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Parameter studies of statically tilted unanchored
cylindrical tanks

David T. Lau' and Ray W. Clough"

ABSTRACT

ears many thin-shell cylindrical tanks have been damaged during earth-
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uakes. The seismic upliit response problem of unanchored tanks has been studied under
' tic tilt condition. 1'his paper quantifies the sensitivity of the uplift behaviour

of the important paramters which characterize the tank system, namely, the tilt
to-radius ratio, the tank shell and bottom plate thickness, the stiffening

rim wind girder and bottom toe ring, and the roof type. The discussion
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offect of the top n

>n the uplift resistance mechanism is based on the response quantities related to observed
sismic tank damage, such as the vertical uplift displacement, the extent of uplit in the
bottom plate, and the tank shell membrane and bending stresses near the base.

INTRODUCTION

efficient structures, and have applications in almost
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Thin shell cylindrical tanks are ver)
every major industry. They are simple in form and relative easy to construct. However, in
-ecent vears, many cylindrical tanks have been damaged during earthquake, sometimes with
-erious environmental ramifications, thus raising concerns about the seismic safety of these
structures.

AWWA (1984) and API (1988), which cover the design and
nks. the static strength design is based on the allow-

design standards
. . " & . - 'l. " -1 a L 1
However, the seismic behaviour ol cylindricai
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stress from the membrane theory.
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erent from the static behaviour, in particular for the unanchored ones. 1he
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seismic resistance mechanisms involved were not until recently fully understood. Based on
and observations from shaking table

held studie seismic damages (Benuska ed. 1990), g tat
s and Clough 1982), it has been determined that an unanchored tank u;_)rhtt.s sig-

he edge when subjected to even moderate horizontal base motion. When the

ik liquid content is subjected to horizontal strong ground motion, hydrodynamic forces are
srated acting on the tank wall and bottom plate, in addition to the hydrostatic pressure.

sultant force and overturning moment develops at the tank base due to the liquid
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and sloshing. and the tank uplifts on one side in response 10 this overturning

e

moment.
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METHOD OF ANALYSIS

The tank system considered in the present study consists of a cylindrical shell of ra4;,.
h of d,,. The thickness of the cylindrical she]] ;.

oht #,, partially filled to a dept | .
it A ly. As specified in the design standards, the bott,

the bottom plate are h; and h; respective es1gr
plate protrudes 2 in. (50.8 mm) outside the shell wall. The cylindrical tank also has tor

rim stiffening wind girder. The support platform is statically tilted to an angle ¢ with 15

This paper qua
characterizing the tan

horizontal plane.

An effective anal
to study the static tilt behaviour. Putting the method in the finite element cont

Upliftiqg cylindrical tank is divided analytically into substructure super elements, namely
the r:ylm'drical shell, the bottom plate, the top wind girder and the bottom toe ring. Ea
iljflsn;i;slformulated by Ritz discretiz‘ation using derived displacement shape functions
theiﬁxemg)r:;z?sgtﬂthemﬂ is employed in the modeling of the bottom plate, of which bot!
obtained by &Pplyingeﬁ;apglne;h?nls?s-are conSIdered.'A r}onlinear equilibrium equation i
current updated tangent StiffnesIs) e'ﬁhglligltl?é work, which is then solv.ed by lt-era[lFFI} u

‘ m plate contact pattern is also established b

iteration. The detajls of :
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The influences of these parameters

f the wind girder and bottom toe ring.
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| support platiorm, is directly
intensity of the ground
static tilt analysis,
ored tank

nduced by tilting the tank rig1e
be looked upon as related to the
by increasing the tilt angle 1n
itivity of the unanc
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Qtatic till uplift analysis results are presented for a broad 1/3 scale welded aluminum
model s ank, tested in a previous investigation (Manos and Clough 1982). The model tank,
lenoted here as the standard case, 18 0.08 in. (2.03 mm) thick, 12 ft. (3.66 m) 1n diameter
d 6 ft. (1.89 M) high, with a height-to-radius ratio of one. In the present study, the static
th 5 ft. depth of water 1n the tank.
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h tilt angle of the maximum base uplift (Pt.A in Fig.2), the extent
the tank shell mnembrane stresses at the contact pivot
on the uplifted side (Pt.A in Fig.2), are

The variations wit
bottom plate uplift (e in Fig.2)

aint (Pt.B 1n Fig.2), and the bending stresses
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3(a) and (b) that the overturning moment, induced by
t he unbalancec rectly related to the tilt angle, must reach
—um level before any base rimm uplift can occur. This minimum level ot overturning
moment 15 necessary to overcome the liquid pressure acting on the tank bottom, which
y indicates that the maximum allowable

he tendency to uplit. Fig.3(b) also clear!
“of the radius assumed in the design standards does not seem to correlate

[t can be deduced from Figs..
| | liquid pressure distribution and di
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led because of buckling ol the

amage show that many tanks fai
axial membrane

.ok shell near the base rim, due to the high concentration of compressive
he contact portion of the base rim. In Fig.3(c), the compressive membrane
brane hoop stress of a similar but iree cylindrical

2] horizontal position. The shell
y based on this reference hoop
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stress along t
tresses are normalized by the tensile mem
shell subjected to the liquid pressure loading in the it
design provision specified in the design standards 1s largel
—embrane stress. As shown in the hgure, the hoop membrane stress 1creases more rapidly
‘han the axial stress at the contact point, suggesting that perhaps at large tilt angle, the
hoop stress may become an important factor in determining the buckling strength of the
tank shell.

Another common seismic failure mode < the tearing or rupture at the bottom plate-
tank shell connection. This kind of failure may be initiated by the high bending moment
| curvature near the base of the tank shell caused by the restraining action of the bottom

esses at the joint are
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plate (Fig.3(d)). 1t 1s noted here that the 11*1.31.g,r11tude of the bending str

at least one order of magnitude higher than that of the membrane stresses. Consequently,
b attart » £ & | : : p— » :
he effect on the critical buckling load of the tank shell curvature resulting {rom flexural
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iv. the tank shell thickness is first kept unchanged, whijle he
di 1- then both the tank shell and the bottom plate thicknes

~m plate thickness is modifiec | _
,’,l;:f '1,_,,1,:1;:1; h;rm;I;!}‘Irl,—::::fm;;]y_ Because there is no design strength reqmrem‘ent for the bottom
o horizontal static condition, but the design standards specity that the bottor,

nlate thickness shall not exceed the bottom shell course thickness, hence the bottom plate
thickness is reduced from the standard case of 0.08 1n. (2.03 mm) to a smaller value of 0,03
in. (0.76 mm) in order to Sll_ld_'f the relative contribution to the uplift resistance mechanism

derived from the bottom plate. The results are presented in Figs.5(a)-(d).

In this parameter stuc
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Baa in both cases, uplift increases as the structure becomes more flexible when the plate
:m _;En SS 1].;. It‘{‘fiit"t‘{;li lh_?n-v{_'.vf:%r, the extent of the bottom plate that uplifted does not change
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stress increases substantially ess shown in Fig.5(c). On the contrary, the membrane hoop
Fig.5(d) o r‘“ ilhujliz"lalta t\i thlt’llda thmner bottom plate is chosen. The results presented In
o 1) SEEIns Lo indicate that reduc '
ucing the bottom plate thickness alone tends to decreast

the flexural deformat;
, at ation of th : .
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and toe ring around the tank

stiffening effect of the wind girder at the top rnm
analysis model.

varying the stiffness of the two elements in the

The
base 18 studied by

has the effect of reducing the top rim out-of-round de-

formation, which 1s closFrly related to the warping distortio? at the t;._mk base. It 5}}.01_.11(1 be
qoted here that the vertical component of the base uplif? detormatign 18 e:.ssentla,lly similar to
the warping distortion of the tank shell. Therefore, a stiffer wind glr‘der increases the overall
uplift _esistance of the tank system and reduces the amount of. uplit. Ana}yt1cal¥y, a tgnk
oof with rigid diaphragm can be simulated by very stiff wind girder, essentially eliminating

the top rim out-of- round deformations.

In summary, the wind girder

The only significant effect of increasing the bottom toe ring stiffness 1s the reduction
of the tank <hell membrane hoop stress through the reduction of the tank shell out-of-round
deformations .t the base. As discussed before, this reduction in hoop stress may aftect the
buckling strength of the tank shell, even though the buckling criterion 1s often thought to

he associated largely with the magnitude of the compressive axial stress.
CONCLUSIONS

iour of unanchored tanks has been investigated in previous studies
using the static tilt model. This paper quantifies the sensitivity of the uplift behaviour
to some of the important parameters which characterize the tank system. It is found that
important aspects of the uplift mechanism have not been adequately considered in the design
standards. For instance, the extent of uplift in the bottom plate clearly exceeds the maximum

.llowable assumed in the design standards even for a moderate tilt angle. It is also found that
there is a substantial increase 1n stresses and displacements associated with uplift when the

tank’s height-to-radius ratio 1s increased from 2 to 3. It is also shown the relative thickness
f the bottom plate and the tank shell base course has a significant effect on the uplift
behaviour. Furthermore, tanks with a rigid roof have greater uplift resistance than open-top
tanks with flexible floating roof due to limiting the interaction between the bottom plate
.nd tank shell. Finally, through this parameter study, a better understanding of the uphit
behaviour has been achieved, which provides a basis for solving the dynamic uplitt problem.
A more detailed paper on the parameter study of unanchored tank uplift is currently 1n

preparation.

The uplift behav
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