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Dynamic uplift analysis of liquid storage tanks
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ABSTRACT . A substructure method is developed for dynamic uplift analysis of liquid storage tanks with de-

formable base plate. The tank shell is discretized into a number of ring-shaped shell elements and the base plate

is modelled by plate elements coupled with plane stress elements. The base ring of the shell, i. e. the perimeter

of the base plate is assumed keeping in a plane all along during vibration. The interaction of the base plate with

the foundation is taken into consideration by proper choice of impedance coefficients of the foundation soils.

Numerical results indicate that the lift-off region of the base plate is crescent in shape which agrees well with

the experimental results. Some useful conclusions can be drawn from the calculated examples.

1. INTRODUCTION

Liquid storage tanks are widely used in petrochemical
industry and in nuclear power plants. During past
strong earthquakes occured in Japan, USA, China
etc. a great number of such tanks suffered severe
damages. Through field seismic observation and lab-
oratory experiments it was realized that uplifting of
the base plate serves the main cause that leads to the
damage of unanchored liquied storage tanks. Howev-
er, in the literature, apart from very complicated
modelling with a large number of finite elements
(Barton 1987), most of the approaches were too
simple to capture the fundamental behaviour of the
response of the structure. The present paper aims to
develop a more rational model to reflect the uplift
mechanism of the tank subjected to earthquake load-
ing.

In the analysis the followings are assumed.

1.‘The tank wall and the base plate are analyzed
based on linear elastic theory. Further refinement of
the approach is suggested to take into consideration
geometric non-linearities by introducing correspond-
ing finite elements.

2. The irrotational flow of non-viscous fluid is as-
sumed.

3. The dynamic interaction effect of the base plate
with the foundation is modelled by impedance coeffi-

cients of the underlying soils.

2. EQUATIONS OF MOTION OF THE SYSTEM

The equations of motion of the system is formulated

by substructure method.
2.1 Equations of motion of the tank wall

The tank under investigation is shown in Figure 1.
The shell is discretized into a number of ring-shaped
strip elements. Take a typical element, the displace~
ment vector at any point within it 8 may be expressed
by the displacement vector at its upper and lower

nodal rings A.

{¢

-

= [N]{4} ¢))
where

{0y = uvw]

{4} = [ul wy By v Uy wy By 'Uz]T



u» v, w denote respectively the radial, tangential and
vertical displacements at any point; while wi, wisvi»
8: dencte respectively the displacements of the nodal
ring in the x, z, y direction and the rotation about y-
axis, subscript i=1,2 refer to the upper and lower
rings respectively. The displacement of the ring a-
long radial direction is idealized by cosm@ and sinmé
(m==1,2,--) distribution and N represent the shape
functions. The coordinate system is choosed relative
to the base ring of the shell.
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Fig. 1 Coordinate system of the tank shell

Applying Lagrange equations we get the equations
of motion of the shell subjected to earthquake ground

motion

[M,]{4) + [K,]{4) = {F,) (2)

where M, and K, denote the mass and stiffness matri-
ces; force vector F, is determined in accordance with
the dynamic pressure of the liquid in the tank. For
simplifying derivation we omit hereafter tentatively
the damping terms in the equation.

The liquid pressure during vibration is expressed as

P=ZXZ3N: P,

L

or

P=[N]{p} 3

where p is a vector of pressure coefficients Ph.. Ac-
cording to the weighted residual method, the equa-
tion of motion of the fluid is formulated as

(M. + [MD{py + [HYp) = {F/} (©

in which M. and M/, represent respectively the com-
pressibility and surface wave effect of the fluid; vec-
tor Fy is closely related to the normal acceleration
components of the tank during vibration.

Coupled fluid — structure equations of motion are
obtained by combing equations (2) and (4).
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In the above equation, p is the mass density of the
fluid; S is a transformation matrix.

(F,} = [S)p)
and [(M,] = [M.]+ [M,]

For computational convenience equation (5) may be
transformed into a symmetrical ones through some
treatments. If the compressibility and surface wave
effects of the fluid may be neglected, then the lower
part of equation (5) becomes

{2} =— p[H]'[S]"{4)

and the upper part of equation (5) is further simpli-
fied to
(MI{a} + [K, {4} = {0} (6

in which

M]=[M]+[M,]
= [M.]+ o[SILH]'[ST”

2. 2 Equations of motion of the base plate

By introducing plate elements coupled with plane
stress elements the mass matrix and stiffness matrix
of the base plate are easily obtained. At each nodal
point i we have five displacement components

{;’} = [ui w; 0,.' 0 'UJ

where u, w, v, 0,,0, refer respectively the nodal dis-
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placement components in the z, z, y direction and
the rotation components about y and z axes. Assume
earthquakes take place in the direction of x-axis, the
less important degree of freedom v may be eliminated
by static condensation. Finally, we have reduced
equations of motion of the base plate

[MiZ) + [KJiz} = {0) )
where
{z} = [Il Tprereee ]T

' corresponds to the total displacement vector and x
relative to the free field ground motion.

The dynamic interaction effect of the base plate
with the foundation is taken into consideration by
means of impedance coefficients which are considered
as frequency independent and are choiced in confor-
mity with the predominant frequency of the earth-
quake ground motion.

F, =K, Au= (K, +iC,))Au
F, = K, Aw = (K, + iCy) Aw
M, = K,A6, = (Ky + iC,)Ab,

By incorporating foundation impedance coefficients
the equations of motion of the base plate become

M){Z) + [K, )z} = {0} (8)

Owing to the restraint of the plate itself, the
perimeter of the base plate, i.e. the base ring of the
shell may be assumed keep undeformable all along
during vibration. According to this, the displace-
ment vector xz, of all points of the base plate lying on
its periphery may be expressed in terms of the refer-
ence displacement vector z, of the base ring of shell

{z.} = [T ]{=z} 9
where
{z,} = [uo Wy ayﬁ 0:0]1.

Performing coordinate transformation (9) eventu-
ally we get the equations of motion of the base plate
in the partitioned form

x x ..
(a3 + KXy =— [0 1003

(10>

where M*, K- are the transformed matrices of the
base plate; z,is the displacement vector of the inner
points of the plate; u, is the free-field ground dis-
placement vector induced by the earthquakes; ele-
ments in each columm of matrix [J] corresponding
to displacement component of x, are unity, other ele-
ments are zero

1D

(“x) = [“u “HJT

2. 3 Equations of motion of the system

Based on equations (6), (9), (10) and (11), the
total displacement vector of the jth nodal ring of the
tank shell with respect to a fixed axis when the struc-
ture is subjected to the earthquake ground motion
may be expressed as

uy = w; + uo + wg: + hify
u’fi=wj+w0+uﬂ
By =8+ 6,

v =

or in matrix form

{4} = {A) + [A){=o) + [L](“t} a2
where
1000 1000 17
.= [0100 0100 }
(Al =Ly 1oy +oeer I
1 0 A O
01 0 0
I..j =
{1, 00 1 0
0 0 0 O

h; is the height of the jth nodal ring above the base
(Fig. 1).

According to equations (6) and (12) the equa-
tions of motion of the tank shell (not including base
ring) are expressed in the form

[M1{4) + [MI[AJ{Z) + [Ka)

=— [MI[L{x,) as)
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Forces exerted on the base ring by the tank shell
and the impounded liquid may be written as

{(F;} = [AT[MI[A] + [AT[MI[AD(F)
+ LA IMIL] (s} 14

According to equation (10) the equation of motion
of the base plate including dynamic liquid presure are
written in the form

[Mrr + Mar 0 J(‘io} + Kn- Kri xO
0 M;+ M, 1. K, K.'.} (Ii }
M, + M, 0 .
- [ 0 Mii+Mm':|[J](u‘) s

where M., and M,; are the added mass matrices of the
fluid.

Assembling equations (13) to (15) and includ-
ing damping terms yield the equations of motion of
the system

IMJ{A) + [CHA) + [KIA) == (k)
(16)
where
M MA 0
[M]=|ATM AT™MA+M, + M, 0
0 0 M;+ M,
K, K. 0
[:Kt] = Kﬂ Ku + Krr Kri
0 K, K

(A) = [47 2,7 =7

(F)\= [F\ Fy FyT ()

(£, = [MIL]

[F.] = [AFIMI[L] + (M., + M.][J.]

[F:] = [M. + Mai][']d]
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Equation (16) is solved by step by step numerical
time integration technique. During the process, once
any nodal point of the base plate is lifting off from
the foundation the impedance coefficients at that
point turn to zero, the stiffness matrix of the base
plate is adjusted correspondingly and vice versa. The
computational efforts may be reduced if the adjusted
terms of the stiffness matrix is moved to the right
hand side as a fictitious load.

Further refinement of the approach may be
achieved by introducing geometriaclly nonlinear
quasi-conforming shell elements (Guan 1991) to con-
struct the stiffness matrices of the structure.

3. NUMERICAL RESULTS AND DISCUSSION

To evaluate the effectiveness of this analysis proce-
dure, results of analysis of a free-base steel cylindri-
cal tank impounding water subjected to sinusoidal
earthquake excitation are presented. The parameters
used in the calculation are as follows: height of the
tank 354cm; radius 58cm; thickness of the wall
0. 08cm; thichness of the base plate 0. 24cm; depth
of water 283cm. Material properties of steel are:
E=2.1X10°MPa; v=0. 3; p=8000kg/m".

The exciting frequency is 10 rad/sec with maxi-
mum acceleration equal to 250cm/sec. A total of 800
time steps are calculated with step length equal to
0. 02sec.

The tank shell is discretized into 10 ring-shaped el-
ements and the base plate 28 triangular elements with
22 nodal points.

The impedance coefficient of the foundation in the
z direction K, is selected as 49N/cm?, and the coeffi-
cients in the x direction and rotation are calculated by
approximate formulas in terms of K..

The time history of uplift of point No. 1 (intersec-
tion of x-axis with periphery of the base plate) is
shown in Fig. 2. positive value means that point No.
1 is lifting off from the foundation.

Fig. 3 demonstrates the uplifting process of the
base plate. Black dots indicate the position of points
currently lifting off of the foundation. It is clear that
the calculated uplifting region of the base plate is
crescent in shape which agrees well with the experi-
mental results (Clough 1979).
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Fig. 2 Time history of uplifting of point No. 1

N=27

N=28

Fig. 3 Uplifting of base plate
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Fig. 4 Moments developed at the base plate, uplifting
includ‘ed (Max. value 356 N+cm/cm)

Fig. 4 and Fig. 5 compare the bending moments
My developed at the base plate with uplifting effects
included or neglected. It can be seen that uplifting re-
markably increases the radial stresses of the base

plate.

O

Fig. 5 Moments My developed at the base plate, up-
lifting neglected (Max. value 56 N+cm/cm)

Fig. 6 Axial force N, developed at the tank wall, up-
lifting included (Max. value 149 N+cm/cm)

Fig. 7 Axial force N, developed at the tank wall up-
lifting neglected (Max. value 54 N+cm/cm)

Fig. 6 and Fig. 7 compare the axial force N, devel-
oped at the tank wall with uplifting effects included
or neglected. Uplifting also tends to increase the axi-
al stresses of the tank wall.

Fig. 8 shows bending moment at the tank wall in-
cluding uplift effect, the same conclusion can be
drawn when compared with the results obtained by
neglecting uplifting.

In order to study the influence of the stiffness of

underlying foundation soil on the dynamic response of
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Fig. 8 Bending moment M developed af the tank v

wall, uplifting included (Max. value 149 N+cm/cm)

Fig. 9 Axial force N, developed at the tank wall
(Max. value 571 N<cm/cm)

i

Fig. 10 Bending moment M developed at the tank
wall (Max. value 0.13 N+cm/cm)

tank wall, numerical calculations of another example
with stiffness of the soil enlarged to ten times that of
the previous example were performed. Other param-
eters remain unchanged. The axial force and moment
response of the tank wall are given in Fig. 9 and
Fig. 10 Comparing with Fig. 6 and Fig. 8 it was
found that the maximum compressive stresses devel-
oped at the tank wall during vibration increase to
more than three times what it was in the previous ex-
ample. Moreover, higher frequency components be-
come more and more abundant. Hence, place the
tank on softer ground is preferable.

4. CONSLUSIONS

A more rational approach for dynamic uplift analysis
of liquid storage tanks with deformable base plate is
presented. The calculated uplifting region of the base
plate is crescent in shape which agrees well with the
experimental results.

From numerical results the following conclusions
are obtained.

1. The period of vibration of the tank increases a
little bit during the process of uplifting.

2. When uplifting occurs, the higher frequency
components of the tank response become more and
more abundant. The stiffer the underlying founda-
tion soil, the richer the higher frequency compo-
nents.

3. Uplifting induces greater radial tensile stresses
at the base plate on the uplifting side, which governs
the stress condition of the base plate.

4. The influences of foundation soil rigidity on the
axial compressive stresses response of the tank wall
were very significant during uplifting. Place the tank
on softer ground is preferable.

Further refinement of the approach by introducing
geometrical nonlinear finite elements is suggested.
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