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A liquid storage tank has a very extensive role in the petrochemical industry, and earthquake damage will cause very
serious consequences. Considering the fluid-solid coupling, material nonlinearity and liquid level shaking dynamic
behavior, three-dimensional calculation models of non-isolated and isolated liquid storage tanks are established,
respectively. 12 earthquake waves are selected from Pacific Earthquake Engineering Research Center (PEER),
and there are three earthquake waves of reverse (R), strike slip (SS), reverse oblique (RO) and normal (N) focal
mechanisms, respectively. The influence of the focal mechanism on the dynamic responses of the liquid storage
tank is investigated. The effectiveness control of sliding isolation on a near fault earthquake is discussed. The
influence of the diameter of the limiting device on the shock absorption effect is analyzed. The results show that the
order of influence of four types of focal mechanisms on liquid sloshing wave height is as follows: RO>R>SS>N.
For the wall displacement, liquid pressure and effective stress of the tank wall, the response under N-type focal
mechanism earthquake is generally larger than that of the other three types, and the difference of wall displacement,
liquid pressure and wall effective stress under RO, R and SS focal mechanism earthquakes is small. The results
show that the dynamic responses of the liquid storage tank under different focal mechanism earthquakes is quite
different. Sliding isolation can significantly reduce the dynamic responses of the liquid storage tank under strong
near-fault earthquakes, and the diameter of the limiting device will affect the shock absorption effect of sliding
isolation.

1. INTRODUCTION

When compared with a far-fault earthquake, a near-fault
earthquake has the characteristics of a directional effect, high
velocity pulse and large vertical acceleration of fault rupture.
These characteristics may increase the seismic responses of the
structure, thus having more adverse effects on the structure and
even aggravating the damage of the structure. Pan et al.1 stud-
ied the seismic response of long-term high-rise isolated struc-
tures under the action of a near-fault pulse-like earthquake,
and it was found that LRB isolation system would fail due
to deformation overrun under the near fault rare earthquake.
Du et al.2 proposed that the seismic response analysis of the
base-isolated structure under the action of near fault pulse-like
earthquake, the site of the structure and the focal mechanism
of the ground motion should be considered. Bai et al.3 carried
out the nonlinear dynamic analysis of the structure under rare
earthquake, it was found that the near-fault pulse-like ground
motion caused greater seismic responses to the structure than
no pulse-like earthquake, and the response is significantly con-
centrated in the time of velocity pulse. Yan et al.4 discussed the

influence of long-period velocity pulse of near fault earthquake
on structure dynamic response, and obtained that the dynamic
response of base-isolated structure under near-fault earthquake
action was obviously larger than that under far-field earthquake
action.

Historical experience has proven that large storage tanks are
very vulnerable in the face of natural disasters such as earth-
quakes. Earthquakes will not only cause damage to the tanks
themselves, but also cause catastrophic consequences such as
explosion, fire, and environmental pollution. The losses caused
by these damages far exceed the economic value of the tanks
themselves and liquid. Compared with the far-field earthquake,
many near-field earthquakes contain single or multiple velocity
pulses, which may make the structure subject to large energy
impact in a very short time, resulting in serious damage to the
structure. It is necessary to consider the liquid-solid coupling
effect in the study of dynamic response of liquid storage tank
under earthquake. Housner5 and Haroun6 proposed the classi-
cal two-particle and three-particle spring-mass model to simu-
late the fluid-solid coupling. Ge et al.7 proposed a nonlinear
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simple pendulum system model suitable for simplified calcu-
lation of liquid storage tank. Kildashti et al.8 used the added
mass method to simulate the fluid-structure interaction, and ob-
tained that the foundation elasticity would lead to a lower crit-
ical earthquake intensity. Columbo and Almazán9 proposed
a simplified nonlinear model to estimate the rolling resistance
and stress distribution of the floor. Rawat et al.10 used sound-
structure and Euler-Lagrange coupling methods to analyze the
liquid storage tank. Based on the potential flow theory and ap-
propriate boundary conditions, Lv et al.11 derived the analyti-
cal solution of seismic response calculation. Bakalis and Kara-
manos12 studied the uplift mechanism of no anchored storage
tank under strong lateral load by using three-dimensional fi-
nite element model. Although the simplified model based on
Haroun-Housner model can accurately calculate the base shear
force and overturning moment, it can not obtain the stress dis-
tribution of the tank wall, the uplift of the tank bottom and the
buckling failure of the tank wall. Therefore, it is very neces-
sary to use the three-dimensional calculation model to study
the seismic response of the tank.

With the rapid development of petrochemical industry, the
earthquake prevention and disaster reduction of liquid stor-
age tank has become an important research topic. Shock ab-
sorption control opens up a new way for the seismic design
of liquid storage tank. Safari and Tarinjad13 studied the seis-
mic response of the base-isolated liquid storage tank by using
the frequency domain random method, and obtained that the
sliding bearing can significantly reduce the sloshing response.
Compagnoni et al.14 studied the seismic performance of the
isolated tank with sliding concave support, and found that it
could reduce the base shear, but had no significant effect on
the sloshing displacement. Cheng et al.15 carried out the shak-
ing table test of sliding isolation liquid storage structure, and
obtained that sliding isolation had significant control effect on
structure dynamic response and liquid sloshing. Nikoomanesh
et al.16 proposed a vertical isolation system for liquid storage
tanks, and the parameter research showed that the system was
more effective for slender liquid storage tanks. Kim et al.17

established a set of optimal friction material selection system
for friction pendulum isolation tank, and obtained a lower fric-
tion coefficient through vulnerability analysis, which was more
helpful to prevent tank damage. Jiang et al.18 put forward the
optimization design method of the tank with inertial vessel iso-
lation system, and obtained that the method could meet the re-
quirements of sloshing wave height and effectively reduce the
base shear force and the displacement of isolation layer. Lv et
al.19 deduced a simplified mechanical model of variable cur-
vature rolling isolation tank considering liquid sloshing, and
obtained that this kind of isolation had shock absorption ef-
fect on base shear, overturning moment and liquid sloshing.
Zhou et al.20 studied the dynamic response of the tank with
anchorage and replacement of damper through shaking table
test and finite element method, and obtained that the new tank
could realize the recovery function by replacing the damper af-
ter the earthquake. Krishnamoorthy21 used the finite element
method to simulate the fluid storage tank with friction pendu-
lum, and pointed out that the finite element method considering
fluid structure coupling was more suitable for the analysis of
FPS liquid storage tank. In general, although researchers have

carried out a series of researches on rubber isolation, friction
pendulum isolation, vertical isolation, inertial container iso-
lation and rolling isolation liquid storage tank, there are few
researches on damper shock absorption. Rubber isolation can
reduce the dynamic response of the tank itself, but it has little
control effect on the sloshing wave height, and even has ampli-
fication effect. In contrast, some new isolation measures have
good shock absorption effect on the dynamic response and liq-
uid sloshing of the tank.

To sum up, the near fault earthquake is likely to have more
adverse effects on the structure, and the liquid-solid coupling
effect under the earthquake will make the liquid tank in a more
complex stress state. Therefore, it is of great significance to
carry out the research on the dynamic response law of the liq-
uid tank under the near-fault earthquake and put forward the
economic and applicable seismic isolation method. The three-
dimensional numerical calculation models of no isolation and
sliding isolation liquid storage tank are established. Twelve
near fault seismic waves with different focal mechanisms are
selected from PEER. The variation of seismic response of liq-
uid storage tank during PGA increasing is studied. The seismic
responses of liquid storage tank under near-fault earthquake
with different focal mechanisms is compared and analyzed.
This paper discusses the effectiveness of the sliding isolation
limiting device on the shock absorption control of the liquid
storage tank, and finally analyzes the influence of the limit-
ing device on the seismic response, so as to provide reference
for the engineering application and earthquake prevention and
disaster reduction of the liquid storage tank.

2. FUNDAMENTAL THEORY

2.1. Boundary Conditions and Initial
Conditions

Φ(r, θ, t) was used to represent the velocity potential func-
tion of liquid, which should satisfy the Laplace equation, i.e:

∂2Φ

∂r2
+

1

r

∂Φ

∂r
+

1

r2

∂2Φ

∂θ2
+
∂2Φ

∂z2
= 0. (1)

There are three kinds of typical boundary conditions for a
liquid storage tank under earthquake action, namely, wall plate
Γw, bottom plate Γb and free surface Γf . On the free surface
Γf , dynamic and motion conditions need to be satisfied. The
boundary conditions and initial conditions that velocity poten-
tial function needs to satisfy were as follows:
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; (2)

where g was the acceleration of gravity, f was the wave equa-
tion of free surface, hw was the height of liquid surface, t was
the time, s was the elastic deformation of tank wall.

When the liquid interacts with solid medium, equilibrium
and compatibility equations must be satisfied on the contact
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surface: 
τs · n = τf · n
uIs = uIf
vIs = vIf = v̄If
aIs = aIf = āIf

; (3)

where n was the normal vector on the contact surface; us and
uf were the structure and liquid displacements on the contact
surface; vs, vf and v̄f were the structure, liquid and coordi-
nate system velocities; as, af and āf were the structure, liquid
and coordinate system accelerations; I represented the contact
surface.

2.2. Liquid Solid Coupling Dynamic
Equation

The fluid structure interaction was realized by pressure vec-
tor p and coefficient matrix B, and the liquid solid coupling
dynamic equation is:22[

Ms 0
ρfB E

] [
r̈
p̈

]
+

[
Cs 0
0 A

] [
ṙ
ṗ

]
+[

Ks −BT
0 H

] [
r
p

]
=

[
−Msüg
−q0

] ; (4)

where Ms, Cs and Ks were the structure mass, damping and
stiffness matrices, respectively, r was the displacement vector,
üg was the seismic acceleration vector, ρf was the density of
liquid, p was the liquid pressure vector, q0 was the input exci-
tation vector transferred from the structure to the liquid, H, A,
E and B are coefficient matrices.

3. NUMERICAL EXAMPLE

3.1. Calculation Model
The diameter of the tank was 10m, the height was 10m, the

liquid storage height was 8m, and the thickness of the wall
plate was 20mm. The sliding isolation design was adopted,
and a total of 8 limiting devices were set at the bottom of
the tank. Assuming that the liquid storage tank was a bilin-
ear elastic-plastic model, the tank wall elastic modulus was
2 × 1011Pa, the Poisson’s ratio was 0.3, and the density was
7850kg/m3, the shell element is used to simulate the liquid
storage tank plate. Beam element was adopted for the limiting
device, and bilinear elastic-plastic model was adopted for the
material. The specific material parameters are shown in Table
1 [23-24]. Potential fluid model was used for the liquid with
density of 1000 kg/m3 and bulk modulus of 2.3×109Pa. The
contact surface is used to simulate the mechanical behavior of
sliding isolation bearing. Considering the fluid solid coupling
effect, the three-dimensional numerical calculation models of
no isolation and isolation liquid storage tank are established,
as shown in Fig. 1.

3.2. Earthquake Waves
Based on the strong motion database of PEER, 12 near field

seismic records with different focal mechanisms were selected,
among which 3 were Reverse, Strike slip, Reverse Oblique and
Normal focal mechanisms. The criteria for selecting near field
seismic records were as follows: the fault distance was not

(a) No isolation

(b) Isolation

Figure 1. Calculation model.

more than 20km, the ratio of peak ground velocity (PGV) to
peak ground acceleration (PGA) was greater than 0.2, and the
moment magnitude was greater than 6.0. The detailed infor-
mation of seismic waves is shown in Table 2. Fig. 2 shows
the acceleration response spectrum and average acceleration
response spectrum of near-fault earthquakes.

It can be seen from Fig. 2 that the average value of seis-
mic acceleration response spectrum of N-type focal mecha-

International Journal of Acoustics and Vibration, Vol. 27, No. 2, 2022 153



W. Jing, et al.: DYNAMIC RESPONSES OF LIQUID STORAGE TANK UNDER NEAR FAULT PULSE-LIKE EARTHQUAKES WITH DIFFERENT. . .

Table 1. Material parameters of bilinear elastic-plastic model.

Elastic modulus Poisson’s ratio Yield strength Density Strain hardening modulus Yield strain Maximum plastic strain
(Pa) (MPa) (kg/m3) (Pa)

2×1011 0.3 235 7800 2×109 0.001 0.02

Table 2. Seismic wave information.

Earthquake name Station name Mechanism Magnitude Rrup (km) Tp-Pulse (s)
L’Aquila Italy L’Aquila - Parking 6.3 5.38 1.981
L’Aquila Italy L’Aquila - V. Aterno - Centro Valle Normal (N) 6.3 6.27 1.071
L’Aquila Italy L’Aquila - V. Aterno -F. Aterno 6.3 6.55 1.176

Chi-Chi Taiwan CHY101 7.62 9.94 5.341
Chi-Chi Taiwan TCU049 Reverse Oblique (RO) 7.62 3.76 10.22
Chi-Chi Taiwan TCU068 7.62 0.32 12.285

Montenegro Yugoslavia Bar-Skupstina Opstine 7.10 6.98 1.442
Cape Mendocino Bunker Hill FAA Reverse (R) 7.01 12.24 5.362
Cape Mendocino Centerville Beach Naval Fac 7.01 18.31 1.967
Kocaeli Turkey Arcelik 7.51 2.19 5.124

Darfield New Zealand DSLC Strike Slip (SS) 7.00 8.46 7.826
Kocaeli Turkey Gebze 7.51 10.92 5.992

nism was obviously larger than that of other three types of focal
mechanisms, and the order was N > RO > SS > R. It can
be seen from Fig. 3 the velocity pulses of near fault pulse-like
earthquakes with different focal mechanisms were very differ-
ent, such as velocity pulse amplitude and number of velocity
pulses.

3.3. Seismic Responses
Liquid sloshing wave height, wall displacement, liquid pres-

sure and wall effective stress were selected as the analysis ob-
jects. The dynamic responses of liquid storage tanks under
different focal mechanisms were compared, and the influence
of focal mechanisms on seismic responses was analyzed. With
the increase of earthquake intensity, the variation of seismic re-
sponse is discussed. The specific calculation results are shown
in Figs. 4,5, 6, 7, 8.

It can be seen from Fig. 4 that under the action of seis-
mic waves of different focal mechanisms, the difference of liq-
uid sloshing wave height was larger, the liquid sloshing wave
height corresponding to N-type focal mechanism was smaller,
and the liquid sloshing wave height of L’Aquila - V. Aterno -F.
Aterno earthquake was the smallest, the sloshing wave height
corresponding to RO-type focal mechanism was larger, and
the liquid sloshing wave height of CHY101 earthquake is the
largest. The liquid sloshing wave height increased with the
increase of PGA. When PGA was 0.4 g, the maximum liq-
uid sloshing wave height under CHY101 earthquake was about
2.5 m. Excessive liquid sloshing wave height caused the fail-
ure of the liquid storage tank, and liquid overflow also caused
secondary disasters such as environmental pollution.

It can be seen from Fig. 5 that the displacement of the tank
wall varied greatly under the action of seismic waves of dif-
ferent focal mechanisms. The displacement of the tank wall
corresponding to the N-type focal mechanism was larger, and
the displacement of the tank wall under the action of L’Aquila
- V. Aterno -F. Aterno earthquake was the largest. When the
PGA was 0.4 g, the displacement of the wall plate reached
10.25 mm, and the displacement of the tank wall under the
R-type source mechanism was smaller.

It can be seen from Fig. 6 that under the action of seismic
waves of different focal mechanisms, the difference of liquid

pressure is large, and the corresponding liquid pressure of the
N-type focal mechanism was large, and the liquid pressure un-
der the L’Aquila - V. Aterno -F. Aterno earthquake was the
largest. When the PGA was 0.4 g, the maximum liquid pres-
sure reaches 465.90 kPa, and the difference of liquid pressure
under other three types of focal mechanisms was small, under
the action of R-type focal mechanism seismic wave, the liquid
pressure changed gently.

It can be seen from Fig. 7 that under the action of seismic
waves of different focal mechanisms, the effective stress of
tank wall was quite different, the effective stress of tank wall
corresponding to the N-type focal mechanism was relatively
large, and the effective stress of tank wall under the L’Aquila
- V. Aterno -F. Aterno earthquake was the largest. When the
PGA was 0.4 g, the maximum effective stress of the tank wall
reached 136.39 MPa, and the difference of effective stress of
tank wall under the other three types of focal mechanisms was
relatively small. Based on the calculation of the above 12 seis-
mic waves, the average values of liquid sloshing wave height,
wall plate displacement, liquid pressure and wall plate effec-
tive stress under the action of four types of focal mechanism
earthquakes are drawn in Fig. 7, and the influence of focal
mechanism on the seismic response of liquid storage tank is
further analyzed.

It can be seen from Fig. 8 that for the liquid sloshing
wave height, the RO-type focal mechanism corresponds to the
largest one. The order of liquid sloshing wave height under
the action of seismic waves of four types of focal mechanisms
was RO>R>SS>N. For the displacement of tank wall, liquid
pressure and effective stress, except for the case of 0.1g, the
value under the N-type focal mechanism was obviously larger
than that of the other three types of focal mechanisms. More-
over, the displacement, liquid pressure and effective stress of
the tank wall have little difference under RO-type, R-type and
SS-type focal mechanism earthquakes.

3.4. Study on the Shock Absorption
Performance

Based on the above analysis, the dynamic response recorded
by L’Aquila-V.Aterno-F.Aterno was larger. Limited to space,
only taking the L’Aquila-V.Aterno-F.Aterno record as an ex-

154 International Journal of Acoustics and Vibration, Vol. 27, No. 2, 2022



W. Jing, et al.: DYNAMIC RESPONSES OF LIQUID STORAGE TANK UNDER NEAR FAULT PULSE-LIKE EARTHQUAKES WITH DIFFERENT. . .

Figure 2. Acceleration response spectrum.

ample, the PGA was adjusted to 0.62 g, the friction coefficient
was set to 0.02, and the diameter of limiting device was set to
20 mm. The seismic response of without isolation and slid-
ing isolation limiting liquid storage tank was compared, and
the effectiveness of shock absorption control measures for near
fault seismic response control was discussed. The calculation
results of the maximum sloshing wave height, the maximum
effective stress of the wall plate and the maximum liquid pres-
sure of the liquid storage tank are shown in Figs. 9, 10, 11.

It can be seen from Figs. 9, 10, 11 that when the PGA was
0.62 g, the wall effective stress of no isolation liquid storage
tank was 174.700 MPa. After sliding isolation, the effective
stress of the wall plate was reduced to 67.610 MPa, which is
far less than the yield strength of the steel. The sloshing wave
height was reduced from 0.481 m to 0.424 m. The sliding iso-
lation also plays a certain role in controlling the sloshing wave
height. The reason for the smaller shock absorption effect may
be due to the influence of the limiting device. The liquid pres-
sure of the without isolated liquid tank is 4773.686 kPa, which
is reduced to 214.094 kPa after sliding isolation. Sliding isola-
tion has a very significant shock absorption effect on the liquid
storage tank, which helps to ensure the safety of the liquid stor-
age tank under near fault strong earthquake.

3.5. Influence of Limiting Device
The diameter of the limiting device was one of the impor-

tant design parameters, which not only affected the dynamic

response of the system, but also affects the natural vibration
characteristics of the system. The advantage of the limiting de-
vice was that it solved the displacement overrun problem of the
isolation layer. Its disadvantage was equivalent to increasing
the stiffness of the isolation layer, which will affect the shock
absorption effect of the isolation. Therefore, it was necessary
to explore the influence law of the diameter of the limiting de-
vice on the seismic response. Taking the L’Aquila-V.Aterno-
F.Aterno seismic record as an example, the influences of the
diameter of the limiting device on the seismic responses are
shown in Fig. 12.

From Fig. 12, the influence of the limiting device diame-
ter on the effective stress and the wave height of liquid slosh-
ing is very significant, and the influence on the liquid pressure
is relatively small. When the diameter of the limiting device
is 24 mm, the liquid sloshing wave height reaches the mini-
mum value. When the diameter of the limiting device reaches
36 mm, the corresponding liquid sloshing wave height of the
isolation device is larger than that of without isolation. When
the diameter of the limiting device is 20 mm, the effective
stress of the tank wall is relatively large. When the diameter of
the limiting device is 24 mm and 32 mm, the effective stress of
the tank wall reaches a smaller value, and the sliding isolation
has a better effect on shock absorption. With the increase of
the diameter of the limiting device, the liquid pressure changes
very little.
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Figure 3. Velocity pulses.

Figure 4. Wave height.
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Figure 5. Wall displacement.

Figure 6. Liquid pressure.

International Journal of Acoustics and Vibration, Vol. 27, No. 2, 2022 157



W. Jing, et al.: DYNAMIC RESPONSES OF LIQUID STORAGE TANK UNDER NEAR FAULT PULSE-LIKE EARTHQUAKES WITH DIFFERENT. . .

Figure 7. Wall effective stress.

Figure 8. Dynamic response corresponding to four types of focal mechanism earthquakes.
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Figure 9. Effective stress of wall plate under L’Aquila-V.Aterno-F.Aterno earthquake.

Figure 10. Liquid sloshing wave height under L’Aquila-V.Aterno-F.Aterno earthquake.

Figure 11. Liquid pressure under L’Aquila-V.Aterno-F.Aterno earthquake.
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Figure 12. Influence of diameter of limiting device on dynamic response under
L’Aquila-V.Aterno-F.Aterno earthquake.

4. CONCLUSION

The three-dimensional numerical model of non-isolated and
isolated liquid storage tank is established. The seismic re-
sponses of non-isolated liquid storage tank under different
source mechanism are studied. The effectiveness of sliding
isolation for dynamic response control under near-fault earth-
quake is discussed. The main conclusions are as follows:

1. For the non-isolated liquid storage tank, the liquid slosh-
ing wave height under RO-type focal mechanism earth-
quake is the largest, especially the liquid sloshing wave
height under CHY101 earthquake record is about 2.5 m.
The order of liquid sloshing wave height under four types
of focal mechanism earthquake is RO>R>SS>N. For the
displacement, liquid pressure and effective stress of the
tank wall, the response of the N-type focal mechanism is
obviously larger than that of the other three types of focal
mechanisms.

2. When PGA is 0.62 g, the wall effective stress of non-
isolated liquid storage tank is 174.700 MPa. After sliding
isolation, the effective stress and liquid pressure of the
tank wall are significantly reduced, and the liquid slosh-
ing wave height is controlled to a certain extent.

3. When the diameter of the limiting device is 24 mm, the
liquid sloshing wave height, effective stress and liquid
pressure are relatively small.

4. Sliding isolation limiting control system can achieve good
shock absorption effect, low cost and simple construction,
which has a very good application prospect in the earth-
quake prevention and disaster reduction of liquid storage
tank.
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