforation. 

4.4  Failure mechanism of LNG outer tank  

Failure mechanism of the LNG outer tank is 
given according to the different characteristics of 
internal energy during the whole impact process. The 
main reason for the three damage types is the initial 
impact energy. When the impact force is small, the 
initial energy is small and it will cause only local 
distortion. However, as the impact force is increased, 
the initial energy will increase too and damage such 
as concrete spalling and perforation will occur at that 
time. The whole impact process can be divided into 
three stages, i.e. energy application, energy transfer, 
and energy consumption. In the following sections, 
three examples will be used to explain the failure 
mechanisms of the three damage types. 

4.4.1  Failure mechanism of local distortion  

By using the example of the local distortion 
damage type (Tomahawk cruise missile impacts the 
dome with impact velocity v=50 m/s, as shown in 
Fig. 10), the failure mechanism is analyzed below.  

The energy applying stage refers to the process 
at the impact of the missile on the dome. In this stage, 
the missile impacts the dome and it will transfer  
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Fig. 9  Stress sweep range–impact velocity curves 

Table 3  Damage classification under Tomahawk cruise 
and KongDi-63 missile 

Damage type 
Velocity for 
dome under 

TC (m/s)

Velocity for 
wall under 
TC (m/s) 

Velocity for 
dome under 
KD (m/s)

Local distortion 0–75 0–66 0–78 

Concrete spalling 75–127 66–147 78–111 

Perforation ≥127 ≥147 ≥111 

TC means Tomahawk cruise missile; KD means KongDi-63 missile

Fig. 8  von Mises stress of the impact area on the dome 
under different impact velocities: (a) v=50 m/s; (b) v=
90 m/s; (c) v=130 m/s 



Yan et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng)   2019 20(11):823-837 832

kinetic energy to the dome. The impact zone receives 
the energy and then transfers it to internal energy, so 
the impact zone will have local distortion. The energy 
transfer stage means that the energy will transfer from 
the impact zone to the non-impact zone. In this stage, 
the energy is spreading out from the middle part and 
the missile is leaving the impact zone. The impact 
force is decreasing from 3.85×104 kN to 0 kN. The 
internal energy reaches the maximum value (1.1×106 J) 
and then decreases, as shown in Fig. 11. The energy 
consumption stage means that the missile is no longer 
contacting the dome. In this stage, the elements will 
vibrate and finally stop, so the internal energy will 
tend to stability. The internal energy finally reaches 
the stable value of 7.85×105 J. 

4.4.2  Failure mechanism of concrete spalling  

Failure mechanism is analyzed in the following 
section by using the example of the concrete spalling 
damage type (Tomahawk cruise missile impacts the 
dome with v=90 m/s, as shown in Fig. 10). Eroded 
internal energy means the energy of the deleted ele-
ments, residual internal energy means the residual 
energy of LNG tank after the impact, and total inter-
nal energy means the sum of eroded internal energy 
and residual internal energy. The energy applying 
stage shows no difference compared to the damage 
type of local distortion. However, as the speed of the 
missile is increased, its kinetic energy will increase, 
too. Thus, the total internal energy is larger: 3.3×106 J 
in this case. In the energy transfer stage, when the 
missile impacts the dome, some elements of the dome 
will fail and be deleted in the later calculation. The 
impact force decreases from 4.44×104 kN to 0 kN. 
The deleted elements consume the partial energy, 
which is the eroded internal energy (1.38×106 J), as 
shown in Fig. 11. The energy will still transfer from 
the impact zone to the non-impact zone. The residual 
internal energy reaches a maximum (1.92×106 J) and 
then decreases to 1.46×106 J. In the energy con-
sumption stage, the residual elements will vibrate and 
finally stop, so the total internal energy will tend to 
stability, at 2.84×106 J.  

4.4.3  Failure mechanism of perforation 

By using the example of the perforation damage 
type (Tomahawk cruise missile impacts the dome 
with v=130 m/s, as shown in Fig. 10), failure mecha-

nism is analyzed. In the energy applying stage, the 
missile impacts the dome and it will penetrate the 
dome immediately. The impact force reaches a peak 
of 4.67×104 kN and the total energy reaches the 
maximum (5.64×106 J), as shown in Fig. 11. The 
energy transfer stage shows that by deleting the failed 
concrete elements, most of the internal energy will be 
absorbed and the eroded internal energy increases to 
its peak (4.63×106 J). The residual internal energy 
first increases to the maximum (2.39×106 J) and then 
decreases to 6.50×105 J. It means that the energy will 
no longer transfer from the impact zone to the 
non-impact zone. The missile will penetrate the dome 
and enter the inside of the LNG tank. In the energy 
consumption stage, the residual elements will vibrate 
and finally stop, so the total internal energy will tend 
to stability at 5.28×106 J. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4.5  Damage factor of LNG outer tank 

Combining Sections 4.3 and 4.4, a parameter is 
given to predict which damage type will occur. The 

Fig. 10  Impact force–time curve 
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parameter is defined as the damage factor (Df). The 
equation for calculating the damage factor is 

 

e
f

t

= ,
E

D
E

                                 (4) 

 
where Ee is the maximum eroded internal energy and 
Et the maximum total internal energy. Ee and Et can be 
calculated through a numerical simulation, the curve 
between Df and Ee can be seen in Fig. 12.  

When Df=0, there is no eroded internal energy. 
In this situation, the damage type will be local dis-
tortion. When 0<Df≤0.8, the damage type will be 
concrete spalling. When Df>0.8, the damage type will 
be perforation.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5  Empirical formulas 

 
This paper selects four empirical formulas ac-

cording to the standard “accident analysis for aircraft 
crash into hazardous facilities” (U.S. Department of 
Energy, 2006) which is proposed by the U.S. De-
partment of Energy. According to these four formulas, 
two impacts are checked if the LNG outer tank can 
suffer the impact loading. Meanwhile, the results of 
numerical analysis are compared with the empirical 
formulas. 

5.1  Introduction of empirical formulas 

For checking the LNG outer tank under impact 
loading and simulating the minimum thickness of the 
outer tank, four empirical formulas are given in the 
Department of Energy standard (DOE-standard), as 

shown in Table 4. The formulas can be divided into 
two kinds, i.e. to prevent the concrete from scabbing, 
and perforation. For the wall, the scabbing thickness 
and perforation thickness should be checked. For the 
dome, only the perforation thickness should be 
checked. 

5.2  Using the British standard for impact checking  

For the impact loading, it is pointed out in the 
British standard BS7777-4 (British Standards Institu-
tion, 1993) that an impact object with a mass of 50 kg 
and a velocity of 45 m/s is reasonable. Table 5 gives 
the calculation results of the scabbing thickness (ts) 
and perforation thickness (tp) under the four formulas. 
The Tomahawk cruise missile with a diameter of 
0.52 m is adopted as the impact object. The concrete 
grade is C40. According to the formula fc′=0.8fc, fc′ is 
32 MPa (fc is the cubic compressive strength, fc′ is the 
cylindrical compressive strength). The density is 
2400 kg/m3. From the calculation results, the most 
unfavorable scabbing thickness is 0.2496 m and the 
most unfavorable perforation thickness is 0.0842 m. 
To prevent scabbing, the minimum concrete thickness 
should be no less than 1.1ts, which is 0.275 m herein. 
To prevent perforation, the minimum concrete thick-
ness should be no less than 1.2tp, which is 0.101 m 
herein. When the thickness of the LNG outer tank 
wall is 0.8 m and the dome thickness is 0.6 m, the tank 
can accept an impact such as that described in the 
British standard.  

5.3  Using the flange for impact checking 

Li et al. (2013) used the flange as the impact 
projectile for impact checking. The flange’s effective 
diameter is 0.3 m, the mass is 110 kg, and the velocity 
is 45 m/s. Table 5 gives the calculation results of the 
scabbing and perforation thicknesses under the four 
formulas. The same concrete grade (C40) is also used. 
From the calculation results, the most unfavorable 
scabbing thickness is 0.3819 m and the most unfa-
vorable perforation thickness is 0.1643 m. To prevent 
scabbing, the minimum concrete thickness should be 
no less than 1.1ts, which is 0.420 m. To prevent per-
foration, the minimum concrete thickness should be 
no less than 1.2tp, which is 0.197 m. The thickness of 
the LNG outer tank wall is 0.8 m and the dome 
thickness is 0.6 m, and therefore the tank can accept 
the flange as the impact projectile. 
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5.4  Comparison of empirical and numerical results 

From the numerical results, three conditions are 
obtained, i.e. the perforation velocities of a Toma-
hawk cruise missile impacting the dome and wall as 
well as the perforation velocity of a KongDi-63 mis-
sile impacting the dome. The numerical results of tp 
(tpn) can be calculated by the thickness of the practical 
project. The thicknesses of the wall and dome are 
0.8 m and 0.6 m, respectively. But the thickness 
should be divided by a coefficient (1.2). According to 
the diameter and the mass of the projectile, the em-
pirical results of tp (tpe) can be obtained and are given 
in Table 6.  

It is observed that tpe is larger than tpn no matter 
which formula is used. It means that using empirical 
formulas to calculate the perforation thickness is safer 
than numerical results. It is also noted that the 
DOE-standard formula is the safest. 

 
 

6  Conclusions 
 

LS-DYNA was used to simulate the LNG outer 
tank under impact loading. The effect of rebar and 
prestressed rebar was very small. Parametric studies 
showed that both increasing impact velocity and re-
ducing impact angle could lead to lower stress of the 
LNG outer tank and a larger impact range. The most 
unfavorable impact angle is 0°. The size of the impact 
range is not strongly related to the impact location. 
The most unfavorable impact location is the top part 
of the wall, followed by the bottom part of the wall,  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

especially the connection between the wall and the 
ring beam and the connection between the wall and 
the bottom plate. These connections are the weakest 
points in the LNG outer tank and therefore more at-
tention should be paid to them in impact resistant 
design. 

Numerical simulation results showed that the 
LNG outer tank had three damage types, i.e. local 
distortion, concrete spalling, and perforation. The 

Table 4  Empirical formulas 

Formula Scabbing thickness, ts Perforation thickness, tp 

DOE-standard 
0.13 2 0.4

s 0.2 0.4
c

( )
1.84

( )

U MV
t

V D f
     

 

0.50.25 2

p
c

U MV
t

V Df

         
 

CEA-EDF – 
0.5

0.375 0.125 0.75
p c0.82( )

M
t f V

D
     

 
 

Bechtel 
0.4 0.5

s 0.2
c

38.62 M V
t

Df

 
    

 – 

CRIEPI 
0.13 2 0.4

0
s 0.2 0.4

c

( )
1.75

( )

V MV
t

V D f
     

 

0.50.25 2
0

p
c

0.90
V MV

t
V Df

         
 

U is the reference velocity given in the DOE-standard whose value is 60.96 m/s; V0 is the reference velocity given in the CRIEPI whose value is 
60.96 m/s; V is the impact velocity (m/s); M is the mass (kg); concrete density ρ is 2400 kg/m3 

Table 6  Comparisons of the empirical and numerical 
results 

Impact 
case 

Perforation 
velocity 

(m/s) 

Numeri-
cal result, 

tpn (m) 

Empirical result, tpe (m)

DOE- 
standard 

CEA-
EDF 

CRIEPI

TC for dome 127 0.500 0.983 0.946 0.885

TC for wall 147 0.667 1.097 1.056 0.988

KD for dome 111 0.500 0.867 0.834 0.780

The diameter and the mass of the Tomahawk cruise missile (TC) are 
0.52 m and 1440 kg, respectively. The diameter and the mass of the 
KongDi-63 missile (KD) are 0.76 m and 2000 kg, respectively. fc′ is 
32 MPa 

Table 5  Calculation results using British standard and 
flange 

Formula 
ts (m) tp (m) 

British 
standard

Flange 
British 

standard 
Flange

DOE-standard 0.22 0.33 0.08 0.16

CEA-EDF – – 0.08 0.16

Bechtel 0.25 0.38 – – 

CRIEPI 0.21 0.32 0.08 0.15

V=45 m/s; fc′=32 MPa. For British standard, M=50 kg and D=0.52 m. 
For Flange, M=110 kg and D=0.3 m 
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critical velocities to distinguish these three damage 
types were also defined. The first and second critical 
velocities relate to the beginning of concrete spalling 
and the perforation of the LNG outer tank, respec-
tively. The first critical velocity of a Tomahawk cruise 
missile impacting the dome (wall) is 75 m/s (66 m/s) 
and the second critical velocity is 127 m/s (147 m/s). 
The first critical velocity of KongDi-63 missile im-
pacting the dome is 78 m/s and the second critical 
velocity is 111 m/s. The failure mechanism showed 
that the whole impact can be divided into three stages, 
i.e. energy application, energy transfer, and energy 
consumption. Different damage types showed dif-
ferent characteristics of impact force and energy 
changes. For the general situation, a method to predict 
which damage type will happen is to use the damage 
factor (Df). When Df=0, the damage type will be local 
distortion. When 0<Df≤0.8, the damage type will be 
concrete spalling. When Df>0.8, the damage type will 
be perforation.  

By using empirical formulas, the tank could ac-
cept the impact suggested by the British standard and 
the flange cited from the reference. Comparing nu-
merical results with empirical results revealed that 
empirical results are conservative under the same 
projectile perforation velocity. From the three for-
mulas, DOE-standard formula provided the most 
conservative prediction. 
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中文概要 
 

题 目：大型液化天然气储罐在冲击荷载下的动力响应数

值研究 

目 的：研究冲击荷载各参数对于液化天然气（LNG）储

罐的动力响应结果，定义 LNG 储罐受到冲击荷

载时的破坏模式，并分析不同破坏模式下的破坏

机理，为工程防御冲击荷载提供有效的理论研究

基础。 

创新点：1. 建立精细化的 LNG 储罐有限元模型；2. 定义

LNG 储罐在冲击荷载下的破坏模式并揭示其破

坏机理；3. 提出损伤因子 Df可区分三种冲击破坏

模式。 

方 法：1. 通过有限元模拟，进行冲击荷载的参数分析，

得到不同冲击荷载对于 LNG储罐的动力响应（图

6 和 7）；2. 根据数值模拟结果，定义 LNG 储罐

受到冲击荷载时的破坏模式（图 8），并分析其破

坏机理（图 10 和 11）；3. 通过经验公式验算 LNG

储罐抵御冲击荷载的可靠性。 

结 论：1. LNG 储罐薄弱部位为外罐和环梁及底板的连接

部位；2. LNG 储罐受到冲击荷载的破坏模式分为

局部变形、混凝土剥落和穿透三种；本研究得到

了各种破坏模式下的破坏机理，并定义了损伤因

子 Df 来区分三种破坏模式；3. 通过经验公式验

算，LNG 储罐可以抵御英国规范建议的冲击荷载

和法兰的冲击；DOE-standard 公式计算结果最为

保守。 

关键词：LNG 储罐；冲击；动力响应；数值模拟；破坏

机理 

 

 
 


