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Liquid storage tanks are lifeline structures and strategically very important. Heavy damages or even collapse of these facilities
subjected to strong earthquakes may cause disastrous consequences. In this paper, the seismic response of a multistage series
liquid storage tank was simulated by a finite elementmethod and verified by a scaled-down experiment.)e structural flexibility of
the tank and the liquid-structure coupling characteristics between the liquid and tank wall were considered in the research. A
multimass-block and spring model was employed to be equivalent to the longitudinal vibration of the liquid in the storage tank.
)e relationships between the connection springs and the elements of the stiffness matrix were explicitly deduced. )e seismic
response analysis of a four-stage series liquid tank was carried out, and the acceleration response, the stress response of the tank,
and the vertical vibration of the liquid were obtained. )e experimental results are in good agreement with the simulation results,
which verifies the effectiveness of the modeling method in this paper.

1. Introduction

Liquid storage tanks are lifeline structures and strategically
very important since they have vital use in industries and
nuclear power plants [1]. Heavy damages or even collapse of
these facilities subjected to strong earthquakes may cause
disastrous consequences such as explosions, fires, and en-
vironmental contaminations [2]. )e seismic safety per-
formance of a large liquid storage tank is crucial and has a
direct effect on the economic performance, reliability, and
service life of the tank [3]. Analytical solutions for the
seismic fluid-structure interaction of tanks are used by
analysts and engineers for a number of purposes, including
preliminary sizing, risk assessment, and verification of
numerical models [4].

)e seismic behavior of the liquid storage tank is highly
complex due to liquid-structure interaction, leading to a
tedious design procedure from an earthquake-resistant
design point of view. To improve the structural seismic
response of the liquid storage tank, in the past few decades,
scholars have proposed many effective research methods
including the concentrated mass method, the distributed

mass method, and the test analysis method. Housner [5] and
Rosenblueth and Newmark [6] developed a lumped mass
model of rigid liquid storage tanks and investigated its
seismic response. )ese models were modified by Haroun
[7], which takes into account the flexibility of the tank wall in
the seismic analysis. In the concentrated mass method, the
contained liquid is considered as incompressible and in-
viscid and has irrotational flow. )e typical models include
the single-degree-of-freedom model [8], two-degree-of-
freedom model [9–11], and three-degree-of-freedom model
[12–18]. In [8], a simplified one-degree-of-freedom ideali-
zation was set up and particular attention was paid to the
sloshing effects. In the two-degree-of-freedom model, as
described in [9–11], the liquid mass was considered as a
convective mass which caused the sloshing phenomenon
and an impulsive mass which accelerated along with the
tank. In the three-degree-of-freedom lumped mass model,
the entire tank liquid mass vibrates in three distinct patterns:
sloshing mass, impulsive mass, and rigid mass.

In the research using the distributed mass model [19–27],
the finite element method is generally used to establish the
model of the liquid storage tank for liquid-structure coupling

Hindawi
Shock and Vibration
Volume 2021, Article ID 9695139, 13 pages
https://doi.org/10.1155/2021/9695139

mailto:xgyao_1980@sina.com
https://orcid.org/0000-0001-9177-2425
https://orcid.org/0000-0002-4166-7659
https://orcid.org/0000-0002-5472-5002
https://orcid.org/0000-0002-2313-4197
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/9695139


analysis. )e tank wall is always regarded as the structure
element, and the liquid is regarded as the fluid element.
According to the relative motion relationship between the
tank and the liquid, the motion coordination constraints of
the structure element and fluid element are established. )en,
the seismic excitation is applied to analyze the dynamics of the
tank and fluid. Aiming at calculating sloshing frequencies, as
well as sloshing transient response under horizontal seismic
excitation, Karamanos [20, 21] presented a finite element
formulation for earthquake-induced sloshing in horizontal-
cylindrical industrial vessels. Jingyuan Li [23] adopted the
finite element software ABAQUS to trace the dynamic re-
sponse history of a large reinforced concrete storage tank
during different seismic excitations. )e dynamic charac-
teristics and failure modes of the tank’s structure were in-
vestigated by considering the rebar’s effect. Aruna Rawat
[24, 25] investigated the three-dimensional ground-supported
cylindrical and rectangular rigid liquid storage tanks filled
with water and subjected to seismic base excitation. )e
analyses of the tanks were carried out using coupled acoustic-
structural and coupled Eulerian–Lagrangian approaches of
the finite element method. In [26], the numerical seismic
response of liquid storage tanks isolated by bilinear hysteretic
bearing elements was investigated under long-period ground
motions. Finite shell elements for the tank structure and
boundary elements for the liquid region were employed.
Fluid-structure equations of motion were coupled with the
governing equation of the base-isolation system to represent
the whole system behavior. In [27], numerical analyses were
performed by means of a detailed finite element model,
considering the exact geometry of the elevated steel tank
structure and the fluid-structure interaction effects for an
arbitrary level of fluid filling, as well as the nonlinearities
introduced by the various bracing systems.

In the research using the test analysis method [28–30], a
real or scaled model of the liquid tank is generally processed,
and the test research is carried out by using the earthquake
occurrence test bed. In [28], a series of forced vibration tests,
whose measured response was considered as a benchmark,
were carried out on a cylindrical tank experimental model.
All of the test parameters were scaled according to similitude
laws. Jang Ho Park [29] presented dynamic test results of a
cylindrical liquid storage tank under horizontal earthquake
excitation to investigate its dynamic behavior characteristics,
including beam-type and oval-type vibrations. Bae and Ho
Park [30] presented the results of shaking table tests per-
formed to examine the dynamic behavior of a scaled cy-
lindrical steel tank model considering the presence or
absence of a fixed roof and added mass at the top of the tank
for various fluid levels.

At present, there are many studies about the seismic
response analysis of a single tank; however, research on the
analysis of a multistage series tank is not deep enough.
Different from the single-stage tank, the multistage series
tank is tall, and the slenderness ratio is relatively large.
)erefore, the structural flexibility of the tank needs to be
considered. )e “forced vibration” effect caused by the
liquid-structure interaction should also be considered. In
addition, the research literature mostly considers only the

lateral sloshing effect of the liquid, and the longitudinal
vibration characteristic is ignored. Aiming at the seismic
response analysis of the multistage series liquid storage tank,
this paper constructed a finite element model including the
liquid-structure coupling effect of the tank wall and liquid, as
well as the longitudinal vibration characteristic of the liquid.
)e research on the modeling method and experimental
verification were simultaneously carried out in this paper.

2. Mass Matrix and Longitudinal
Stiffness Matrix

2.1. Mass Matrix. Due to the structural flexibility and the
coupling effect, the multistage series tank will form a tower
effect when it encounters an earthquake; that is, the ground
excitations will be multiplied on the tank. )e important
feature of the liquid-structure coupling problem is the in-
teraction of the two-phase medium. )e solid structure will
deform or move under the action of the fluid load, and this
deformation or movement will in turn affect the amplitude
and distribution of the fluid load. In this investigation, the
liquid is considered incompressible and inviscid and has
irrotational motion. For the quasistatic flow field and linear
elastic structure with small deformation, the equation of the
displacement-pressure format of the liquid-structure cou-
pling system can be expressed as
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where p is the pressure vector of the fluid node; u is the
displacement vector of the solid node; Q is the liquid-
structure couplingmatrix;Mf andKf are themass matrix and
stiffness matrix of the fluid, respectively; Ms and Ks are the
mass matrix and stiffness matrix of the structure, respec-
tively; Fs is the external load vector; and ρf is the density of
the liquid.

If the influences of fluctuation and compressibility of the
liquid are ignored, the dynamics problem of the liquid-filled
tank can be simplified as the structural dynamics problem
with additional mass. )e dynamic equation (1) can be
rewritten as

Ms 0

−QT 0
⎡⎢⎢⎢⎣ ⎤⎥⎥⎥⎦ €u €p  +

Ks

Q
ρf

0 Kf

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

u

p

⎧⎪⎨

⎪⎩

⎫⎪⎬

⎪⎭
�

Fs

0

⎧⎪⎨

⎪⎩

⎫⎪⎬

⎪⎭
. (2)

Substituting equation (2) into (1) and eliminating vector
p, one can obtain

Ms + Ms
′( €u + Ksu � Fs, (3)

where M ʹs �QK-1fQT/ρf is the additional mass matrix
representing the effect of the fluid on the solid structure. )e
key to the dynamic problem, therefore, lies in the processing
of the additional mass matrix.
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Since the quality characteristics of the tank structure and
liquid are different, the quality of the two is treated sepa-
rately in the modeling process. When calculating the mass
attributes of the tank structure, it is assumed that the
structural mass is uniformly distributed. According to the
inviscid feature of the liquid, when the storage tank is bent
and deformed laterally, most of the liquid will move in
parallel with the structure of the tank, except for the liquid
near the free surface. Besides, when the tank is deformed
longitudinally, the liquid will only follow the movement of
the tank bottom, provided that the influence of the longi-
tudinal deformation of the tank on the diameter is ignored.
Accordingly, the liquid in the tank is only counted as the
translational mass, and themoment of inertia is ignored.)e
mass matrix of the liquid unit can be written as
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where me
f � 

Ve
f

ρfdVe
f, in which me

f is the mass of the liquid
unit and Ve

f is the volume of the liquid unit.

2.2. Longitudinal Stiffness Matrix. In order to simulate the
longitudinal vibration characteristics of the multistage series

liquid storage tank, a multimass-block model is employed to
equivalent the longitudinal vibration of the liquid. Taking
the three-mass-block model of a single-stage liquid-filled
storage tank as an example, its structure diagram, me-
chanical model, and calculation model are shown in Fig-
ure 1.)e liquid in the tank is divided into three mass blocks
marked as ml1, ml2, and ml3, respectively. )e tank is
equivalent to a massless beam, and the mass properties of the
tank are assigned to the nodes of the beam elements in the
form of concentrated mass. Taking the mass assignment
process of a certain section of the tank as an example, as
illustrated in Figure 1(a), the mass of the tank wall between
nodes a and g is divided into three parts according to its
structural characteristic. )en, the mass marked as mi-1
between nodes a and c is assigned to node b, and the mass
marked as mi between nodes c and e is assigned to node d.
Similarly, the mass marked as mi+1 between nodes e and g is
assigned to node f. By repeating this, the equivalent process
of tank mass to the nodes of the massless beam can be
completed.

)e position of the storage tank at the free surface of the
liquid is marked as 5, as illustrated in Figure 1(c). )e
positions of centroids of the three liquid mass blocks are
marked as 4, 3, and 2, respectively. )e connecting part of
the tank barrel section and tank bottom is marked as 1. )e
symbols l1, l2, and l3 represent the liquid heights corre-
sponding to the three mass blocks, respectively. )e tank is
cylindrical with the inner diameter 2a, the thickness of the
wall is h, the elastic modulus of the material is E, and
Poisson’s ratio is μ. )e flexibility coefficient matrix [31] of
the three-mass-block model is defined as
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where K1 � 2πaEh/l1, K2 � 2πaEh/l2, and K3 � 2πaEh/l3 are
the axial rigidities of the tank wall surrounding the mass

blocks m1, m2, and m3, respectively; KB is the rigidity of the
tank bottom.
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)e stiffness coefficient matrixK of the three-mass-block
model can then be obtained by solving the inverse of matrix
D as
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)e relationships between the springs in Figure 1(c) and
the elements of the stiffness matrix K are shown in the
following equation:

K23 � −k23;

K24 � −k24;

K25 � −k25;

K34 � −k34;

K35 � −k35;

K45 � −k45;

K12 � k22 + k23 + k24 + k25;

K13 � k32 + k33 + k34 + k35;

K14 � k42 + k43 + k44 + k45;

K15 � k52 + k53 + k54 + k55.

(7)

3. Simulation Results

3.1. Model of the Liquid Storage Tank. )e structure of the
four-stage series liquid storage tank is shown in Figure 2,
which is composed of four cylindrical flat bottom tanks
I–IV, a connection segment, and a conical head. )e bottom
of the tank is fixed on the foundation by bolts. )e structural
dimensions and material properties of the tank are shown in
Table 1. )e four storage tanks I–IV are filled with a liquid,
and the liquid mass in each tank is 35 tons, 45 tons, 25 tons,
and 10 tons, respectively.

)e mechanical model of the storage tank established by
the aforementioned method is shown in Figure 3. According
to the geometric attributes of the tank wall and the con-
nection segment, the whole structure is assumed to be a
hollow circular beam element with variable thickness and
cross section. In the finite element model, the structure of
the tank is meshed by the three-dimensional and three-node
Timoshenko beam elements. )e elastoplastic characteristic
of the material is considered. )e connecting segments and
the tanks are connected by flanges and bolts, and the
strength and rigidity of the connecting parts have been
predesigned with sufficient margin. )e connection seg-
ments are also treated as the hollow cylindrical structure,
and the thickness is obtained by the stiffness equivalent
method. )erefore, the connection segments can also be
meshed by the Timoshenko beam elements, and according
to its structural characteristics, the mesh of the section is
locally refined. )e finite element model of the four-stage

series liquid storage tank established in ANSYS is shown in
Figure 4.

)e assignment process of liquid mass effects can be
implemented as follows: taking the liquid mass ml1 as an
example, as illustrated in Figure 1, the horizontal mass ef-
fects ml1x and ml1z are equally distributed to the nodes from
m3 to mi near the liquid; its vertical mass effect ml1y is
connected to the liquid mass ml2, ml3, and the related beam
nodes through the springs K14, K24, K34, and K45.)e spring-
mass system is composed of the concentrated mass ml1, ml2,
and ml3, and the springs can then be used to simulate the
vertical seismic response of the liquid mass in the storage
tank.

3.2. Adjustment of the Seismic Wave. Seismic amplitude (or
intensity) includes peak acceleration, peak velocity, and peak
displacement of the seismic wave. In seismic analysis, the
peak value of the acceleration of ground motion is generally
used as the strength standard. )e selected ground motion
record should be adjusted according to an appropriate
proportion so that the peak acceleration of the selected wave
is equivalent to that of the corresponding seismic fortifi-
cation intensity. )e adjustment formula is

a′ (t) �
Amax′

Amax
a(t), (8)

where aʹ(t) and Aʹmax represent the adjusted seismic ac-
celeration curve and peak value, respectively; a(t) and Amax
represent the original recorded seismic acceleration curve
and peak value, respectively.

)e acceleration curve of the adjusted El Centro
earthquake wave with 8° fortification intensity is shown in
Figure 5, and its peak acceleration is set to be 0.2 g. )e
seismic waves along the x-, y-, and z-axis are all used as input
excitations, and the peak acceleration ratio among them is
set as x: y: z� 1 : 0.65 : 0.85.

3.3. Seismic Response Curve of the Top Node. Taking the top
node o, as illustrated in Figure 3, of the liquid storage tank as
the study object, the curves of displacement and acceleration
of this node along the horizontal direction (x-axis and z-
axis) and the vertical direction (y-axis) are shown in
Figures 6–11, respectively.

It can be seen from Figures 6–8 that, under the action of
earthquake excitation, the top node o has endured large
vibration displacements. )e maximum amplitude along the
x-axis is 0.264m, which occurred at the time t� 6.5 s. )e
vibration displacement along the z-axis is similar to that of
the x-axis, but the overall amplitude is slightly smaller, which
is due to the fact that the amplitude of seismic acceleration
input along the z-axis is smaller than that along the x-axis.
)e displacement responses in these two directions firstly
increase with the increase of the seismic acceleration and
then attenuate. In the entire time history, the waves generally
present a “spindle” structure with a short front and a long
rear, which is caused by the fact that the energy of the seismic
wave is mainly concentrated in the early stage. In Figure 7,
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Figure 1: )ree-mass-block model of the single-stage liquid storage tank. (a) Structure diagram. (b) Mechanical model. (c) Calculation
model.

Liquid tank ILiquid tank IILiquid tank
III 

Liquid
tank IV

Support
base

7.0 m9.0 m5.0 m1.8 m2.0 m 1.4 m1.0 m 1.4 m 1.4 m

Connection
segment

Connection
segment

Connection
segment

Figure 2: Structure of the four-stage series liquid storage tank.

Table 1: Structural dimensions and material properties of the liquid storage tank.

Parameter Length (m) Diameter (m) )ickness
(mm)

Elastic modulus
(GPa)

Yield strength
(MPa)

Tensile strength
(MPa)

Poisson’s
ratio

Value 30 3.0 3.5 70 300 420 0.33

Equivalent concentrated
mass of liquid

Equivalent concentrated
 mass of tank

Massless beam element

y
o

x

Figure 3: Mechanical model of the liquid storage tank (the springs are omitted).
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due to the large axial stiffness of the storage tank, the vi-
bration displacement of the node along the y-axis is very tiny
and within 0.5mm most of the time. )e reason for the
notable displacement in the initial stage is that the gravity
acceleration is applied to the liquid storage tank in the form
of a step function at the initial time of calculation. )e
notable displacement fluctuation is the step response of the
system to the gravity acceleration.

)e peak value of the vibration acceleration of the node o
along the x-axis is about 3.382m/s2, which occurred at time
t� 2.1 s. It is consistent with the peak time of the input
seismic wave, and the amplification factor of peak accel-
eration of the node along this direction is βx � 1.691. )e
peak value of the vibration acceleration of the node along the
z-axis is about 2.875m/s2, which also occurred at t� 2.1 s.
)e amplification factor of the peak acceleration of the node
along this direction is βy � 1.438. Ignoring the step effect of
the tank on the gravity acceleration at the initial stage, the
longitudinal vibration acceleration of the node caused by the
ground motion is relatively small, which is basically within
the range of ±0.2m/s2. )e calculation results show that the
seismic wave has a greater impact on the lateral vibration of
the tank and less impact on the longitudinal vibration.)is is
mainly due to that the longitudinal tensile and compression
stiffness of the storage tank is much greater than its lateral
bending stiffness.

3.4. Vertical Vibration of the Liquid in the Tank. )e seismic
responses of the acceleration of the liquid mass center in
tanks I–IV are shown in Figures 12–15. It can be seen that
the liquid has obvious vibration fluctuations along the
vertical direction since the influence of the flexibility of the
tank on the liquid is considered, as illustrated in Figure 1(c).
)e acceleration values of the mass center of liquid in tanks I
and II are obvious and reach about 0.9m/s2. However, the
values of the mass center of the liquid in tanks III and IV are

neglectable within the range of ±0.2m/s2, which is equiv-
alent to the value of the top node o. )e differences of the
vibration acceleration of the liquid mass center in different
tanks can be explained as follows: in equations (5)–(7), the
stiffness coefficient matrix K of the three-mass-block model
includes the rigidity of the tank wall and the bottom.
Compared with the storage tanks III and IV, the lengths of
the storage tanks I and II are much longer, as illustrated in
Figure 2, which result in the two tanks having lower ri-
gidities. In addition, the liquid mass in the two tanks is much
heavier. )e lower tank rigidity and heavier liquid mass
inevitably cause more significant seismic responses of the
liquid in tanks I and II. On the contrary, the lengths of the
tanks III and IV are much shorter, which result in the higher
rigidities of the two tanks. Moreover, the liquid mass in the
tanks is much lighter. )erefore, the higher tank rigidity and
lighter liquid mass cause minor seismic responses of the
liquid in tanks III and IV.

3.5.DiagramofCombinedDeformation-AxialCoordinate (the
Moment of Maximum Deformation). It can be seen from
Figures 6 and 8 that the maximum deformation of the whole
structure of the tank occurred at the time t� 6.5 s. At this
moment, the combined deformation curve of the nodes
along the axial direction of the tank is shown in Figure 16.
)e combined deformation of the tank increases with the
height of its body. )e overall deformation of the tank
presents the deformation characteristic of a vertical canti-
lever beam subjected to a horizontal load. )e maximum
combined deformation of the tank is 0.331m at the coor-
dinate y� 0.

3.6. TimeHistory Curve of Stress at the Supporting Point of the
Tank. )e time history curve of the stress of the grid point,
where the supporting point of the tank is located, on the
beam element is shown in Figure 17. )e maximum stress is

Figure 4: Finite element model of the liquid storage tank.

2

1

0

-1

-2

ac
ce

le
ra

tio
n 

a (
m

/s
2 )

0 5 10 15 20 25 30
time t (s)

El Centro earthquake wave

Figure 5: Adjusted El Centro seismic wave with 8° fortification intensity.

6 Shock and Vibration



0 10 15 20 25 30
time t (s)

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

di
sp

la
ce

m
en

t a
lo

ng
 x

-a
xi

s u
x (

m
)

5

displacement of top node

Figure 6: Displacement of top node (o) along the (x)-axis.
di

sp
la

ce
m

en
t a

lo
ng

 y
-a

xi
s u

y (
m

)

-0.02

-0.015

-0.01

-0.005

0

0.005

0.01

0 10 15 20 25 30
time t (s)

5

displacement of top node

Figure 7: Displacement of top node (o) along the (y)-axis.

0 10 15 20 25 30
time t (s)

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

di
sp

la
ce

m
en

t a
lo

ng
 z-

ax
is 

u z (
m

)

5

displacement of top node
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194.24MPa, which is less than the yield stress of thematerial.
)e stress curve presents the characteristic of periodic
fluctuations, and the overall trend of the attenuation is
consistent with the decrease of the input intensity of the
seismic wave.

4. Test Verification

A scaled-down test model of the four-stage series storage
tank, as shown in Figure 18, is manufactured to verify the

accuracy of the research model presented in this paper. )e
scaled model is mainly composed of the conical top, four-
stage storage tanks I–IV, and end support. Different sections
of the test model are connected by flanges and bolts. In order
to simulate the coupling effect of the liquid in the tank, lead
balls and a mixture of lead balls and iron powder, as shown
in Figure 19, are filled in different tanks. Tanks II and IV are
filled with lead balls, and tanks I and III are filled with a
mixture of lead balls and iron powder. )e experiment was
carried out on the earthquake occurrence test bed of

Acceleration sensor

Strain gauge 

Figure 18: )e scaled-down model of the four-stage storage tank.

(a) (b)

Figure 19: Equivalent filling material for liquid. (a) Lead balls. (b) Mixture of lead balls and iron powder.

(a) (b)

Figure 20: Layout of measuring sensors. (a) Measuring position of the acceleration sensor. (b)Measuring position of the strain gauge (a pair
of strain gauges in a T-shaped arrangement).
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Lanzhou University of Technology. )e measuring positions
of the acceleration sensor and the strain gauge are shown in
Figure 20.

4.1. Comparison of Acceleration Results. )e comparisons
between the test curve and the calculated curve of accel-
eration of the top node o along the x-axis and the z-axis are
shown in Figure 21. It can be seen that the two curves are in
good agreement with the trend of the waveform amplitude.
However, the oscillating periods of them are significantly
different. )e main reason for this can be analyzed as fol-
lows: (1) In the numerical model, the frequency of the input
seismic wave is set lower (f� 10Hz) to reduce the calculation
cost, while in the test model, the frequency is set much
higher (f� 50Hz). )e differences in the input frequency of
seismic excitation lead to the forced vibration frequency of
the test model being much greater than that of the calcu-
lation model. (2) Due to the limitation of machining
technology, the rigidity of the scaled model is greater than
that of the calculation model, which leads to the higher

natural frequencies and response frequencies in the test
model.

4.2. Comparison of Stress Results. )e time history curve of
the stress of the supporting part on the test model is shown
in Figure 22(a), and the comparison between the test curve
and the calculated curve is shown in Figure 22(b). It can be
seen that the two curves have similar attenuation and pe-
riodic characteristics, and the amplitudes of them are also in
good agreement. Compared with the stress curve of the
calculation model, the curve of the test model has more peak
burrs, which is mainly caused by the interference of external
signals on the sensors.

5. Conclusions

)e seismic response of themultistage series liquid storage tank
was simulated and verified in this paper. )e structural flex-
ibility of the tank and the liquid-structure coupling charac-
teristics between the tank wall and the liquid were considered
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Figure 21: Comparison of lateral acceleration results of the top node. (a) Acceleration curve along the (x)-axis. (b) Acceleration curve along
the (z)-axis.
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in the study.)e additional mass matrix representing the effect
of the liquid on the structure was obtained by assuming that the
liquid is incompressible and inviscid and has irrotational
motion. In order to simulate the longitudinal vibration
characteristics of the liquid storage tank, a multimass-block
and spring model was employed to equivalent the longitudinal
vibration of the liquid. )e relationships between the con-
nection springs and the elements of the stiffness matrix of the
spring-mass model were explicitly deduced.

)e seismic response analysis of the four-stage series
liquid tank was carried out in ANSYS. )e acceleration,
deformation, and stress responses of the tank were obtained.
In addition, because the influence of the flexibility of the
tank wall on the longitudinal vibration of the liquid was
considered in the model, the vertical vibrations of the liquid
were also obtained. A scaled-down model of the four-stage
series storage tank was processed andmanufactured, and the
seismic test was subsequently carried out. )e experimental
results are in good agreement with the simulation results,
which verified the effectiveness of the modeling method in
this paper.
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