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Seismic performance evaluation of a base-isolated steel
liquid storage tank with limiting-devices considering
soil-structure interaction

Wei Jing!, Shuang Tian?

Abstract: Liquid storage tank is widely used in the petrochemical industry, earthquake will lead to
structural damage and secondary disasters, and damping control opens up a new way for seismic design
of liquid storage tank. Considering soil-structure-fluid interaction, liquid sloshing dynamic behavior
and material nonlinearity, a three-dimensional calculation model of shock absorption liquid storage
tank is established by combining sliding isolation and displacement-limiting devices. The dynamic
responses of the liquid storage tanks under the action of Kobe and El-Centro waves are investigated, and
the influence of soil-structure interaction (SSI) on the dynamic response is discussed. The results show
that the damping ratio is basically between 30% and 90%. After the SSI is considered, the damping
ratio of liquid sloshing wave height is increased, while the damping ratio of the dynamic response of
the liquid storage tank is decreased, and the change of elastic modulus has little effect on the damping
effect. The sliding isolation with displacement-limiting devices has significant damping control effects
on the liquid sloshing wave height and the dynamic responses of the liquid storage tank.
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1. Introduction

There are many failure cases of liquid storage tanks under earthquakes. Generally, the
seismic failure modes of liquid storage tanks mainly include liquid leakage, lifting off
of the tank bottom, circumferential tension, buckling instability and fire [1-4], as shown
in Figure 1. The destruction of such facilities will not only affect the normal production
of enterprises, but also cause secondary disasters such as explosions and environmental
pollution. Improving the seismic safety of liquid storage tanks and reducing their failure
probability is of great significance for material storage, disaster prevention, emergency
relief and post-disaster reconstruction.

()]

Fig. 1. Earthquake damage cases of liquid storage tank: a) support system failure, b) elephant foot
flexion, c) roof failure, d) wall failure, e) liquid leakage, f) fire

With the rapid development of petrochemical industry, earthquake prevention and dis-
aster reduction of liquid storage tank has become an important research topic, and damping
control opens up a new way for seismic design of liquid storage tank. Zhang et al. [5],
Yang and Gao [6], and Sun et al. [7] studied the simplified mechanical model, influence
parameters, dynamic stability and dynamic response of base-isolated liquid storage tank.
Safari and Tarinejad [8] studied the seismic responses of base-isolated liquid storage tank
by frequency domain random method, and it is obtained that the sliding support could
significantly reduce the sloshing response. Hou et al. [9] established the dynamic equation
of base-isolated liquid storage structure based on Haroun Housner model. Compagnoni
et al. [10] studied the seismic performance of concave sliding isolation storage tank, and
found that it can reduce the base shear, but has no significant effect on the sloshing height.
Cheng et al. [11] carried out the shaking table test of sliding isolation structure, and it is
obtained that sliding isolation has significant control effect on structural dynamic response
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and liquid sloshing. Nikoomanesh et al. [12] proposed a vertical isolation system for lig-
uid storage tank, and the parameter research shows that the system is more effective for
slender liquid storage tank. Waghmare et al. [13] studied the shock absorption effect of
the semi-active control strategy using liquid viscous damper on the liquid storage tank.
Kim et al. [14] established a set of optimal friction material selection system for friction
pendulum isolation storage tank, and found that the lower friction coefficient is more help-
ful to prevent the damage of liquid storage tank by vulnerability analysis. Jiang et al. [15]
proposed the optimization design method of liquid storage tank with inertial container
isolation system, found that the method met the requirements of sloshing wave height and
effectively reduced the base shear force and isolation layer displacement. Lv et al. [16]
established a simplified mechanical model of variable curvature rolling isolated storage
tank considering the liquid sloshing, it is obtained that this kind of isolation has damping
effects on base shear, overturning moment and liquid sloshing. Rawat and Matsagar [17]
used the shallow sphere base isolation system and floating plate to control the foundation
shear and shaking response of liquid storage tank. Zhou and Zhao [18] studied the dynamic
responses of anchored and replaced damper liquid storage tank through shaking table test
and finite element method, and obtained that the liquid storage tank could recover its
function by replacing damper after earthquake. Tsipianitis and Tsompanakis [19] used the
swarm intelligence optimization algorithm to optimize the friction coefficient and radius
of curvature of base-isolated liquid storage tanks with single friction pendulum and three
friction pendulums. Krishnamoorthy [20] used the finite element method to simulate the
friction pendulum isolation liquid storage tank, and pointed out that the finite element
method considering fluid structure coupling is more suitable for analyzing FPS isolation
liquid storage tank. In general, researchers have carried out a series of studies on rubber
isolation, friction pendulum isolation, vertical isolation, inertial container isolation and
rolling isolation liquid storage tank. Although the commonly used rubber isolation and
friction pendulum isolation can reduce the dynamic responses of the liquid storage tank,
it has little control effect on the sloshing wave height, and even has amplification effect.
Therefore, it is still necessary to carry out effective damping control method that can reduce
the dynamic responses of the liquid storage tank and the liquid sloshing wave height at the
same time.

The SSI of the special site will further increase the complexity of the liquid storage
tank system, which has become one of the hot issues in the study of the seismic response
of liquid storage tanks. Larkin [21] proposed a frequency domain calculation method for
the seismic response of liquid storage tanks in layered sites considering SSI, and obtained
that the SSI had a more significant effect on liquid storage tanks on soft soils, especially
slender storage tanks. Veletsos and Tang [22] considered the SSI effect by modifying
the natural frequency and damping of the rigidly supported storage tank, and found that
SSI could significantly reduce the impulse component of the response, but the effect on
the convection component is negligible. Kianoush and Ghaemmaghami [23] used the
finite element method to numerically simulate the three-dimensional soil-structure-liquid
interaction of the storage tank under different earthquakes, and found that the dynamic
characteristics of the liquid-tank-soil system are very sensitive to the seismic frequency
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characteristics. Farajian et al. [24] used a coupled spring-damping enelemt to consider the
SSI effect, and obtained that the SSI reduced the pulse displacement, overturning moment
and base shear force, but had no effect on the sloshing displacement. Park et al. [25] proposed
a dynamic centrifugal model test method, which accurately simulated the performance of
liquid storage tanks with different base forms under earthquake action. Zhang et al. [26]
studied the natural frequency of the engineering site and the influence of soil on the dynamic
characteristics of the tank system, and pointed out that SSI should be considered, otherwise
the vibration frequency of the tank-liquid coupling will be overestimated. Ying et al. [27]
established a soil-aqueduct-fluid coupling system based on the substructure method and
found that the shear wave velocity had a significant effect on the liquid sloshing. Ormefio
et al. [28] conducted a shaking table test on the effect of flexible foundation on tank
stress and found that compared with rigid foundation, the axial compressive stress was
reduced after considering the foundation. Sun et al. [29] established a lumped parameter
model to simulate the foundation and discussed the influence of soil parameters on the
dynamic characteristics of the soil-tank-liquid system. Lv et al. [30] derived a simplified
mechanical model considering the soil-tank-liquid interaction based on the potential flow
theory and the soil model theory, obtained that the main seismic responses such as the base
shear force and overturning moment of the storage tank were increased by 25%-58% after
considering the soil-tank-liquid interaction. Cui et al. [31] conducted a shaking table test
for liquid storage tanks, and concluded that different foundations had a greater effect on
acceleration, but little effect on liquid sloshing wave height. Existing studies have shown
that soil-structure interaction will affect the dynamic characteristics, pulse displacement,
overturning moment, base shear and axial compressive stress of the liquid-tank-soil system,
and the degree of influence depends on the type of foundation.

In summary, the dynamic behavior of the liquid storage tank is different from other
types of structures, because the liquid sloshing will affect the dynamic behavior of the
system, which in turn affects the damping effect of the seismic isolation liquid storage tank.
The coupling effect of liquid-solid-soil under the action of earthquake will make the liquid
storage tank in a more complicated stress state. Therefore, it is necessary to consider the
SSI effect to carry out the seismic control research of the base-isolated storage tank. Taking
the actual liquid storage tank project as the background, considering the soil-structure-
fluid interaction, material nonlinearity and liquid sloshing dynamic behavior, a three-
dimensional numerical calculation model of a sliding isolation storage tank with limiting
devices is established. Kobe wave and El-Centro wave are selected, through comparison
with non-isolated liquid storage tanks, to study the effect of sliding isolation with limiting
control system on liquid storage tanks under earthquake, and the influence laws of the SSI
and elastic model of the main parameters of the soil on the seismic responses are discussed.

2. Material model of the foundation

A large number of tests have shown that the Mohr—Coulomb yield criterion (Fig. 2) can
reasonably describe the yield or failure behavior of soil and rock. For the foundation, the



www.czasopisma.pan.pl P N www.journals.pan.pl
Y

SEISMIC PERFORMANCE EVALUATION OF A BASE-ISOLATED STEEL LIQUID. .. 639

Mohr—Coulomb criterion is used, and the corresponding equations are as follows [32-34]:
, \/E V6 (6¢ cos ¢ — 21 sin ¢)
= —_ =
g
2V3 (9 — sin? gp)

. 0 si
2.2) F:Slg¢ll+(cose+%)@—ccos¢:0

where r’ is the equivalent radius; I; is the stress tensor first invariant; J; is the second
invariant of stress deviator; c is the cohesion; ¢ is the friction angle; 6 is the lode angle,
and —30° < 0 < 30°.

@2.1)

Fig. 2. Mohr—Coulomb yield criterion

The failure criterion of Mohr—Coulomb can be expressed as [35]:
2.3) T, =c+oputang

where 7, is the shear strength, and o7, is the normal stress on the shear plane.

3. Contact and sliding problems

Under earthquake, the sliding isolation liquid storage tank will exist sliding and non-
sliding phases, which depends on the relative size of frictional force Fy and frictional
resistance Fy:

(3.1) {‘Ff | < Fs, non-sliding

|Fr| > Fy, sliding
The Coulomb friction model is used to simulate the mechanical behavior between the

contact interfaces. The model defines equivalent shear stress. The surface begins to slide
when the shear stress reaches this value under a certain normal compressive stress.
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Use the penalty function method to solve the sliding bearing contact problem, based
on the traditional virtual work principle, the virtual work done by the contact force related
to the virtual displacement on the contact boundary can be expressed as [36]:

(3.2) /6quﬁdQe+/6uT§udQe+/6eTo-dQe
Q.e Qe Qe
= / sul bdQ, + / sul1dl, + / 6gT1dr,
Se r. L.

where p is the element’s specific mass; ¢ is the damping coefficient; du is the vector con-
taining the virtual displacement; u, i and i are the displacement, velocity and acceleration
vectors, respectively; o is the vector of element stress tensor; d¢ is the vector of the virtual
strain tensor due to du; b is the body force vector; 7 is the prescribed traction vector acting
onl,.

4. Control equations and solutions

4.1. Liquid governing equations

At each point in the liquid domain, the velocity potential function ® should satisfy the
following condition:

4.1 V2O(x,y,z,1) =0

The velocity potential function on the liquid-solid coupling boundary needs to meet
the following boundary condition:

00 (x,y,z,1)
on

where v, (x,y, z,t) is the velocity component of the boundary along the outer normal n
direction.

On the wet boundary of the liquid storage tank, the following boundary conditions
exist:

4.2) =va(x,y,2,1)

ow
4.3 n = —
(4.3) n = —
The boundary condition of the free liquid surface under the action of an earthquake is:
16°0 0
4.4 -——+—=0
44 g 02 Or

Assuming that the liquid sloshing wave height is %, and the liquid pressure can be
expressed as:

P oD
4.5 = _gh— =
4.5) p gh ==
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Based on the finite element theory, ® can be expressed as:
(4.6) ® =" Ni(x,y,2)®i(1)
i=1

where N; is the shape function of the boundary element.
Replacing Egs. (4.2), (4.3), (4.4) and (4.5), the weighted residual form of the governing
equation can be expressed as [37]:

a a8 0 0
4.7) /Ni [@+6—y2+6—z2]Zde)jdV—/N,-%ZNjCDJ-dFI
\4
+/NivndF1—/ MZN, )+ N ZNCD]sz—O
r I

The above equation is further expanded to Eq. (4.8):
4.8) / [ fzqa +Z ’lq>+Z fzq>]
r
(9N1- J 6NJ
— _ _(I)
/ [ Ox Z 0z dz 7
/ Z —L@;dr, - /andF1+ /NZNJ 621dF2

ON;
+/NlZN/a—Z]q),dF2
I

If a small slope is assumed at the interface between the liquid and the structure, the
following equation can be formed:

4.9 JON; B ON; r
(4.9) on ~ 9. D2
As aresult, Eq. (4.8) can be reconverted to Eq. (4.10) [37]:
ON; ON;
4.1 — o |av
(4.10) ,/ [ Ox Z az 0z }
v

/ ZN Jsz—/andl"l

Therefore, using finite element formulation of the fluid domain and using the discredited
formulation of Eq. (4.1), the wave equation can be written in the following form:

4.11) GP+HP=F
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where G is the fluid mass matrices, H is the fluid stiffness; F is the force acting on the
liquid domain, which depends on the boundary condition and at the interface element.

1
4.12) Gf’j=Z§/NiZdeF
Fe

ONi < ON;  dN; < ON; 9N; < ON,
4.13 H¢ . = - Lt —_J 7 i
(4.13) J /(6x ox +8yz Jy +azz 0z

ve
where G; ; = 2. G} jand H; j = 2 Hf ; are the constant coeflicient for each element.
(4.14) F=—pQ" (iis +iig)

where Q is the coupling matrix; i is the acceleration vector of the nodes at the boundary
element in the structural domain; i, is the ground acceleration vector applied to the system.

Therefore, the dynamic equation of the interface element in the fluid domain can be
expressed as [37]:

(4.15) GP+C'P+HP=—ps Q" (iis +iig)
Assuming that F, = —p s Q" ii,, then Eq. (4.15) is further simplified as:

(4.16) GP+C'P+HP=F,-py Qi

4.2. Structure control equation
The dynamic equation of the structure can be expressed as:
(4.17) Miig(t) + Cstig (1) + Kgug (1) = —Miig (1) + QP — Fy

where M, Cs and K are the mass, damping and stiffness, respectively; u(¢), ii5(¢) and
iis (¢) are the displacement, velocity and acceleration vectors of the coupled system; i (1)
is the earthquake acceleration vector; Q is the fluid-structure coupling matrix; P is the
hydrodynamic pressure; F is the friction force.

Assuming that Fy = —Mii,(t) — Fr, then Eq. (4.17) is further simplified as:

(4.18) Mii(t) + Csu(t) + Ksu(t) = Fy + QP

4.3. Coupling Matrix

On the liquid-solid coupling interface, the coupling matrix Q related to the liquid
pressure can be expressed as:

(4.19) QP=f

where P is the liquid pressure; f is the corresponding equivalent structural force.
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The coupling matrix can be obtained by the principle of virtual work, which can be
expressed as follows [37]:

(4.20) /Peuf,ds=feT5= [fer o1 fa feo fyz f2] [un vi wiouz vy Wz]T

where P¢ and u, are the pressure and normal displacement along the element interface; f,
are the force acting on the element; ¢ is the element displacement; fy, f, and f; are the
node forces in x, y and z directions; u, v and w are the node displacements in the x, y, and
z directions; e represents the element on the interaction boundary.

Introducing the shape function N; at each node can connect the node displacement with
the element displacement:

u=Niu+Noup
(4.21) v=Nivi+ Ny
w=Nw| + Noywy

The normal displacement along the interface of the coupling element is:
(4.22) Up =Up +vy+wy, =nNjug + nNous + BN1vy + BNava + yNiwy + yNowy

Similarly, assuming that the liquid shape function is N/, the relationship between node
pressure and element pressure can be expressed as:

=) =l w7

Based on Egs. (4.20), (4.22) and (4.23), the virtual work balance equation can be
expressed as:

(4.24) ¢ = / NSN7 dspP¢ = Q°P°
se

where Q¢ is the element coupling matrix; P¢ is the element pressure; f¢ is the element
interface force.

4.4. Solution of liquid-solid coupling dynamic equation

Based on the above structure and liquid equations, the dynamic equation of liquid-
solid coupling system in time domain can be obtained by combining Eq. (4.16) and
Eq. (4.18) [37]:

w0 Sl ot Rl -t

The above equation can be further expressed as:

(426) GHEIH R
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The dynamic equation is solved by Newmark-S method:

am i) <[5} e 5] omfE)
Us _us U lig lis
(4.28) {P}HAt = :P}, + At {P}t +[(0.5-p)as?] {15}, + (ﬁm) {P}HA,

The differential equation at time #  + A7 can be expressed as:

lzv I/'t‘ U Fl
(4.29) M{ } +c: F} +K{ *} =: }
P t+At P t+At P t+At P t+At
Incorporating Egs. (4.27) and (4.28) into Eq. (4.29):
= |u F]
(430) SEEEA
P t+At F2 t+At
where

_ |
K=K+—M+-2C
BAL? BAt

(8] 1 ¥ (s 5, v (5, + () 51
selamlp, (5] )i

5. Numeral calculation and analysis

5.1. Calculation model

The diameter of the liquid storage tank is 21 m, the height is 16 m, and the liquid level
height is 14 m. The tank wall thickness from the bottom to the top is as follows: 0-2 m
is 14 mm; 2-4 m is 12 mm; 4-6 m is 10 mm; 6—10 m is 8 mm; and 10-16 m is 6 mm.
The bottom plate of the liquid storage tank is made of reinforced concrete, its thickness is
10 mm, its modulus of elasticity is 2.1 X 10! Pa, its Poisson’s ratio is 0.3, and its density is
7850 kg/m?>. The bilinear elastoplastic material model and Shell 163 element are used for
liquid storage tank. The liquid density is 812 kg/m?, the bulk modulus is 1.767x 10° Pa, the
viscosity is 0.00224, and Fluid 80 element is used to simulate the liquid. The compacted
soil with a radius of 10.5 m and a depth of 16 m is directly below the tank, the rest is loess,
and Mohr—Coulomb model is used for the soil. The size of the soil body is 96 X 96 X 96 m,
and the material parameters are shown in Table 1 [38]. When earthquake actions are
large, the isolation layer displacement exceeds the limit value, which can lead to auxiliary
pipeline damage and liquid leakage, therefore, a corresponding displacement-limiting study
is necessary [39]. In order to control the displacement of the sliding isolation layer, a total
of 8 quarter arc limiting-devices are installed in the isolation layer. The limiting-devices
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are made of steel rods by cold bending. The bilinear elastoplastic model and Beam 181
elements are used for the limiting-devices, the material parameters of the limiting-devices
are shown in Table 2 [39]. Sliding isolation bearings are used, and the sliding surface needs
to be simulated, surface-to-surface contact is used to simulate the mechanical behavior
of the sliding isolation. The parameters of the contact setting mainly include a normal
contact stiffness coefficient of 1.0, a maximum permeability tolerance of 0.1 and a friction
coefficient of 0.02. Considering the liquid-solid coupling, material nonlinearity and SSI
effect, a three-dimensional numerical calculation model of the base-isolated liquid storage
tank with limiting devices is established by using the finite element software ANSYS, as

shown in Fig. 3.

Table 1. Soil material parameters

Type Elastic Modulus | Poisson’s | Density | Cohesion | Friction angle
M (Pa) raio | (kg/md) | (kPa) ©)
Loess 8 % 10° 0.3 1510 10 21.5
Compacted soil 14.57 x 10° 0.3 1560 29 31.0
Table 2. Material parameters of limiting-devices
Elastic Poisson’s Yield Density Strain hardening Yield Maximum
Modulus ratio Strength (kg/m?) modulus strain lastic strain
(Pa) (MPa) & (Pa) P
2x 10" 0.3 235 7800 2% 10° 0.001 0.02

(b

(c)

(a)

(e)

Fig. 3. Calculation model: a) overall model, b) isolation layer, (c) bearing arrangement,

(d) limiting-device, (e) section view
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With the help of the strong earthquake database of the Pacific Earthquake Engineering
Research Center, the Kobe wave and El-Centro wave are selected as seismic inputs. The
specific information of seismic waves is shown in Table 3. The time interval of Kobe wave
is 0.01 s, the time interval of El-Centro wave is 0.02 s, the earthquake duration is chosen as
20s, the PGA is adjusted to 0.40 g, and the acceleration time history curves and acceleration

5.2. Earthquake waves

response spectra of Kobe wave and El-Centro wave are shown in Figs. 4 and 5.

Table 3. Earthquake information

Acceleration (g)

Acceleration (g)

No. Earthquake Station Duration Pred(fmment PGA (g) | Year | Mechanism
waves period (s)
1 Kobe Kakogawa 40.90 s 0.16 0.3447 | 1995 | Strike slip
2 | El-Centro |El-Centro Array #9 | 53.46s 0.56 0.3417 | 1940 | Strike slip
12
04 . o \UA
[ 1] . Sosl]
£ )
00+ ; 06 \L

A2
N\
.

02

Fig. 4. Kobe wave: a) acceleration,

10
Time (s)

@)

0.0 T T
2
Priod (s)
(b)

b) acceleration response spectrum

)

1‘0 15
Time (s)

@

o] A
81 | A\
g, I\
AV
Bl I
5 \
20 \
é \
0.2 \-’\
® ¢ ! Priozd(s) :
(b)

Fig. 5. El-Centro wave: a) acceleration, b) acceleration response spectrum
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5.3. Earthquake responses

Important dynamic responses such as liquid sloshing wave height, wall circumferential
stress, wall axial stress, bottom shear force, bottom overturning moment, wall acceleration
and wall equivalent stress are selected as the analysis objects, without considering SSI and
considering SSI, the damping effects of the sliding isolation with limiting devices control
system on the dynamic responses of the liquid storage tank are studied.

To quantitatively evaluate the effectiveness of shock absorption control, the seismic-
reduction ratio R is defined:

6.1 R = DNo-isolation — Disolation %

Dyo-isolation

where DnNo-isolation @1d Disolation are the dynamic responses of the no-isolation and isolation
liquid storage tanks.

5.3.1. Liquid sloshing wave height

Liquid sloshing is an important feature of liquid storage tanks under earthquake action,
and the height of the liquid sloshing wave will cause damage to the top cover and cause
liquid leakage, which not only wastes resources, but also causes environmental pollution
and even fire. Therefore, it is necessary to control the height of the liquid sloshing wave
under the action of the earthquake. Figs. 6 and 7 are the time history curves of the liquid
sloshing wave height of the liquid storage tank under the action of Kobe wave and El-Centro
wave.

044 ——Noisolation 2 Noisolation A
—— Isolation Isolation

o
N
!

o
N
!

Sloshing wave heightl (m)
g
)

044 N 2 S (N, S S
0 5; 1‘0 1‘5 20 0 :5 1‘0 1‘5 20
Time (s) Time (s)
(€Y (b)

Fig. 6. Liquid sloshing wave height under Kobe wave: a) without considering SSI, b) considering SSI

As shown in Fig. 6, without considering the SSI effect, the maximum liquid sloshing
wave height of the no isolation liquid storage tank is 0.42 m, and the maximum liquid
sloshing wave height of the isolation liquid storage tank is 0.28 m under the Kobe earth-
quake, and the seismic-reduction ratio is 33.3%. After the SSI effect being considered,
the liquid sloshing wave height is increased obviously, the maximum liquid sloshing wave
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No isolation ——— No isolation
Isolation .

o
w
!

Sloshing wave height (m)
Sloshing wave height (m)

S
w
!

2 T T T -0.6 T T T
0 5 10 15 20 0 5 10 15 20
Time (s) Time (s)
@) (b)
Fig. 7. Liquid sloshing wave height under El-Centro wave: a) without considering SSI,
b) considering SSI

height of the no isolation liquid storage tank is 2.1 m, which exceeds the reserved freeboard
height, while the maximum liquid sloshing wave height of the isolation liquid storage tank
is 0.63 m under the Kobe earthquake, and the seismic-reduction ratio is 70.0%.

As shown in Fig. 7a, without considering the SSI effect, the maximum liquid sloshing
wave height of the no isolation liquid storage tank is 0.50 m, and the maximum liquid
sloshing wave height of the isolation liquid storage tank is 0.32 m under the El-Centro
earthquake, and the seismic-reduction ratio is 36.0%. As shown in Fig. 7b, with the
SSI effect being considered, the liquid sloshing wave height is increased obviously, the
maximum liquid sloshing wave height of the no isolation liquid storage tank is 1.68 m,
which is close to the reserved freeboard height, while the maximum liquid sloshing wave
height of the isolation liquid storage tank is 0.65 m under the El-Centro earthquake, and
the seismic-reduction ratio is 61.3%.

It can be seen that the sliding isolation with limiting devices control system can effec-
tively reduce the liquid sloshing wave height. After considering the SSI effect, the liquid
sloshing wave height is significantly amplified because the structure period is prolonged
and close to the liquid sloshing wave height after considering the SSI effect. However, after
considering the SSI effect, the control system plays a better damping effect.

5.3.2. Wall circumferential stress

The large wall circumferential stress will lead to the “elephant foot”. This failure is also
one of the most common failure modes of the non-isolated liquid storage tank. Therefore,
it is necessary to explore the control effect of the sliding isolation with limiting devices
control system on this failure mode. Figs. 8 and 9 show the wall circumferential stress
under the action of Kobe wave and El-Centro wave, respectively.

As shown in Fig. 8, under Kobe earthquake, the wall circumferential stress reaches
the maximum value at 2 m, and then decreases gradually with the wall height. When the
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SSI effect is not considered, the maximum circumferential stresses of the non-isolated and
isolated liquid storage tanks are 138.3 MPa and 57.8 MPa, and the seismic-reduction ratio is
58.3%. When the SS1is considered, the maximum circumferential stress of the non-isolated
and isolated liquid storage tank are 111.8 MPa and 59.8 MPa, and the seismic-reduction
ratio is 46.3%.

As shown in Fig. 9, under El-Centro earthquake, the wall circumferential stress reaches
the maximum value at 2 m, and then decreases gradually with the wall height. When the
SSI effect is not considered, the maximum circumferential stresses of the non-isolated
and isolated liquid storage tanks are 95.8 MPa and 58.3 MPa, and the seismic-reduction
ratio is 39.1%. When the SSI is considered, the maximum circumferential stresses of
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the non-isolated and isolated liquid storage tanks are 89.1 MPa and 58.8 MPa, and the
seismic-reduction ratio is 34.0%.

It can be seen that the sliding isolation limit control system has a good damping control
effect on the wall circumferential stress. After considering the SSI effect, the circumferential
stress of the non-isolated liquid storage tank is decreased, while the circumferential stress
of the isolated liquid storage tank is increased slightly.

5.3.3. Wall axial stress

The wall axial stress is also another important reason for the “elephant foot” phe-
nomenon of liquid storage tank. Therefore, it is also necessary to study the control effect
of sliding isolation with limiting device control system on the response. Figs. 10 and 11
show the wall axial stress under the action of Kobe wave and El-Centro wave, respectively.
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Fig. 10. Wall axial stress under Kobe wave: a) without considering SSI, b) considering SSI
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As shown in Fig. 10, under the action of Kobe earthquake, when the SSI effect is
not considered, the maximum axial stress is located at 1 m, the maximum axial stresses of
non-isolated and isolated liquid storage tanks are 38.4 MPa and 13.3 MPa, and the seismic-
reduction ratio is 65.1%. When considering the SSI effect, the maximum axial stress is
located at 2 m, the maximum axial stresses of non-isolated and isolated liquid storage tank
are 30.3 MPa and 14.4 MPa, and the seismic-reduction ratio is 52.5%.

As shown in Fig. 11, under the action of El-Centro earthquake, when the SSI effect is
not considered, the maximum axial stress is located at 1m, the maximum axial stresses of
non-isolated and isolated liquid storage tanks are 26.0 MPa and 10.0 MPa, and the seismic-
reduction ratio is 60.1%. When considering the SSI effect, the maximum axial stress is
located at 2 m, the maximum axial stresses of non-isolated and isolated liquid storage tanks
are 23.1 MPa and 11.3 MPa, and the seismic-reduction ratio is 51.1%.

It can be seen that the sliding isolation with limiting devices control system has a good
damping control effect on the wall axial stress, and the damping effect under the action of
Kobe wave is obviously better than that of El Centro wave.

5.3.4. Base shear

The base shear has an important influence on the design of the isolation layer. Figs. 12
and 13 are the time history curves of the base shear of the liquid storage tank under the
action of Kobe wave and El Centro wave, respectively.
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Fig. 12. Base shear under Kobe wave Fig. 13. Base shear under El-Centro wave

As shown in Fig. 12, under the action of Kobe earthquake, when the SSI effect is not
considered, the maximum base shears of non-isolated and isolated liquid storage tanks are
74067.9 kN and 7233.1 kN, and the seismic-reduction ratio is 90.2%. After considering
the SSI effect, the maximum base shears of non-isolated and isolated liquid storage tank
are 51068.8 kN and 5855.4 kN, and the seismic-reduction ratio is 88.5%.

As shown in Fig. 13, under the action of El-Centro earthquake, when the SSI effect is
not considered, the maximum base shears of non-isolated and isolated liquid storage tanks
are 38343.7 kN and 3530.2 kN, and the seismic-reduction ratio is 90.1%. After considering
the SSI effect, the maximum base shears of non-isolated and isolated liquid storage tanks
are 23814.1 kN and 3508.3 kN, and the seismic-reduction ratio is 85.2%.
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It can be seen that the sliding isolation limit control system has a very significant
damping control effect on the base shear of the liquid storage tank. After considering the
SSI effect, the base shear is decreased significantly and the damping ratio is decreased
slightly.

5.3.5. Base overturning moment

Figures 14 and 15 are the time history curves of base overturning moment of liquid
storage tank under the seismic action of Kobe wave and El-Centro wave, respectively.
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Fig. 14. Overturning moment under Fig. 15. Overturning moment under
Kobe wave El-Centro wave

As shown in Fig. 14, under the action of Kobe wave earthquake, when the SSI effect
is not considered, the maximum base overturning moment of non-isolated and isolated
liquid storage tanks are 531401.4 kN-m and 33531.0 kN-m, and the seismic-reduction
ratio is 93.2%. After considering SSI effect, the maximum base overturning moment of
non-isolated and isolated liquid storage tanks are 378689.6 kN-m and 40135.3 kN-m, and
the seismic-reduction ratio is 89.4%.

As shown in Fig. 15, under the action of El-Centro wave earthquake, when the SSI
effectis not considered, the maximum base overturning moment of non-isolated and isolated
liquid storage tanks are 292161.3 kN-m and 26102.6 kN-m, and the seismic-reduction ratio
is 91.1%. After considering SSI effect, the maximum base overturning moment of non-
isolated and isolated liquid storage tanks are 217614.1 kN-m and 35275.7 kN-m, and the
seismic-reduction ratio is 88.8%.

It can be seen that the sliding isolation with limiting devices control system has a very
significant damping control effect on the base overturning moment when considering and
not considering the SSI. After considering the SSI effect, the base overturning moment is
decreased significantly and the damping ratio is decreased slightly.

5.3.6. Tank acceleration

Because acceleration is often used as seismic input in time history analysis, the acceler-
ation response of structure is often used to calculate the amplification factor, which makes
the acceleration of structure become one of the important objects of earthquake response
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analysis. Figs. 16 and 17 are the time history curves of tank wall acceleration under Kobe
wave and El-Centro wave.
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As shown in Fig. 16, under the Kobe earthquake, when the SSI effect is not consid-
ered, the maximum accelerations of the non-isolated and isolated liquid storage tanks are
30.2 m/s> and 8.1 m/s?, and the seismic-reduction ratio is 72.4%. After considering the
SSI effect, the maximum accelerations of the non-isolated and isolated liquid storage tanks
are 21.4 m/s? and 8.1 m/s2, and the seismic-reduction ratio is 45.3%.

As shown in Fig. 17, under the El-Centro earthquake, when the SSI effect is not
considered, the maximum accelerations of the non-isolated and isolated liquid storage tanks
are 17.7 m/s? and 6.3 m/s2, and the seismic-reduction ratio is 64.4%. After considering the
SSI effect, the maximum accelerations of the non-isolated and isolated liquid storage tanks
are 14.8 m/s? and 7.3 m/s2, and the seismic-reduction ratio is 51.4%.

It can be seen that the sliding isolation with limiting devices control system has a very
significant damping effect on the tank acceleration when considering and not considering
the SSI. After considering the SSI effect, the tank acceleration is significantly reduced and
the damping effect is slightly weakened.

The acceleration response of the tank wall is analyzed by spectrum:

T/2
(5.2) A(w):% / A(t)e "l dr

-T2

where A () is the acceleration response; A(w) is the fourier transform of A(t).
The spectrum curves are obtained by Fourier transform, as shown in Figs. 18 and 19.

It can be seen from Figs. 18 and 19 that the frequency of the liquid storage tank is
significantly reduced after considering the SSI effect, mainly because the cycle of the
liquid storage tank system is prolonged after considering the SSI effect.
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Fig. 19. Spectrum curve of isolated liquid storage tank under El-Centro wave:
a) without considering SSI, b) considering SSI

5.3.7. Wall equivalent stress

Stress nephogram can intuitively show the distribution of dynamic response of liquid
storage tank, which plays an important role in determining the weak parts. Equivalent stress
is used to characterize the stress distribution of liquid storage tank.

Under the action of Kobe and El Centro waves, the wall equivalent stresses are shown
in Figs. 20 and 21.

As shown in Fig. 20, under the action of Kobe wave, when the SSI effect is not
considered, the maximum equivalent stresses of the non-isolated and isolated liquid storage
tanks are is 170.0 MPa and 58.7 MPa, and the seismic-reduction ratio is 65.5%. After
considering the SSI effect, the maximum equivalent stresses of the non-isolated and isolated
liquid storage tanks are 126.0 MPa and 64.1 MPa, and the seismic-reduction ratio is 50.0%.

As shown in Fig. 21, under the action of El-Centro wave, when the SSI effect is
not considered, the maximum equivalent stresses of the non-isolated and isolated liquid
storage tanks are is 110.0 MPa and 58.2 MPa, and the seismic-reduction ratio is 47.1%.
After considering the SSI effect, the maximum equivalent stresses of the non-isolated and
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isolated liquid storage tanks are 98.1 MPa and 47.1 MPa, and the seismic-reduction ratio
is 37.7%.

It can be seen that the sliding isolation with limiting devices control system has a
significant damping effect on the tank equivalent stress. The damping effect under Kobe
earthquake is better than El-Centro wave. After considering SSI effect, the damping effect
is also significantly weakened.

5.4. Influence of soil elastic modulus on dynamic responses

Elastic modulus is one of the important parameters of soil, which has an important
impact on foundation settlement and isolation effect, especially in soft soil site, which may
make the common rubber isolation ineffective. In order to study the damping control effect
of the sliding isolation with limiting devices control system on the liquid sloshing wave
height and dynamic response of the liquid storage tank under different soils, three soils
with different elastic modulus are selected, as shown in Table 4.

Table 4. Elastic modulus (MPa)

. Soil types
Elastic modulus
S1 S2 S3
Values 8 16 32

5.4.1. Liquid sloshing wave height

Figure 22 is the histograms of the maximum liquid sloshing wave height of the liquid
storage tank under the action of Kobe wave and El-Centro wave under different elastic
modulus.

[ No isolation [ No isolation
[ Jisolation [ lisolation

=
13
s
-
13

I
1N}
N

=
N}
N

Sloshing wave height (m)
Sloshing wave height (m)

=3
>
!

o
w
!
e
w
N

0.0- 0.0~
s1 S2 S3 S1 S2 S3

Soil type Soil type
(@ (b)
Fig. 22. Maximum liquid sloshing wave height under different soils: a) Kobe wave;
b) El-Centro wave




www.czasopisma.pan.pl P N www.journals.pan.pl
Y
S~

SEISMIC PERFORMANCE EVALUATION OF A BASE-ISOLATED STEEL LIQUID. .. 657

As shown in Fig. 22, under the Kobe earthquake, the maximum liquid sloshing wave
heights of the non-isolated liquid storage tank are 1.54 m, 1.20 m and 0.83 m under the soil
types of S1, S2 and S3, while the maximum liquid sloshing wave heights of the isolated
liquid storage tank are 0.48 m, 0.31 m and 0.26 m under the soil types of S1, S2 and S3,
and the seismic-reduction ratios are 68.8%), 74.2% and 68.7% under the soil types of S1,
S2 and S3. Under the El-Centro earthquake, the maximum liquid sloshing wave heights
of the non-isolated liquid storage tank are 1.20 m, 1.03 m and 0.93 m under the soil types
of S1, S2 and S3, while the maximum liquid sloshing wave heights of the isolated liquid
storage tank are 0.41 m, 0.36 m and 0.31 m under the soil types of S1, S2 and S3, and the
seismic-reduction ratios are 65.8%, 65.0% and 66.7% under the soil types of S1, S2 and S3.

In addition, under the action of Kobe earthquake, the maximum liquid sloshing wave
height of non-isolated liquid storage tank under S3 soil mass is 46.1% lower than that of
S1 soil mass; The maximum liquid sloshing wave height of isolation liquid storage tank
under S3 soil is 45.8% lower than that of S1 soil. Under the action of El Centro earthquake,
the maximum liquid sloshing wave height of non-isolated liquid storage tank under S3 soil
mass is 23.0% lower than that of S1 soil mass. The maximum liquid sloshing wave height
of isolation liquid storage tank under S3 soil is 32.3% lower than that of S1 soil. It can be
seen that the sliding isolation limit control system has a good damping control effect on
the liquid sloshing wave height of the liquid storage tank under different elastic modulus,
and after considering the SSI effect, the maximum liquid sloshing wave height of the liquid
storage tank decreases significantly with the increase of the elastic modulus of the soil.

It can be seen that the sliding isolation with limiting devices control system has a good
damping control effect on the liquid sloshing wave height under different elastic modulus,
and the maximum liquid sloshing wave height is decreased significantly with the increase
of the elastic modulus of the soil.

5.4.2. Base shear

Table 5 shows the maximum base shear of liquid storage tank under the action of Kobe
wave and El-Centro wave under different elastic modulus.

Table 5. Maximum base shear (kN)

Soil types
Earthquakes Model
S1 S2 S3
No isolation 56948.9 60442.3 68326.0
Kobe

Isolation 7529.3 7807.2 8325.5

No isolation 23482.4 31979.4 34942.5
El-Centro
Isolation 2640.8 2905.7 4677.4

As shown in Table 5, under the action of Kobe earthquake, the damping ratios corre-
sponding to the base shear of liquid storage tank are 86.8%, 87.1% and 87.8% under the
soil types of S1, S2 and S3. Under the action of El-Centro earthquake, the damping ratios
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corresponding to the base shear of liquid storage tank are 88.8%, 90.1% and 86.6% under
the soil types of S1, S2 and S3. It can be seen that the sliding isolation with limiting devices
control system has a good damping control effect on the base shear of the liquid storage
tank under different elastic modulus, and the maximum base shear of the liquid storage
tank is increased significantly with the increase of the elastic modulus of the soil.

5.4.3. Base overturning moment

Table 6 shows the maximum base overturning moment of the liquid storage tank under
the action of Kobe wave and El-Centro wave under different elastic modulus.

Table 6. Maximum base overturning moment (kN-m)

Soil types
Earthquakes Model yP
S1 S2 S3
Kob No-isolation 355721.7 423718.2 480905.9
obe
Isolation 35633.6 35546.2 43732.6
No-isolation 228405.4 250797.9 275117.1
El-Centro

Isolation 28672.2 32934.8 37590.7

As shown in Table 6, under the action of Kobe earthquake, the damping ratios cor-
responding to the base overturning moment of liquid storage tank are 89.9%, 90.6% and
90.1% under the soil types of S1, S2 and S3. Under the action of El-Centro earthquake,
the damping ratios corresponding to the Base overturning moment of liquid storage tank
are 87.5%, 86.9% and 86.3% under the soil types of S1, S2 and S3. It can be seen that the
sliding isolation with limiting devices control system has a good damping control effect
on the base overturning moment of the liquid storage tank under different elastic modulus,
and the maximum base overturning moment of the liquid storage tank is also increased
significantly with the increase of the elastic modulus of the soil.

6. Conclusions

Considering the soil-structure-fluid interaction, a three-dimensional numerical calcu-
lation model of sliding isolation liquid storage tank with limiting devices is established.
Through the comparison with non-isolated liquid storage tank, the damping effect of sliding
isolation with limiting devices control system on the dynamic responses is studied, and the
influence of SSI on seismic responses is discussed. The main conclusions are as follows:
1. When the SSI is not considered, the sliding isolation with limiting devices has
a significant damping effect on the liquid sloshing wave height and the dynamic
responses of the liquid storage tank.

2. After the SSI being considered, the liquid sloshing wave height of the non-isolated
liquid storage tank is increased obviously, while the wall circumferential stress, wall
axial stress, bottom shear force, bottom overturning moment, tank acceleration and
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tank equivalent stress are decreased significantly. Besides, the damping ratio of the
liquid sloshing wave height is increased, while the damping ratios of the dynamic
responses of the liquid storage tank are decreased after the SSI being considered.
After the SSI being considered, with the increase of the soil elastic modulus, the
liquid sloshing wave height of the non-isolated liquid storage tank is decreased, the
base shear and base overturning moment are increased, but the elastic modulus has
little effect on the damping control effect.
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