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1. Introduction 
 

Concrete rectangular liquid storage tanks have been 

widely used due to its unique advantages, but the aseismic 

capacity of no-isolation concrete liquid storage tank is often 

insufficient, as a result, which will be easily damaged by 

earthquake, and some destruction cases of concrete liquid 

storage tanks caused by earthquake are shown in Fig. 1 

(Sezen et al. 2008, Gao et al. 2012). 

Many researchers have done a lot of works on isolation 

liquid storage tanks, but most of which are aimed at steel 

tanks. For rubber isolation, Malhotra (1997) founded that 

the reduction effect on liquid sloshing wave height was not 

significant, but overturning moment and hydrodynamic 

pressure could be significantly reduced. Shrimali and Jangid 

(2004) studied dynamic responses of liquid storage tanks 

with different sizes, isolation stiffnesses and dampings 

using modal superposition method and response spectrum 

method, respectively. Li et al. (2010) found that isolation  
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frequency was the main parameter influencing shock 

absorption performance of isolation tank. Saha et al. (2013) 

conduct random analysis for rubber isolation liquid storage 

tank, and found that uncertainty of isolation damping had a 

great influence on structure peak responses. Sun et al. 

(2016) established a simplified mechanical model of 

isolation tank considering swinging effect, and obtained that 

rubber isolation could effectively reduce base shear force, 

but its reduction effect on liquid sloshing wave height was 

not significant. Safari and Tarinejad (2016) conducted a 

parametric study for stochastic dynamic responses of liquid 

storage tank under near and far field earthquake actions. 

Shekari et al. (2019) used boundary element technique and 

finite element method to analyze influence of base-isolator 

system on seismic performance of a 3-D rectangular liquid 

storage container, and found that the sensitivity of base 

forces, the maximum hydrodynamic pressure and liquid 

oscillation were related to base-isolator stiffness. 

For liquid storage tank with sliding isolation bearings, 

Panchal and Jangid (2011) studied dynamic responses of 

variable frequency pendulum and friction pendulum 

isolation liquid storage tanks by comparison analysis, and 

discussed influences of friction coefficient, frequency 

change factor and structure size on dynamic responses. 

Zhang et al. (2011) proposed a simplified model for 

compound pendulum isolation liquid storage tank, and 

proved that isolation was suitable for liquid storage tank 

with different liquid filling ratios. Moeindarbari et al. 
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structure displacement of rubber isolation structure exceeds the limit is also larger; under bidirectional earthquake, occurrence 

probabilities that liquid sloshing wave height and structure displacement of rubber isolation structure exceed the limit will be 

increased; besides, far-field long-period earthquake mainly influences structure displacement and liquid sloshing wave height. 

On the whole, control effect of sliding isolation is the best, followed by hybrid isolation, and rubber isolation is the worst. 
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(2014) investigated multiple level performance of 

seismically isolated elevated storage tank isolated with 

multi-phase friction pendulum bearing. Bagheri and 

Farajian (2016) studied the influence of earthquake 

characteristics on dynamic responses of FPS isolation liquid 

storage tank. Hashemi and Aghashiri (2017) used an 

equivalent mechanical model for liquid storage tank with 

friction pendulum system. Colombo and Almazán (2017) 

proposed a non-linear isolation system for liquid storage 

tank, and obtained that effect of the isolation system 

reduced the limit state probability in the order of 90%. 

Uckan et al. (2018) investigated liquid storage tank with 

concave sliding bearings subjected to real and simulated 

near-fault earthquakes. Compagnoni et al. (2018) carried 

out shaking table tests of steel tanks with sliding concave 

bearings, and found that sliding concave bearings could not 

significantly control sloshing displacement. Tsipianitis and 

Tsompanakis (2019) investigated effect of damping 

modeling on dynamic responses of liquid storage tanks 

isolated by friction pendulum bearings. Rawat et al. (2019) 

carried out a numerical study of liquid storage tank with 

friction pendulum system by finite element method, and 

obtained that base shear force was reduced with the increase 

of time period of the isolator. 

Although many researchers have done extensive 

researches on isolation liquid storage tank, most of which 

are on circular steel liquid storage tanks. According to post 

disaster statistics, destruction types of concrete liquid 

storage tanks mainly include wall cracking and liquid 

leakage, in view of the importance and fai lure 

characteristics of rectangular liquid storage tank, it is urgent 

to conduct corresponding seismic response reduction 

research. At present, Cheng et al. (2017), Jing and Cheng 

(2019) have carried out research on the seismic 

performance of sliding isolation concrete rectangular liquid 

storage tank. Besides, although hybrid isolation is an 

important measure to reduce structure dynamic responses 

(Cancellara and Angelis 2016), there is lack of reference on 

hybrid isolation concrete liquid storage tank. In this paper, 

the liquid was simulated based on subsonic potential flow  

 

 

theory, and fine 3-D numerical calculation models of no-

isolation, rubber isolation, sliding isolation with limiting-

devices and hybrid isolation concrete rectangular liquid 

storage tank were established considering nonlinear FSI. 

The reduction effects of different isolation methods on 

concrete rectangular liquid storage tank are compared, and 

the influences of PGA, bidirectional earthquake and far-

field long-period earthquake on dynamic responses of 

rectangular liquid storage tank are investigated. 

 

 

2. Solution of nonlinear FSI 
 

2.1 Dynamic equation 
 

Assuming that liquid boundary surface S adjacent to 

structure is S1, and force FU acting on structure boundary 

caused by liquid pressure can be expressed as 

1

1U

S

p dS    F n u  (1) 

where n is normal vector of adjacent interface; p is liquid 

pressure. 

Because of nonlinearity, exact solution of each step 

needs multiple equilibrium iterations, and nonlinear fluid-

structure interaction equation based on subsonic potential 

flow theory can be obtained (Sussman and Sundqvist, 2003) 

  
(a) Wall cracking (b) Roof collapse 

  
(c) Support system destruction (d) Overturning failure 

Fig. 1 Seismic damages of concrete liquid storage tank 
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where MFF is liquid mass matrix; MSS, CSS and KSS are mass, 

damping and stiffness matrices of structure, respectively; 

CUU, CFU, CUF and CFF are damping matrices of the 

structure itself, the liquid caused by the structure, the 

structure caused by the liquid and the liquid itself, 

respectively; and KUU, KFU, KUF and KFF are the stiffness 

matrices of the structure itself, the liquid caused by the 

structure, the structure caused by the liquid and the liquid 

itself, respectively; FSS is the load vector acting on structure;  

FU, FF and (FF)S are the forces acting on structure boundary 

caused by liquid pressure, volume force and area force, 

respectively. 

FF and (FF)S can be obtained by volume and surface 

integrations (Sussman and Sundqvist 2003) 

F

V

h dV
h


  

 
   

 
F  (3) 

 F S

S

dS   F u n

 
(4) 

where V is liquid domain; S is boundary of liquid domain; n 

is vector in the internal normal direction of S; and u  is 

movement velocity vector of S. 

 
2.2 Boundary conditions 
 
There exist three kinds of boundary conditions for liquid 

storage tank under earthquake (Chen et al., 2007), namely, 

wall boundary w, bottom boundary b and liquid free 

surface boundary f. On the free surface f, dynamic and 

kinematic boundary conditions should be satisfied. 

Assuming that L(, , ) is position vector of a particle 

on the liquid free surface, then the kinematic boundary 

condition on the liquid free surface f is 

D
,   

D
fU

t t

 
     

 

L
L U  (5) 

where D/Dt is derivatives to the time described by 

Lagrange; and U is velocity vector. Assuming that 

atmospheric pressure is 0, and the dynamic boundary 

condition on the liquid free surface f can be obtained by 

Bernoulli equation 

2D 1
,   

D 2
fg

t


       (6) 

where g is gravity acceleration;  is free surface sloshing 

height. Boundary conditions corresponding to wall w and 

bottom b is 

 , , ,  andn w bV x y z
n


  


   (7) 

where Vn(x,y,z) is outer normal velocity; / n   is 

external normal derivative. 

On the fluid-structure interaction interface, the 

following conditions should be satisfied 

 

 

,                Displacement condition

,    Stress condition

s f

s s f f 




  

u u

n n
 (8) 

where uf and us are the displacement vectors of liquid and 

structure on the FSI interface; nf and ns are the outer normal 

vectors on the FSI interface; f and s are the stresses of 

liquid and structure on the FSI interface 

 

 

3. Engineering application research 
 

3.1 Geometric parameters 
 

The geometric parameters of the concrete rectangular 

liquid storage tank are shown in Fig. 2. 

 

3.2 Isolation scheme 
 

At the structure bottom, 8 isolation bearings are 

arranged in total, scheme I is rubber isolation, as shown in 

Fig. 3(a); scheme II is sliding isolation, as shown in Fig. 

3(b); scheme III is hybrid isolation, as shown in Fig. 3(c). 

 

3.2.1 Rubber isolation 
To avoid structure resonance, isolation period should be 

far away from the predominant period of earthquake wave, 

and isolation period Tiso can be calculated by Eqs. (9) - (11). 

2 i s
iso

iso

M M
T

K



  (9) 

iso isoK nk

 

(10) 
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i L

w

L h
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(11) 

where Kiso is stiffness of isolation layer; Mi is the liquid 

mass moving along with the structure (ACI Committee 350, 

2006); Ms is structure mass; kiso is equivalent stiffness of a 

rubber isolation bearing; n is number of isolation bearings; 

L is structure length parallel to the main direction of 

earthquake action; hw is liquid level height; ML is total mass 

of liquid. 

 

3.2.2 Sliding isolation 
In order to solve the problems of large and residual 

displacements of sliding isolation liquid storage tank, 

displacement limiting-devices are arranged in four corners 

of the tank (Cheng et al. 2018), and the details are shown in 

Fig. 4. 

The maximum horizontal displacement of sliding 

isolation liquid storage tank should satisfy the following 

requirements, namely 

(1) Safety use (Cheng et al. 2017) 

1 150 mmS   (12) 

(2) Deformation capacity of limiting-device 

As shown in Fig. 5, the displacement limit of isolation 

layer is depended on the principle of deformation 

coordination of displacement limiting-device. 

Where S2 is the displacement limit depending on  
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Fig. 4 Sketch of sliding isolation structure with limiting-

devices 

 

 

deformation capacity of limiting-device, S is the level 

projection length when the device reaches the limit state, d 

is the radius of the arc limiting-device, and u is the ultimate 

tensile strain of the limiting-device material. 

Therefore, the displacement limit of isolation layer 

should be a smaller value between S1 and S2. 

 

3.2.3 Hybrid isolation 
Initial horizontal stiffness K0 of the isolation layer can 

be superposition of the horizontal stiffness of the rubber 

isolation bearings isoK   and the initial horizontal stiffness 

Ks of the friction isolation bearings, and the yield shear  

 

 

 

Fig. 5 Deformation of limiting-device 

 

 

force 
0QF  of the hybrid isolation layer is 

0
= =

sy syQ Q iso y Q iso yF F K X F mk X   (14) 

where 
syQF  is yield shear force of friction sliding bearings; 

isoK   is horizontal stiffness provided by rubber bearings; Xy 

is yield displacement of friction sliding bearing; m is 

number of rubber bearings.  

Because the yield displacement yX  of the friction  

  

(a) Plan (b) Elevation 

Fig. 2 Geometric model (unit: mm) 

   

(a) Rubber isolation (b) Sliding isolation (c) Hybrid isolation 

Fig. 3 Isolation scheme 
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Fig. 6 Restoring force curve of hybrid isolation layer 

 

Table 1 Mooney-Rivlin material model parameters of 

rubber (unit: N/mm2) 

Parameters C1 C2 C3 C4 C5 C6 

Values 206000  1858  4100  100  0  28.1  

 

Table 2 Material parameters of the limiting-device 

Elastic 

modulus 

E/Pa 

Poisson'

s ratio 

 

Yield 

strengt

h 

/MPa 

Densit

y 

/kg/

m3 

Strain 

hardening 

modulus 

E/Pa 

Yield 

strain 

 

Maximum 

plastic strain 

u 

2×1011 0.3 235 7800 2×109 0.001 0.02 

 

 

sliding bearing is very small, therefore, the approximate 

shear yield of the isolation layer can be obtained by Eq. (15) 

0
=

syQ QF F Mg  (15) 

where μ is friction coefficient of sliding isolation bearing; λ 

is the proportion of superstructure weight borne by friction 

sliding bearings; M is total mass of superstructure; g is 

gravity acceleration. 

The period of hybrid isolation can be calculated by Eq. 

(16) 

0

2 =2 =

2

i s i s
e
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i s
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M M M M
T X

K K X F

M M
X

mk X Mg

 




 


 





 
(16) 

The model of restoring force of hybrid isolation layer is 

shown in Fig. 6. 

 

 

4. Numerical example 
 

4.1 Calculation model 
 

Assuming that concrete material is linear elastic, its 

modulus of elasticity is 31010 Pa, Poisson's ratio is 0.20, 

density is 2500 kg/m3, and 3-D Solid element is used to 

simulate concrete structure, which is 8-nodes and iso-

parametric displacement-based finite element; in addition to 

the displacement-based finite element, special mixed-

interpolated element is also available, in which the 

displacement and pressure are interpolated and the element 

is suitable for analyses in which 3-D state of stress is 

required. Assuming that liquid is irrotational, inviscid and 

incompressible, subsonic potential flow theory is used for 

liquid material model, the potential-based fluid element can 

simulate fluid-structure interaction and free surface, 

respectively. Liquid depth is 3.6 m, its density is 1000 

kg/m3, bulk modulus is 2.3×109 Pa, and 3-D Fluid element 

with 8-nodes is used for the liquid. FSI boundary is set on 

the FSI interface, and free surface is set on the liquid 

surface.  

Lateral-vertical coupling and predicting instability 

should be taken into account nonlinear modelling of rubber 

bearings (Vemuru et al. 2014, Mazza et al. 2017). Mooney-

Rivlin strain energy density function is used to describe the 

hyperelastic constitutive model of rubber isolation bearings. 

The model assumes that rubber is incompressible and 

isotropic before deformation, which can well describe the 

mechanical properties of rubber materials with deformation 

less than 150%, and fully meet the needs of performance 

calculation in practical application of rubber materials. The 

size of rubber isolation bearing is 0.3 m×0.3 m×0.2 m，the 

number is 8 ， density is 850kg/m3, bulk modulus is 

2.72×109 Pa, and Poisson's ratio is 0.5. Material parameters 

of rubber isolation are shown in the Table 1 (Yuan 1993). 

Assuming that the strain energy density is a polynomial 

function of the principal strain invariant, the strain energy 

function should be symmetrical to three main elongation 

under isotropic condition, and the strain energy density 

function W described by the invariant of deformation tensor 

can be expressed as 

   
1

3 1
n

ji

ij i j

i j

W C I I
 

    (17) 

where Cij is material constants generally determined by 

experiment; I is deformation tensor invariant, Ii and Ij are 

the i-th and the j-th Green strain invariants. 

Nonlinear modeling of sliding bearings should take into 

account that friction force and lateral stiffness present 

continuous variation during an earthquake because they are 

proportional to the axial load. Moreover, further changes of 

the friction force result from variation of the friction 

coefficient depending on the sliding velocity, with reduction 

at the onset of motion and motion reversals, axial pressure 

and temperature at the sliding surface (Mosqueda et al. 

2004, Mazza and Mazza 2016). The size of sliding isolation 

bearing is 0.3 m×0.3 m×0.2 m, the number is 8. For sliding 

isolation bearings, the mechanical behavior is simulated by 

setting 3-D contact, the normal contact w-function 

parameter is 1×10-12, sticking velocity is 0 m/s, contact 

surface extension factor is 0.001, and the friction coefficient 

is assumed to be 0.02. Constraint function is used to solve 

nonlinear contact. Bilinear material model and Beam 

element are used to simulate the limiting-device, the 

material parameters are shown in Table 2 (Cheng et al. 

2017). 

In May 18, 1940, Imperial Valley earthquake occurred, 

the world's first seismic waveform is recorded in El-Centro 

station, and North-South direction record is used in this  
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paper. In November 25, 1976, Tianjin earthquake in Ninghe 

occurred, and North-South direction record in Tianjin 

hospital station is used in this paper.  

El-Centro wave has been widely used in the research of 

structural dynamic response in the engineering field. Tianjin 

wave has long period characteristics and has been widely 

used in the research and analysis of dynamic response of 

liquid storage tank. In addition, the computational model 

involves complex fluid structure coupling problems, in 

order to improve the computational efficiency, El-Centro 

wave and Tianjin wave are selected. 

Fourier spectra corresponding to the two seismic waves are 

shown in Fig. 7, and the predominant frequencies are 0.56 s 

and 0.94 s, respectively. The numerical calculation models  

 

 

 

 

Fig. 9 Liquid sloshing wave height (PGA=0.22 g) 

  

(a) El-Centro wave (b) Tianjin wave 

Fig. 7 Fourier spectra 

  

(a) No-isolation (b) Rubber isolation 

  
(c) Sliding isolation (d) Hybrid isolation 

Fig. 8 Numerical calculation models 

472



 

Shock absorption of concrete liquid storage tank with different kinds of isolation measures 

 

 

 

Fig. 11 Structure displacement (PGA=0.22 g) 

 

 

of concrete rectangular liquid storage tank established by 

element software ADINA (Automatic Dynamic Incremental 

Nonlinear Analysis) are shown in Fig. 8. ADINA User 

Interface can automatically generate fluid-structure 

interface elements along the boundary between the fluid and 

structure, so it is not artificially needed to define fluid-

structure potential-interfaces. Overall, ADINA has strong 

advantages in solving complex problems such as structure 

nonlinearity and fluid-solid interaction. 

 

 
4.2 Dynamic responses 
 

In view of the two most common failure modes of 

concrete liquid storage tank are wall cracking and liquid 

overflow, besides, the possibility of displacement exceeding 

the limit is larger after taking the isolation measures. 

Therefore, liquid sloshing wave height, wall stress and 

structure displacement are chosen as the most important 

research objects, when PGA is 0.22 g, the three kinds of 

dynamic responses are shown in Figs. 9 - 11. 

(1) Liquid sloshing wave height 

As shown in Fig. 9, when PGA is 0.22 g, the maximum 

liquid sloshing wave heights corresponding to no-isolation, 

rubber isolation, sliding isolation and hybrid isolation 

concrete rectangular storage tanks are 0.319 m, 0.744 m, 

0.241 m and 0.232 m, respectively. Compared with no-

isolation, rubber isolation has amplification effect on the 

liquid sloshing wave height, and the amplification factor is 

close to 2. In contrast, sliding isolation and hybrid isolation 

have good control effect on liquid sloshing wave height. 

(2) Wall stress 

As shown in Fig. 10, when PGA is 0.22 g, the maximum 

wall tensile stresses corresponding to no-isolation, rubber 

isolation, sliding isolation and hybrid isolation concrete 

rectangular storage tanks are 1.426 MPa, 1.063 MPa, 0.891 

MPa and 1.023 MPa, respectively. It can be seen that the  

  

(a) No-isolation (b) Rubber isolation 

  

(c) Sliding isolation (d) Hybrid isolation 

Fig. 10 Wall stress (PGA=0.22 g) 
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Fig. 12 Liquid sloshing wave height (PGA=0.40 g) 

 

 

three kinds of isolation method have obvious control effects 

on the wall tensile stress, which is meaningful for wall 

crack control. 

As shown in Fig. 11, the maximum displacement and 

residual displacement of rubber isolation structures is much 

larger than those of sliding isolation structure with limiting-

devices and hybrid isolation structure, and it is close to the 

displacement limit. On the contrary, the maximum 

displacements of sliding isolation structure with limiting-

devices and hybrid isolation structure are far less than the 

displacement limit, and the final residual displacement is 

very small. Besides, although the maximum displacement 

of hybrid isolation structure is larger than that of sliding 

isolation structure with limiting-devices, the residual 

displacement of hybrid isolation structure is less than that of 

sliding isolation structure with limiting-devices. Thus it can 

be seen that due to the larger displacement and residual 

displacement, rubber isolation will affect the normal use of 

liquid storage tank, but sliding isolation structure with 

limiting-devices and hybrid isolation structure can all be 

used without any further repair after the end of the 

earthquake. 

 

4.3 Influence of PGA on dynamic responses 
 

In order to study influences of PGA on dynamic 

responses, PGA is adjusted to 0.40 g. In this case, 

calculation results of liquid sloshing wave height, wall 

stress and structure displacement are shown in Figs. 12 - 14; 

and influences of PGA on dynamic responses are shown in 

Table 3. 

(1) Liquid sloshing wave height 

As shown in Fig. 12, when PGA is 0.40 g, the maximum 

liquid sloshing wave heights corresponding to no-isolation, 

rubber isolation, sliding isolation and hybrid isolation 

concrete rectangular storage tanks are 0.579 m, 1.291 m, 

0.334 m and 0.506 m, respectively. Compared with no-

isolation, rubber isolation has amplification effect on the 

liquid sloshing wave height, and the amplification factor is 

larger than 2. In contrast, sliding isolation has a good 

control effect on liquid sloshing wave height, but the liquid 

sloshing wave height of hybrid isolation structure is close to 

the liquid sloshing wave height of the no-isolation structure. 

(2) Wall stress 

As shown in Fig. 13, when PGA is 0.40 g, the maximum 

wall tensile stresses corresponding to no-isolation, rubber 

isolation, sliding isolation and hybrid isolation concrete 

rectangular liquid storage tanks are 1.843 MPa, 1.202 MPa, 

0.896 MPa and 1.190 MPa, respectively. It can be seen that 

the wall tensile stress of no-isolation structure is close to the 

tensile strength of concrete, and the three kinds of isolation 

method have obvious control effects on the wall tensile 

stress, which is meaningful for wall crack control under 

strong earthquake. 

(3) Structure displacement 

As shown in Fig. 14, when PGA is 0.40 g, structure 

displacements corresponding to rubber isolation and hybrid 

isolated structures are large, and displacement of rubber 

isolation structure may affect the normal use of liquid 

storage structure; on the contrary, displacement of sliding 

isolation structure is still small due to limiting-devices. 

As shown in Table 3, for the no-isolation structure, there 

is an approximate linear relationship between liquid 

sloshing wave height and PGA, after isolation being taken, 

although liquid sloshing wave height is positively related to 

PGA, it no longer satisfies the linear relationship, and the 

control effect of sliding isolation on liquid sloshing wave 

height is the most notable under two kinds of PGAs. The 

control effect of isolation on wall tensile stress increases 

with the increase of PGA, and the control effect of sliding 

isolation on wall tensile stress is the most significant. The 

maximum horizontal displacement of rubber isolation 

structure increases significantly with the increase of PGA, 

when PGA is 0.40 g, the maximum horizontal displacement 

may affect the normal use of the structure; when PGAs are 

0.22 g and 0.40 g, the maximum horizontal displacements 

of sliding isolation structure with limiting-devices are 

small; when PGA is 0.22 g, the maximum horizontal 

displacement of hybrid isolation structure is small, when 

PGA increases to 0.40 g, the maximum horizontal 

displacement may also affect the normal use of the 

structure. 

 

4.4 Influence of earthquake direction on dynamic 
responses 
 

In our previous research on dynamic responses of 

sliding isolation liquid storage tank, it has been found that 

the more the dimension of seismic action is, the greater the 

dynamic responses will be (Cheng et al. 2019). It is possible 

to include vertical component of seismic excitations in the 

procedure, and it can be predicted that the dynamic 

responses will be increased after considering the vertical 

component. In order to investigate seismic responses of 

concrete rectangular liquid storage tank with different 

isolation systems subjected to bidirectional earthquake, 

seismic responses of four types of structures (no-isolation 

structure, rubber isolation, sliding isolation structure, hybrid 

isolation) are compared. The ratio of PGAs in the two 

horizontal directions is adjusted to 1:0.85. Calculation 

results of sloshing wave height, wall stress and structure 

displacement under bi-directional earthquake are shown in  
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(a) No-isolation (b) Rubber isolation 

  
(c) Sliding isolation (d) Hybrid isolation 

Fig. 13 Wall stress (PGA=0.40 g) 

 

Fig. 14 Structure displacement (PGA=0.40 g) 

Table 3 Influence of PGA on dynamic responses 

Dynamic responses PGA 
Structure type 

No-isolation Rubber isolation Sliding isolation Hybrid isolation 

Wave height / m 
0.22 g 0.319 0.744 0.241 0.232 

0.40 g 0.579 1.291 0.334 0.506 

Wall tensile stress / MPa 
0.22 g 1.426 1.063 0.891 1.023 

0.40 g 1.843 1.202 0.896 1.190 

Structure displacement / mm 
0.22 g —— 137.575 50.018 52.253 

0.40 g —— 243.165 93.087 156.747 
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Figs. 15 - 17, and the maximum values are summarized in 

Table 4. 

(1) Liquid sloshing wave height 

As shown in Fig. 15, the maximum wave heights 

corresponding to no-isolation, rubber isolation, sliding 

isolation and hybrid isolation are 0.319 m, 0.744 m, 0.241 

m and 0.232 m under unidirectional seismic action; after 

bidirectional earthquake action being considered, these 

values are increased to 0.589 m, 1.356 m, 0.416 m and 

0.517 m. Especially for rubber isolation, liquid sloshing 

wave height is very large under bidirectional seismic action, 

which is easy to cause liquid overflow. 

(2) Wall stress 

As shown in Fig. 16, the maximum wall stresses of no-

isolation, rubber isolation, sliding isolation and hybrid 

isolation are 1.426 MPa, 1.063 MPa, 0.891 MPa and 1.023 

MPa under unidirectional seismic action; after bidirectional 

earthquake action being considered, these values are 

increased to 1.631 MPa, 1.109 MPa, 0.899 MPa and 1.043 

MPa. Wall tensile stress of no-isolation structure is greatly 

influenced by the bi-directional earthquake, after isolation 

being taken, influence of bi-directional earthquake actions 

on wall tensile stress is decreased, and wall tensile stress 

corresponding to sliding isolation is the minimum under bi-

directional seismic actions. 

(3) Structure displacement 

 

 

Table 4 Effect of bidirectional earthquake on the maximum 

dynamic responses 

Dynamic 

responses 

Earthquake 

direction 

Structure type 

No-

isolation 

Rubber 

isolation 

Sliding 

isolation 

Hybrid 

isolation 

Wave height 

/m 

Unidirectional 0.319 0.744 0.241 0.232 

Bidirectional 0.589 1.356 0.416 0.517 

Wall tensile 

stress 

/MPa 

Unidirectional 1.426 1.063 0.891 1.023 

Bidirectional 1.631 1.109 0.899 1.043 

Structure 

displacement 

/mm 

Unidirectional —— 137.575 50.018 52.253 

Bidirectional —— 164.900 94.247 70.234 

 

 

As shown in Fig. 17, the maximum structure 

displacements corresponding to rubber isolation, sliding 

isolation and hybrid isolation are 137.575 mm, 50.018 mm 

and 52.253 mm under unidirectional seismic action; after 

bidirectional earthquake action being considered, these 

values are increased to 164.900 mm, 94.247 mm and 70.234 

mm. It is shown that bidirectional seismic action will 

significantly increase the displacement response of isolation 

structures. 

By further summarizing Figs. 14 - 16 and Table 4, it is 

shown that liquid sloshing wave height, wall tensile stress 

and structure displacement under bidirectional seismic  

  

(a) No-isolation (b) Rubber isolation 

 
 

(c) Sliding isolation (d) Hybrid isolation 

Fig. 15 Influence of bi-directional earthquake on liquid sloshing wave height 
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(a) No-isolation (b) Rubber isolation 

  
(c) Sliding isolation (d) Hybrid isolation 

Fig. 16 Influence of bi-directional earthquake on wall stress 

 

 

(a) Rubber isolation (b) Sliding isolation 

 
(c) Hybrid isolation 

Fig. 17 Influence of bi-directional earthquake on structure displacement 
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Table 5 Effect of far-field long-period earthquake on the 

maximum dynamic responses 

Dynamic 

responses 

Earthquake 

wave 

Structure type 

No-

isolation 

Rubber 

isolation 

Sliding 

isolation 

Hybrid 

isolation 

Wave height 

/ m 

El-Centro 

wave 
0.319 0.744 0.241 0.232 

Tianjin 

wave 
0.497 0.814 0.312 0.372 

Wall tensile 

stress 

/ MPa 

El-Centro 

wave 
1.426 1.031 1.115 1.123 

Tianjin 

wave 
1.314 1.159 1.131 1.146 

Structure 

displacement 

/ mm 

El-Centro 

wave 
—— 137.575 50.018 52.253 

Tianjin 

wave 
—— 162.316 102.436 138.182 

 

 

action are larger than that of unidirectional seismic action, 

and for liquid sloshing wave height, the amplification 

coefficient is about 2.0; besides, the amplification 

coefficient corresponding to structure displacement is also 

large. After isolation being taken, the amplification 

coefficient for wall tensile stress is relatively small. On the 

whole, in order to ensure the safety of concrete liquid 

storage tank, it is necessary to consider bidirectional 

seismic action 

 

4.5 Effect of far-field long-period earthquake on 
dynamic responses 

 
The significant feature of liquid storage tank is that 

sloshing period increases with the increase of structure size, 

long-period earthquake may cause the resonance response 

of liquid sloshing, so the damage cases of liquid storage 

tanks under action of far-field long-period earthquakes are 

very common. For example, one earthquake occurred in the 

central Sea of Japan in 1983, which caused liquid leakage 

of 13 liquid storage tanks in Niigata city, and the distance 

from the city to the epicenter is about 270 kilometers. 

Meanwhile, some tank tops were also destroyed due to the 

impact force of liquid sloshing. In 1993, a large number of 

tanks located at Niigata Basin occurred significant liquid 

sloshing during Nanseioki earthquake, and the maximum 

amplitude of liquid sloshing wave height of those tanks 

reached 1.7 m. In 2003, Tokachioki earthquake in Japan 

happened, 7 oil storage tanks were seriously damaged due 

to violent liquid sloshing under action of far-field long-

period earthquake (Zama 2004). Therefore, in order to 

investigate the reduction effect of isolation measure on the 

liquid storage tank, it is necessary to study dynamic 

responses of isolation structure under far-field long-period 

earthquake. Comparisons of the maximum dynamic 

responses under near-field El-Centro earthquake and far-

field long-period Tianjin earthquake are shown in Table 5. 

As shown in Table 5, under the same amplitude of 

earthquake, liquid sloshing height and structure 

displacement of no-isolation and isolation tanks under far-

field long-period earthquake action are obviously greater 

than that under near-field earthquake action, but the 

differences of wall tensile stress under different kinds of 

earthquakes is not very obvious. The liquid sloshing height 

of rubber isolation structure under far-field long-period 

earthquake is larger, and the reduction effect of sliding 

isolation on liquid sloshing wave height is better than 

hybrid isolation. Under far-field long-period earthquake, the 

possible failure modes of rubber isolation liquid storage 

tank are excessive displacement and liquid overflow, 

however, the occurrence probabilities of failure modes of 

sliding and hybrid isolation liquid storage tanks are low. 

 

 

5. Conclusions 
 

In order to reduce the probability of earthquake damage 

of concrete rectangular liquid storage tank, 3-D numerical 

calculation models of no-isolation, rubber isolation, sliding 

isolation and hybrid isolation concrete rectangular liquid 

storage tanks are established, respectively. By comparing 

dynamic responses of different structures, effectiveness of 

three kinds of isolation methods is studied. Besides, 

influences of PGA, bidirectional earthquake and far-field 

long-period seismic waves on dynamic responses of 

different structures are investigated. The main conclusions 

are as follows 

• Rubber isolation has a very significant amplification 

effect on liquid sloshing wave height, but sliding 

isolation and hybrid isolation can significantly reduce 

liquid sloshing wave height; the reduction effect of 

sliding isolation on the wall tensile stress is better than 

those of rubber isolation and hybrid isolation; and the 

horizontal displacement of sliding isolation structure 

with limiting-devices and hybrid isolation structure is 

much smaller than that of rubber isolation structure. 

• Liquid sloshing wave height, wall tensile stress and 

structure displacement are all increased with the 

increase of PGA. When PGA is 0.40 g, wall tensile 

stress of no-isolation structure is close to concrete 

tensile strength, and liquid sloshing wave height of 

rubber isolation structure has surpassed the freeboard, 

which will cause liquid overflow. 

• Bidirectional earthquake significantly increases liquid 

sloshing wave height, wall tension stress and structure 

displacement. Exceeding probabilities corresponding to 

liquid sloshing wave height and structure displacement 

of rubber isolating structure become larger under 

bidirectional seismic action; liquid sloshing wave height 

and wall tension stress of sliding isolation with limiting-

devices structure and hybrid isolation structure are less 

affected by the bidirectional earthquake, but structure 

displacement is still influenced obviously by 

bidirectional earthquake. 

• Influence of far-field long-period seismic wave on the 

wall tensile stress is small, but its influences on structure 

displacement and liquid sloshing wave height large, 

especially for rubber isolation, structure displacement 

and liquid sloshing wave height are more likely to 

exceed the limit. 

• On the whole, the cost of Teflon sliding isolation 

structure is the lowest, besides, the control effect of 
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sliding isolation on concrete liquid storage structure is 

very significant, so it is a potential damping method for 

concrete rectangular liquid storage tank. 
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