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Abstract There is no lack of destructions of concrete liquid
storage structures in the previous earthquake, and concrete
rectangular liquid storage structures (RLSSs) arewidely used
in all kinds of engineering fields, so it is significant to study
energy dissipationmethod aiming at structural responses and
wave height. An energy dissipation method combination of
sliding isolation and limiting-device is proposed for concrete
RLSS, considering fluid– structure interaction, simplified
andnumericalmodels of a concreteRLSSwith displacement-
limiting devices are established. The dynamic responses of
sliding isolation concrete RLSS with limiting devices under
bidirectional earthquake actions are studied, parameter anal-
ysis is conducted, and seismic decrease coefficient is used to
evaluate the reduction effect of sliding isolation on concrete
RLSS. The results show that damping effect of sliding iso-
lation with limiting devices on concrete RLSS is significant,
and the dynamic responses under horizontal bidirectional
earthquake actions are obviously higher than that of unidirec-
tional earthquake action. The smaller the friction coefficient
is, wall tensile stress and wave height are more reduced; in
the premise of keeping the structural displacement within the
limit, the limiting-device diameter should be smaller; liquid
height mainly affects wall tensile stress and structural dis-
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placement. When the friction coefficient and limiting-device
diameter are designed reasonably, seismic decrease coeffi-
cients corresponding to wall tensile stress and wave height
are all large enough. Therefore, the proposed energy dis-
sipation method is of great significance for the prevention
and control of the common two types of failure modes (wall
cracking and liquid overflow) of concrete RLSSs.

Keywords Liquid storage structure · Sliding isolation ·
Limiting devices · Shock absorption · FSI · Bidirectional
earthquake

1 Introduction

Concrete rectangular liquid storage structures (RLSSs) are
widely used in water supply and drainage systems, industrial
and agricultural production facilities; however, earthquakes
have caused different degrees of damage to liquid storage
structures (LSSs). Due to the particularity of these types of
structures, their failure can cause several problems, such as
liquid leakage, fire and environment pollution. Base isolation
has been widely used as an effective way to improve the
seismic capacity of these kinds of structures.

Currently, studies on the energy dissipation of LSSs are
more concentrated on rubber isolation [1–5], and some
researches show that rubber isolation can reduce the dynamic
responses of the structure, but it has very limited reduc-
tion effect on wave height or even has opposite effect [6–8].
In addition to rubber isolation, scholars have also explored
other energy dissipation methods for LSSs [9–15], and some
researches show that friction sliding isolation could be better
than that of ordinary rubber isolation [16,17], so it is valu-
able to study the application of sliding isolation in concrete
RLSS.
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The effect of bidirectional earthquake on the structure
can’t be ignored, but researches on sliding isolation struc-
ture under bidirectional earthquake are limited. Jangid [18]
studied the responses of sliding isolation structures under
two component horizontal harmonic and real ground motion
and found that the bidirectional interaction effects weremore
significant for low- frequency excitation. Zhu and Lv [19]
found that the axial force of sliding friction bearingwas larger
under the action of horizontal bidirectional earthquakes by
experimental study, and the change of axial force would
affect the friction force and isolation effect. Shrimali and
Jangid [13] considered the interaction of frictional forces
in two horizontal directions, conducted a parametric study
to investigate the effects of important system parameters on
the effectiveness of seismic isolation of the liquid storage
tanks, and found that the bidirectional interaction of fric-
tional forces had noticeable effects, but the dependence of
the friction coefficient on relative velocity of the sliding
bearings had no significant effects on the peak response of
the isolated liquid storage tanks. Fan et al. [20] studied the
sliding displacement of a sliding structure subjected to bidi-
rectional earthquake and found that the sliding displacement
may be underestimated and the acceleration of the super-
structure may be overrated if the bidirectional interaction of
frictional forces is neglected. Based on the comparison of
the dynamic responses of friction pendulum sliding isola-
tion structure under unidirectional and bidirectional seismic
actions, Wang et al. [21] found that the bidirectional hor-
izontal ground motion had a great influence on structural
displacement and acceleration.

In summary, if the design is reasonable, sliding iso-
lation can have good damping effects on the dynamic
responses of LSS and wave height at the same time. Besides,
bidirectional seismic action has a significant effect on base-
isolated structure. In this paper, in order to explore how
to reduce the dynamic responses of concrete RLSS and
wave height at the same time, friction sliding isolation
with displacement-limiting devices for damping method
is proposed based on existing energy dissipation methods
for LSSs. The simplified mechanical model and dynamic
equation of the system are established, and numerical cal-
culation model is established by finite element analysis
software ADINA (Automatic Dynamic Incremental Nonlin-
ear Analysis). The effects of friction sliding isolation with
displacement-limiting devices on the dynamic responses of
concrete RLSS are studied, the dynamic responses under
unidirectional and bidirectional earthquake actions are com-
pared, and parameters analysis is also conducted. Finally,
intuitive seismic decrease coefficient is used to evalu-
ate the reduction effect of sliding isolation on concrete
RLSS.

2 Hybrid Control System with Sliding Isolation
and Displacement-Limiting Devices

In studies of the energy dissipation of an LSS, it is better
to reduce the structural dynamic responses and wave height
simultaneously. For an LSS without a cover plate, when the
wave height is too high, liquid leakage will occur. For an LSS
with a cover plate, excessively large wave height will cause
cover plate destruction because of the liquid impact force
[22]. Moreover, the demand for no-water wall will increase
with increase in wave height, and the construction cost will
also increase. Therefore, to improve the seismic capacities
of LSSs and save costs, it is necessary to study new seismic
reduction methods.

The damping system proposed in this paper (Fig. 1) can
use sand, waste glass and new materials to form a slid-
ing surface at the bottom of RLSSs assuming the periods
of tank and isolation system are well separated and isola-
tion surface is properly designed. Then, the base-isolated
RLSS will move approximately like a rigid body under the
action of some large earthquakes, and its dynamic responses
can be controlled effectively. To avoid damage to accessory
pipelines because of large deformation differences, the arc
displacement-limiting devices are arranged at the bottom of
RLSS. Reasonably designed limiting devices can achieve
displacement limitation, energy dissipation. For steel lim-
iting devices, when the deformation is in elastic state, they
can have the function of self-centering to a certain degree;
for more important RLSSs, in order to improve their self-
centering capability, more expensive limiting devices made
of shape memory alloy (SMA) can be used.

2.1 Simplified Model and Dynamic Equation

Currently, the spring–mass model is often used for the sim-
plified models of LSSs, and it can generally evaluate the
dynamic responses accurately [23]. The whole liquid is sim-
plified by the two-particle mass–spring model and divided
into two parts [24,25], namely mass m0, which is attached
rigidly to the structure and moves with the structure, and
convective mass mc, which cause sloshing effect. In addi-
tion, the mass of concrete structure is large; thus, in dynamic
analysis, the concrete mass should be considered. Due to
the assumption that the liquid mass m0 moves with the con-
crete RLSS, to simplify the model and reduce the degrees
of freedom, the concrete structure mass m and liquid mass
m0 can be summed. Sliding material is installed at the struc-
ture bottom, which quality with respect to the structure and
liquid is negligible. As a result, the structure and the liquid
above the isolation layer are used for mass term. A simplified
mechanical model of concrete RLSS with sliding base iso-
lation and displacement-limiting devices under bidirectional
earthquake actions is shown in Fig. 2.
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Fig. 1 Schematic diagram of
hybrid control system

Free liquid surface

Sliding isolation layer

Arc limiting-device

Fig. 2 Simplified model of
sliding isolation concrete RLSS
with limiting devices
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Dynamic equation of the system can be obtained by the
Hamilton principle:

MÜ + CU̇ + KU = Fe − Ff − Fs (1)
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⎤
⎥⎥⎦ ;

Ff =

⎧⎪⎪⎨
⎪⎪⎩

0
Ff x

0
Ff y

⎫⎪⎪⎬
⎪⎪⎭

= μMg

⎧⎪⎪⎨
⎪⎪⎩

0
sgn (u̇0x )

0
sgn

(
u̇0y

)

⎫⎪⎪⎬
⎪⎪⎭

;

123



1914 Arab J Sci Eng (2018) 43:1911–1924
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whereM,C andK are mass, damping and stiffness matrices;
Ü, U̇ and U are acceleration, velocity and displacement vec-
tors; Fe is seismic force vector; Ff is friction force vector; Fs

is restoring force vector providedby limitingdevices;m0+m,
k0 and c0 are the mass, stiffness and damping correspond-
ing to the combination of structure mass m and liquid mass
m0, respectively; uc, u̇c and üc are the displacement, veloc-
ity and acceleration corresponding to the liquid convection
mass mc, respectively; u0, u̇0 and ü0 are the displacement,
velocity and acceleration corresponding to the combination
of structure massm and liquid massm0, respectively; and üg
is earthquake acceleration. sgn(u̇0) is a sign function; when
u̇0 is greater than zero, its value is 1; when u̇0 is less than
zero, its value is −1; and when u̇0 equals 0, its value is zero.
M is the total mass of the system, M = mc + m0 + m; μ

is the friction coefficient of sliding isolator, which provide
damping effect for the sliding isolation layer; g is the grav-
itational acceleration; and fs is the restoring force provided
by displacement-limiting devices, and the subscripts x and y
represent horizontal x-axis and y-axis directions.

The parameters of Eq. (1) can be obtained by Eqs. (2)–(7)
[25]:
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L

hw
tanh

(
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)
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(5)
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√
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(
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)2
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c0x = 2

(
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)
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where ML is the total liquid mass and mc + m0 is equal to
ML; hw is liquid height; L is the length of the liquid storage
structure, which is parallel to the earthquake direction; hc
is the distance between the liquid convective mass and the

structure bottom, and h0 is the distance between the rigid
mass and the structure bottom; ωc is circular frequencies
corresponding to the convection mass; Tx is isolation period;
ξc is liquid sloshing damping ratio, and it is equal to 0.005;
and ξ0 is the mass damping ratio corresponding to m0 + m,
and it is equal to 0.05.

The simplified model parameters in y-axis direction can
be obtained by replacing structure length L in Eqs. (2)–(6)
with structure width B; at the same time, Tx in Eq. (7) should
be replaced with Ty .

2.2 Numerical Calculation Method and Dynamic
Equation

Based on the theory of liquid sloshing, the fluidmotion equa-
tions can be obtained by the fluid dynamics theory:

Hp + Aṗ + Ep̈ + ρfBr̈ + q0 = 0 (8)

The structural motion equation in contact with the fluid
is:

Msr̈ + Csṙ + Ksr − BTp = −Msüg − Ff − Fs (9)

FSI is achieved by pressure vector p and coefficientmatrix
B in Eqs. (8) and (9), and the coupling motion equation of
the system can be obtained by the combination of Eqs. (8)
and (9):

[
Ms 0
ρfB E

] [
r̈
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]
+

[
Cs 0
0 A

] [
ṙ
ṗ

]

+
[
Ks −BT

0 H

] [
r
p

]
=

[−Msüg − Ff − Fs

−q0

]
(10)

whereMs,Cs andKs are mass, damping and stiffness matri-
ces; r is displacement vector; üg is earthquake acceleration
vector; Ff is friction force vector; Fs is restoring force vector
provided by limiting devices; ρf is liquid density; p is liquid
pressure vector; q0 is input excitation vector acting on liquid
from structure; H, A, E and B are coefficient matrices, and
their detail expressions are shown in Eq. (11); and N is shape
function.
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Fig. 3 Restoring force model. a Rigid plastic restoring force model. b Bilinear restoring force model. c Comprehensive restoring force model

Table 1 Material parameters of displacement-limit device

Elastic modulus
E /Pa

Poisson’s ratio ν Yield strength
σ/MPa

Density ρ/kg/m3 Strain hardening
modulus E/Pa

Yield strain ε Maximum plastic
strain εu

2 × 1011 0.3 235 7800 2 × 109 0.001 0.02

Table 2 Properties of the isolation layer

Properties μ Tensile strength Compressive strength Usage temperature Linear expansion coefficient

Values 0.04–0.15 10–25MPa 12MPa −250 to 260 ◦C 8−25 × 10−5/◦C

2.3 Restoring Force Model

For the hybrid control system with sliding isolation and
displacement-limiting devices, the friction effect of sliding
isolation layer can use the rigid plastic restoring force model
[26,27], as shown in Fig. 3a. The bilinear restoring force
model is used for displacement-limiting devices, as shown in
Fig. 3b. By superposing parallel, the comprehensive restor-
ing force model of the isolation layer can be obtained, as
shown in Fig. 3c.

3 Numerical Example

3.1 Calculation Model

Using a chemical plant in Lanzhou, Gansu Province, PRC,
as the engineering case study, the size of concrete RLSS is
6m× 6m× 4.8m, and its wall thickness is 300mm. Sliding
base isolation is used and contact surface is set to simulate
the behavior the sliding isolation layer; eight displacement-
limiting devices are set up in the four corners of concrete
RLSS. Linear elastic material is used for concrete, its elas-
tic modulus is 3 × 1010Pa, Poisson’s ratio is 0.20, density
is 2500kg/m3, and 3D solid element is used for the con-
crete structure. Bilinear material model and beam element
are used for the limiting devices, and the material parame-
ters are shown in Table 1. Potential-based fluid material and

3D fluid element are used to simulate the liquid, its density
is 1000 kg/m3, and the bulk modulus is 2.3 × 109Pa. Teflon
sliding isolation layer is used, the friction coefficient of slid-
ing device made of Teflon is small, with the change of the
sliding velocity and the pressure of the surface, the change
of the friction coefficient is not very big, and the difference
between static friction coefficient and sliding friction coeffi-
cient is very small;when the compressive stress of the friction
surface is greater than a certain value, the Teflon will enter
into plastic-flow state under the combined action of the hori-
zontal force and the upper pressure [28]. Therefore, Teflon is
an ideal seismic isolationmaterial, and its material properties
are shown in Table 2.

El-Centro wave (component of NS direction) is used to
conduct the time history analysis, which was recorded from
Imperial Valley earthquake in El-Centro station happened on
May 18, 1940. It is a typical near-field seismic record. In
order to improve computational efficiency, the records of the
first 10 s are only chosen, and the acceleration time history
curve is shown in Fig. 4. The calculation model of sliding
isolation concrete RLSS with displacement-limiting devices
considering FSI is established byADINA, as shown in Fig. 5.

3.2 Dynamic Responses Under Bidirectional
Earthquake Action

In order to study the dynamic responses of sliding isolation
concrete RLSS with limiting devices subjected to bidirec-
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Fig. 4 Acceleration time history curve of El-Centro wave

Fig. 5 Numerical calculation model

tional earthquake, the dynamic responses of three types of
structures (fixed support structure, pure sliding isolation
structure, sliding isolation structure with limiting devices)
are compared. The ratio of PGAs in horizontal x-axis and
y-axis is adjusted to 1:0.85. Due to limited space, assuming
that friction coefficient is 0.06, limiting-device diameter is
60mm, liquid height is 3.6m, PGA-x is 0.40g, and PGA-y
is 0.34g. The calculation results ofwave height and structural

displacement under bidirectional seismic action are shown in
Figs. 6 and 7.

As shown in Fig. 6, under horizontal bidirectional seis-
mic action, wave height of pure sliding isolation and sliding
isolation with limiting-devices concrete RLSSs are obvi-
ously less than that of fixed support concrete RLSS, and
wave height is increased to a certain extent after the limit-
ing devices being taken. As shown in Fig. 7, displacement of
pure sliding isolation concrete RLSS is obviously larger than
that of sliding isolationwith limiting-devices concreteRLSS;
namely, for pure sliding isolation concrete RLSS, pounding
between sliding isolation structure and surrounding wall will
be caused or auxiliary pipelines will be destroyed because
of large displacement. After displacement-limiting measure
being taken, the horizontal displacement is controlled effec-
tively under horizontal bidirectional seismic action, and the
effectiveness of sliding isolation concrete RLSS is improved.

3.3 Comparisons of Dynamic Responses Under
Unidirectional and Bidirectional Seismic Actions

In order to investigate the influence of horizontal bidirec-
tional seismic action on the dynamic responses of concrete
RLSS, a comparative study on the dynamic responses under
unidirectional and bidirectional seismic actions is conducted.
The details are shown in Figs. 8, 9 and Table 3.

As shown in Fig. 8, under unidirectional seismic action,
the maximum wave heights of fixed support, pure sliding
and sliding–limiting concrete RLSS are 0.673, 0.488 and
0.542m; under bidirectional seismic action, the maximum
wave heights of fixed support, pure sliding and sliding–
limiting concrete RLSS are 1.24, 0.777 and 1.06m. As
shown in Fig. 9, under unidirectional seismic action, the
maximumdisplacements of pure sliding and sliding–limiting
concrete RLSS are 70 and 41.4mm; under bidirectional seis-
mic action, the maximum displacements of pure sliding and
sliding–limiting concrete RLSS are 94.1 and 55.8m. It is
obtained that wave height and structural displacement under
bidirectional seismic action are obviously larger than that of
unidirectional seismic action, in order to ensure the safety

Fig. 6 Wave height
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Fig. 7 Structural displacement
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Fig. 8 Influence of
bidirectional earthquake on
wave height. a Fixed support. b
Pure sliding. c Sliding–limiting
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Fig. 9 Influence of
bidirectional earthquake on
structural displacement. a Pure
sliding. b Sliding–limiting
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Table 3 Comparisons of tensile stresses under bidirectional earthquake
(MPa)

Action direction Unidirectional Bidirectional

Fixed support 1.852 2.702

Pure sliding 1.280 1.443

Sliding–limiting 1.310 1.438

of concrete RLSS under seismic action, it is necessary to
consider the influence of bidirectional seismic action in a
reasonable way.

As shown in Table 3, compared with unidirectional seis-
mic action, the wall tensile stresses of fixed support, pure

sliding and sliding–limiting concrete RLSS under bidirec-
tional seismic action are amplified by 45.90, 12.73 and
9.77%, respectively; namely, horizontal bidirectional seis-
mic action will cause the significant increase in wall tensile
stress of concrete RLSS. Besides, the effect of bidirectional
earthquake on the wall tensile stress is reduced after slid-
ing isolation being taken. When PGA is 0.40g, wall tensile
stress of fixed support structure is near to concrete tensile
strength under unidirectional seismic action, but under bidi-
rectional seismic action, wall tensile stress of fixed support
structure has seriously exceeded the tensile strength of con-
crete, and the wall will be undoubtedly cracked. After sliding
isolation is taken for the concrete RLSS, wall tensile stress is
effectively controlled whether under unidirectional or bidi-

Fig. 10 Influence of friction
coefficient on wave height
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rectional seismic action, and wall tensile stress is reduced
more significantly under bidirectional seismic action.

3.4 Parameter Analysis

3.4.1 Friction Coefficient

Friction coefficient is a very important design parameter of
sliding isolation structure, which directly affects the base
displacement and damping effect [29]. Liquid level height is
3.6m, limiting-device diameter is 60mm, and the influences
of friction coefficient on the dynamic responses of the system
are shown in Figs. 10, 11 and Table 4.

Figure 10 shows that wave height increases with increase
in earthquake intensity and friction coefficient, and the max-
imum sloshing heights of pure sliding and sliding–limiting
structures are less than that of the fixed support structure;
namely, sliding base isolation can effectively reduce thewave
height. When limiting devices are added to the pure sliding
base-isolated structure, the sloshing height slightly increases.
The smaller the friction coefficient, the more obvious the
reduction effect on the sloshing height. When the friction
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Fig. 11 Influence of friction coefficient on structural displacement

coefficient is larger and further increases, the differences of
wave heights corresponding to isolation structures with and
without limiting devices will decrease. Compared with the
fixed support structure, the reduction effects of pure slid-
ing and sliding–limiting on the wave height decrease with
increase in friction coefficient. When the friction coefficient
is large, the advantage of the sliding base-isolated structure
cannot be fully employed; therefore, the friction coefficient
of sliding base-isolated concrete RLSSs cannot be too large.

As shown inFig. 11, themaximumstructural displacement
increases with increase in earthquake intensity and decreases
with increase in friction coefficient. In general, themaximum
structural displacement of the pure sliding isolation structure
is greater than that of the structure with sliding isolation and
displacement-limiting devices. When the friction coefficient
is larger, the maximum structural displacement difference
between the two types of damping structures is very small.
When the earthquake PGAs are 0.22 and 0.40g, the max-
imum structural displacement can meet the requirement of
the limit value, and the structural displacement difference
between the two damping structures is small. However, when
the PGA is 0.62g, the maximum structural displacements of
the pure sliding base isolation structures are 311.2mm,which
may exceed the limit of structural displacement. However,
after the limiting devices are installed, the maximum struc-
tural displacement is reduced to 169.3mm. Thus, the limiting
devices can considerably reduce the structural displacement
of pure sliding base-isolated structure andmake the structural
displacement meet the requirements of the limit value.

As shown in Table 4, for fixed support (no-isolation) struc-
ture, when the PGA is 0.22g, Stress-XX and Stress-YY
are 1.786 and 1.760MPa, which have been close to ten-
sile strength of concrete; however, when the PGA is 0.40
and 0.62g, the maximum tensile stress of the fixed support
structure has exceeds the tensile strength of concrete and
will cause the wall to crack (using tensile strength of the
concrete as the criterion for concrete crack, and the tensile

Table 4 Effects of friction coefficient on tensile stress

Structure type Tensile stress Stress-XX (MPa) Stress-YY (MPa)

Friction coefficient (g) 0.04 0.06 0.08 0.10 0.12 0.04 0.06 0.08 0.10 0.12

Pure sliding PGA 0.22 1.380 1.451 1.369 1.463 1.431 1.375 1.450 1.365 1.460 1.425

0.40 1.344 1.445 1.537 1.460 1.683 1.351 1.443 1.529 1.449 1.671

0.62 1.290 1.312 1.624 1.507 1.653 1.290 1.312 1.624 1.507 1.653

Sliding–limiting PGA 0.22 1.281 1.264 1.407 1.463 1.419 1.280 1.264 1.407 1.463 1.415

0.40 1.326 1.431 1.519 1.420 1.854 1.297 1.438 1.516 1.429 1.848

0.62 1.527 1.322 1.664 1.672 1.678 1.513 1.327 1.661 1.660 1.662

Fixed support PGA 0.22 1.786 1.760

0.40 2.749 2.702

0.62 3.892 3.818
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strength of the concrete used in this engineering is 2.01MPa).
After energy dissipation method being taken, the maximum
tensile stresses corresponding to pure sliding structure and
sliding–limiting structure are less than that of the fixed sup-
port structure, and the tensile stress are all much less than the
tensile strength of the concrete (2.01MPa). Generally, when
the friction coefficient is smaller and the earthquake inten-
sity is greater, the reduction effect of sliding base isolation
on tensile stress of concrete RLSS is more obvious.

From above analysis, sliding isolation system with low
friction coefficient will reduce demand on concrete RLSS
more significantly, although structural displacement could
be large. In order to better play the advantages of sliding iso-
lation RLSS, low friction coefficient should be chosen, and
flexible piping connection and limiting devices can be used
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Fig. 13 Effect of liquid height on structural displacement

to mitigate the adverse effect caused by large displacement
of sliding isolation concrete RLSS.

3.4.2 Liquid Height

The liquid level height of LSS is changeable at different
stages due to the requirement of its function; namely, liq-
uid level height is a random variable. In order to investigate
the influence of liquid level height on the dynamic responses
of the system, assuming that friction coefficient is 0.06, limit-
device diameter is 60mm, the liquid level height is 2.1, 2.7,
3.3, 3.9 and 4.5m, respectively, and the detailed results are
shown in Figs. 12, 13 and Table 5.

As shown in Fig. 12, the influence of liquid level height on
wave height is small after damping measures being taken. As
shown in Fig. 13, structural displacement increases with the
increase of liquid level height, and then, it remains constant;
when the PGA is 0.62g, the influence of liquid level height
on structural displacement is greater. As shown in Table 5,
the wall tensile stresses under various liquid level heights are
much smaller than that of concrete tensile strength; besides,
the wall tensile stress increases with the increase in liquid
level height on the whole; therefore, in the design of sliding
isolation concrete RLSS, it is necessary to take larger liquid
filling ratio as the control condition.

3.4.3 Limiting-Device Diameter

The section diameter is an important design parameter of
the limiting-device, which directly determines the stiffness
of the limiting-device. In order to investigate the influence
of limiting-device diameter on the dynamic responses of the
system, assuming that limiting-device diameter is 20, 40, 60,
80 and 100mm, respectively, friction coefficient is 0.06, and
liquid level height is 3.6m. The detailed results are shown in
Figs. 14, 15 and Table 6.

As shown in Fig. 14, wave height increases with the
increase of limiting-device diameter, and the greater the seis-
mic intensity, the greater the influence of limiting-device
diameter on wave height; when the limiting-device diameter
is increased to a certain value, the sliding isolation will lose
the damping effect onwave height.As shown inFig. 15,when
the PGA is 0.22g, the influence of limiting-device diameter
on structural displacement is small, but when the PGAs are

Table 5 Effect of liquid height
on tensile stress

Tensile stress Stress-XX (MPa) Stress-YY (MPa)

Liquid height 2.1m 2.7m 3.3m 3.9m 4.5m 2.1m 2.7m 3.3m 3.9m 4.5m

PGA 0.22g 0.485 0.737 0.924 0.956 1.145 0.476 0.687 0.934 0.955 1.136

0.40g 0.524 0.877 0.914 0.930 1.226 0.512 0.827 0.902 0.914 1.223

0.62g 0.615 0.696 0.925 1.271 1.228 0.566 0.759 0.917 1.274 1.236
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0.40 and 0.62g, the structural displacement decreases with
the increase in limiting-device diameter; namely, the greater
the earthquake intensity, the greater the influence of limiting-
device diameter on structural displacement.

As shown in Table 6, when the limiting-device diameter is
increased from 20 to 80mm, the wall tensile stress is small;
however, when the limiting-device diameter is increased to
100mm, the wall tensile stress is close to or exceeds the
tensile strength of concrete. Therefore, the limiting-device
diameter is another important factor which affects the damp-
ing effect of sliding isolation, and too large limiting-device
diameter can make the sliding isolation lose the role of shock
absorption. It is suggested that smaller diameter should be

used for limiting-device under the premise of structural dis-
placement meeting the requirements.

3.5 Seismic Decrease Coefficient

Seismic decrease coefficient can directly reflect the isolation
effect, which can be defined as:

R = Qfixed − Qisolated

Qfixed
(12)

where R is seismic decrease coefficient; Qfixed is dynamic
response of no-isolation structure; and Qisolated is dynamic
response of isolation structure.

In order to study the seismic decrease coefficient of slid-
ing isolation concrete RLSS with limiting devices, based on
the results of parameter analysis, the friction coefficient is
assumed as 0.04, limiting-device diameter is 60mm, and liq-
uid height is 3.6m. The time history records of different sites
of Chi-Chi, Darfield and Loma earthquakes are chosen, and
the PGAs in x-axis and y-axis are 0.62 and 0.527g. Among
these records, there are 10 near-field pulse-like earthquake
records, 10 near-field no-pulse earthquake records and 10
far-field earthquake records, and their details are shown in
Table 7.

The two most common failure modes of concrete liq-
uid storage structures are wall cracking and liquid overflow,
based on the calculation of 90 models under the action of
horizontal bidirectional earthquakes, the tensile stresses and
wave heights corresponding to fixed support, pure sliding and
sliding–limiting concrete RLSS are obtained, and the seismic
decrease coefficients are calculated by Eq. (12). In order to
get the statistical results, the average values of the seismic
decrease coefficients are obtained, and the details are shown
in Tables 8 and 9.

As shown in Table 8, under horizontal bidirectional near-
field pulse-like, near-field no-pulse and far-field earthquake
actions, the average seismic decrease coefficients corre-
sponding to tensile stress of pure sliding isolation concrete
RLSS are 0.543, 0.581 and 0.568, respectively, and the
average seismic decrease coefficients corresponding to ten-
sile stress of sliding isolation concrete RLSS with limiting
devices are 0.537, 0.595 and 0.575, respectively.

Table 6 Effect of limiting-device diameter on tensile stress

Tensile stress Stress-XX (MPa) Stress-YY (MPa)

Diameter 20mm 40mm 60mm 80mm 100mm 20mm 40mm 60mm 80mm 100mm

PGA 0.22g 1.364 1.349 1.264 1.498 1.959 1.362 1.355 1.262 1.473 1.914

0.40g 1.358 1.524 1.431 1.682 2.303 1.357 1.497 1.438 1.676 2.250

0.62g 1.318 1.413 1.322 1.509 3.116 1.318 1.426 1.327 1.506 2.937
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Table 7 Earthquake information

Near-field pulse-like Near-field no-pulse Far-field

No. Earthquake Station No. Earthquake Station No. Earthquake Station

1 Chi-Chi CHY101 11 Chi-Chi TCU106 21 Chi-Chi CHY027

2 Chi-Chi TCU036 12 Chi-Chi TCU110 22 Chi-Chi CHY032

3 Chi-Chi TCU046 13 Chi-Chi TCU116 23 Chi-Chi CHY033

4 Chi-Chi TCU051 14 Chi-Chi TCU122 24 Chi-Chi CHY044

5 Darfield DSLC 15 Darfield DFHS 25 Darfield CSHS

6 Darfield LINC 16 Darfield LRSC 26 Darfield MYAC

7 Darfield TPLC 17 Darfield RKAC 27 Darfield PEEC

8 Loma Gilory array #3 18 Loma Capitola 28 Loma Calaveras Reservoir

9 Loma Gilory array #2 19 Loma Gilory array #6 29 Loma Fremont-Emerson Court

10 Loma Saratoga-W valley coll 20 Loma Gilory array #4 30 Loma SAGO South-Surface

Table 8 Seismic decrease coefficients corresponding to tensile stress

No. Seismic decrease coefficient No. Seismic decrease coefficient No. Seismic decrease coefficient

Sliding Sliding–limiting Sliding Sliding–limiting Sliding Sliding–limiting

1 0.38 0.38 11 0.75 0.72 21 0.36 0.38

2 0.57 0.52 12 0.35 0.44 22 0.49 0.51

3 0.74 0.73 13 0.48 0.52 23 0.63 0.63

4 0.67 0.70 14 0.68 0.68 24 0.45 0.49

5 0.65 0.65 15 0.77 0.77 25 0.76 0.78

6 0.44 0.44 16 0.51 0.51 26 0.59 0.59

7 0.64 0.63 17 0.62 0.61 27 0.65 0.64

8 0.38 0.38 18 0.60 0.64 28 0.65 0.63

9 0.40 0.40 19 0.65 0.65 29 0.63 0.60

10 0.55 0.53 20 0.41 0.40 30 0.46 0.51

Average 0.543 0.537 Average 0.581 0.595 Average 0.568 0.575

Table 9 Seismic decrease coefficients corresponding to wave height

No. Seismic decrease coefficient No. Seismic decrease coefficient No. Seismic decrease coefficient

Sliding Sliding–limiting Sliding Sliding–limiting Sliding Sliding–limiting

1 0.41 0.35 11 0.45 0.41 21 0.44 0.32

2 0.46 0.38 12 0.42 0.36 22 0.46 0.39

3 0.56 0.49 13 0.49 0.38 23 0.40 0.33

4 0.46 0.40 14 0.44 0.37 24 0.49 0.41

5 0.51 0.42 15 0.48 0.39 25 0.55 0.48

6 0.48 0.39 16 0.46 0.35 26 0.46 0.40

7 0.52 0.47 17 0.49 0.40 27 0.51 0.42

8 0.49 0.44 18 0.51 0.42 28 0.48 0.38

9 0.45 0.36 19 0.50 0.40 29 0.46 0.37

10 0.47 0.38 20 0.48 0.39 30 0.52 0.43

Average 0.481 0.408 Average 0.472 0.387 Average 0.477 0.393
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As shown in Table 9, under horizontal bidirectional near-
field pulse-like, near-field no-pulse and far-field earthquake
actions, the average seismic decrease coefficients corre-
sponding to wave height of pure sliding isolation concrete
RLSS are 0.481, 0.472 and 0.477, respectively, and the aver-
age seismic decrease coefficients corresponding to wave
height of sliding isolation concrete RLSS with limiting
devices are 0.408, 0.387 and 0.393, respectively.

Through the comparison of the two kinds of seismic
decrease coefficients, it is obtained that the influence of
limiting-device on the wave height is greater than that of
the wall tensile stress. Besides, the seismic decrease coeffi-
cients corresponding to wall tensile stress and wave height
under different kinds of bidirectional earthquakes are large,
so the effectiveness of sliding isolation on concrete RLSS is
further verified.

4 Conclusions

In order to improve the safety of concrete RLSS under earth-
quake action, a energy dissipationmethod of sliding isolation
and limiting devices for concrete RLSS is proposed, the
dynamic responses of sliding isolation concrete RLSS under
bidirectional earthquake are studied, a parameter analysis is
conducted, and finally, the effectiveness and the significance
of the energy dissipation method are further verified by the
seismic decrease coefficients corresponding to wall tensile
stress and wave height. The main conclusions are as follows:

1. Sliding isolation can effectively reduce the wall tensile
stress of concrete RLSS, but the larger the friction coef-
ficient, the liquid lever height and the limiting-device
diameter are, the wall tensile stress will be also larger
on the whole.

2. The maximum wave height of sliding isolation concrete
RLSS is less than that of fixed support concrete RLSS,
and the smaller the friction coefficient is, the greater the
seismic intensity is, themore obvious the reduction effect
of sliding isolation on wave height.

3. The structural displacement, wave height and wall ten-
sion stress under bidirectional seismic action are signif-
icantly higher than those of under unidirectional earth-
quake action.

4. Setting limiting devices can solve the problem that the
displacement of sliding isolation concrete RLSS exceeds
the limit under the condition of large earthquake inten-
sity and small friction coefficient, but it should be noted
that larger limiting-device diameter may make sliding
isolation lose the shock absorption effect. In order to fur-
ther improve the security of the system, when the friction
coefficient is small, besides the limiting devices, the flexi-
ble connection should be adopted in the auxiliary pipeline

of LSS, so as to deal with the adverse effects caused by
the large structure displacement.

5. Based on the analysis of sliding isolation concrete RLSS
with limiting devices under near-field pulse-like, near-
field no-pulse and far-field earthquakes, it is obtained
that the seismic decrease coefficients corresponding to
wall tensile stress and wave height are all large enough;
therefore, sliding isolation with limiting-devices system
is of great significance to the control of the two most
common failure modes of concrete RLSS, namely wall
cracking and liquid overflow.
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