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ABSTRACT

Until recently, the hydrodynamic effects on ligq-
uid storage tanks induced by an earthquake excitation
were basically trested for the horizontal component of
the esarthquake. Recent studies, howeaver, showed thst
the hydrodynamic effects due to the vertical component
of an earthquake may be significant. In these studies

. the tank is assumed to be fixed at the battom. Thia
paper ia concernsd with the hydrodynamic behavior of
liquid storaga tanks induced by vertical earthquake
input excitation. First, the fluid-tank syatea is
treaced as a fixed-base aystem and a aimple formula 1is
obtained for the coupled fluid-structure natural fre~
quency. Second, additional interaction effects due to
the foundstion flexibility on the fluid-tank system
are investigated. It is concluded that the foundation
flexibility may have a significant effect on the hy-
drodynsaic behavior of the liquid storage tanks under
a vertical ground shaking.

NOMENCLATURE

Co t velocity of sound in the fluid

D : membrane stiffness

E : modulus of elasticity

Fp ¢ hydrodynanic loading

u : tank height

1o : wmodified Bessel function of zero vrder
Jo ¢ ordinery Beasel fuaction of gero order
(1.9 s 2x2 stiffness matrix defined in Eq. 8.2
ny : fluid apparent maas

[Na] : 2x2 mass matrix defined in Eq. 8.2

Po : fluid static pressure

q ¢ pressure fluctuation sbout p,

R ¢ tank radiue

So t function definad in Eq. 5.3

(x,8,r): cylindrical coordinste systam

xg : vertical earthquake accslerstion

u t longitudinal dieplscement compcnent

w ¢ radial diaplecement component

By ¢ parameter dsfined in Eq. 8.3

[] ¢ tank wall mass deneicy

Po :  fluid mase dsneity

v : Poisson's ratio

"y ¢ frequency in rad/sec

INTRODUCTION

The dawmsgee observed in liquid storage tanks dur-

ing earthquakes such as those due to the Alaska 1964
earthquake, raised a serious concern among engineers
regarding the significance of the fluid dynamic ef-
fects on the design of liquid storage tanks. Many
studies on this subject appeared in the literature
during the last thirty years which deal with the
dynamics of the fluid-tank systems due to seisaic

axcitations.

In the early treatments of this protlem an equiv-
aleat mechanical model was proposei by Housner (1)
which simulates the fundamcntal sloshing frequency by
a spring-mass unit. This model im based on the as~
sumption that the tank wall is rigid. Veletsos (2,3)
and Yang (4) ahowed that the hydrodynamic effects in a
flexible tank may be much higher than those associated
with 2 rigid tank. In subsequent studies the wall
flexibility was incorporated into the dynamic equa—
tions of motion of the fluid~tank systems. 1In these
studies the coupled fluid-shell frequencies are ob-
tained by application of appropriate boundary condi-
tions to the continuum fluid equations so that the
flexibility of the wall is accounted for. The usual
procedures used for this purpose are based on & cou-
pling of the fluid modes with the bending type of
nodea of the tank i.e., cantilever besm type of
nodes. Clearly, this approach cannot be usad for
tanks which have significant modea of the riag cype,
i.e., cos and sin modes. On the other hand, if the
wall flsxibility is accounted for by using the ring
type of modee, the reeults cannot be used for tanks
which have significant modes of the bending type.
Simple hand calculations made by the suthor for a test
model containing liquid which is going to be teeted in
a foreign country showed that the ring types of modes
are the predominant ones. The ghell bending mode ap=
pears at a high frequency, i.e., 20 Hz. Subsequent
finita elemsnt calculstions verified these results.

It 1is doubtful that this test model cen be used to
simulate seismic failures of prototypee that are known
to be of the flexural beam behavior type. )
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Haroun (5) obtained natural frequencies of the
coupled fluid-tank system by using discrete equations
for the motion of the shell according to the finite
clement approach and continuum equstions for the fluid
motion. Based on this approsch, s fluid sdded mass
mntrix was developed. Thess studiss were then used by
Housner and llaroun (6) to propose dasign procedures
for liquid storage tanks. In s later work by Haroun
(7) the effects of the foundation deformability on the
fluid=cank system were investigated for horizontsl in~
puts., Appropriate boundsry conditions were spplied st
the tank bottom to account for the interaction forcea
from the foundation. The solutions pressnted are
based on impedances given by Richard (8). Clsarly
these results are applicable to surfsce founded
tanks. Furthermore tha intersction lsw employed can~
not predict lifting-off effects which may be importsnt
for wurface founded liquid storage tanks subjscted to
atrong earthquake horizontal inputs. In general,
lifting-~off effects sre expscted to further “soften”
the fluid~tank systsm.

' The above studies, however, deslt with seismic
effecta on fluid-tank systems which are subjected to
the horizontal componsnt of the ssrthquake ground
motion. The need for research work in the araa of the
fluid=structure intersction phenomsnon induced by the
vertical component of an earthquake input was clearly
identifiad in Ref. 9 by a committes which reviswed the
state=of=-the~art methods available in 1989. Recently,
Veletsos (10) presented results for liquid storage
tanks under vertical esrthquake inputs which sre based
on the work made by Kumar (11). It is concluded that
for a strong vertical earthquake input tha hydrodynam~
ic effscts may be of the same order as the hydroststic
effects. Moreover, it is shown that for flexible
tanks these effects say be substantially highsr than
zhose of the rigid tanks. At the same time Haroun
(12) prsssnted solutions to this problem by using axi-
symastric ring type finite elements for the shell
whereas the fluld was treatsd with an sdded mess ma-
trix. Based on this approach, he obtained results for
the fluid-tank natural frequencies. Finally, in both
of these studias on ths vertical earthquake rssponse
of liquid storge tanks it is assumed that ths founda-
tion {s rigid. Thus possible intsrsction of the
fluld-tank systes with the foundation is neglected.

The work pressnted in this paper is concerned
with ths dynsmics of liquid storage tanks when sub—
Jected to a vertical component of an sarthquaks in~
put. Some theoretical aspacts of the problem ars giv-
en together with nuserical solutions. FPirst, liquid
storage tanks ars considersd as fixad base systems,
i.s., their foundations ara rigid. Simple equations
for ths fundamental coupled fluid-structure frequency
are prsssnted which consider ths gensral camsa of a
compressible fluid. Furthermore, the influence of the
foundation flexibility on the coupled fluid-tank sys-
ten motion due to a2 vertical earthquake sxcitation is
exsnined. It is concluded that the intaraction
‘effecta from the foundation say be important in the
trsatmwent of ligquid storaga tanka undar vertical
sarthquake inputs.

FLUID-TANK SYSTEM DEFINITION

A circular cylindrical tank is conaidered. The
gaomstry of the tank is defined by the radius R,
hsight H and wall thickness t. The tank material is
defined by the modulus of elssticity X, Poisson’s ra-
tio v and mass dansity p.

;rhcpc vzq - ..1_2.3_9.
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The tank.is fully fllled with a comprenalble
fluid which is nonviscous and has masa density pg.
The static iaternal prassure in the tank is p, and
the valocity of sound in the fluid is ¢g« The equa-
tions of motion of the fluid-tank system are referred
to a cylindrical coordinate system with x-axis along
the longitudinsl axis of the tank. The system is sub~
jected to a vertical component of an earthquake motion
which is applied at the circulsr base. Under this
condition, the sxisymmetric breathing coupled motion
is of interest. Although thia is the only type of mo-
tion considersd hsre, it is recognized that sutisym=
metric motions are also possible, since generally
spesking neither the tank is perfectly circular nor
the input excitstion is perfectly vertical. It ia
known that in the case of a dry shell, imperfections
could affect the vibration characteristica of the
shell (13). Yor the casme of a liguid=filled shell,
experiment has shown that even though the liquid was
excited in a syaametric mcde, the shell responded dy
flexursl modes of short wavelength (14). This was
sttributed later to the out-of-round type of imperfec-
tions. TFirth (15) conducted a thesoreticsl study in
order to explain the development of short-wavelength
flexural sodea in an acoustically excited shell con-
taining a fluid. In this study, Green's functions are
derived from the fluid-shell coupled equations in
which the shell radius incorporates distortions of
suall magnitude.

Tank Motion
The tank is treeted as an elastic circular cyllin-

dricel chell with constant thickness. With refercuce

to the cylindrical coordinste system (x,0,r) the axi-

symaetric condition requires that all derivatives with
respect to O vanish and thus the shell motion is des-

cribed by the equations (16)

du o,y et 2w g W
axz R 3x at
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whare
u,vw = longitudinal and radial displacement componeats
(w in the negative r direction)
Fh = hydrodynamic loading acting on the shell
D = membrane stiffnses Et/(1-v2)
A eolution of the associated homogencous problem
for the freely supported end condition is

RYX

- Ai cos F] sin u- t
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vhere Ay and By ars constant coefficients and m/2

is the number of axial waveleangths. According to this
formulation the effect of tha internal prassurization
Po 1s incorporated. Also inertia forcea in both the
longitudinal snd rsdial directions are included.

Fluid Motion

The fluid considersd here is compressible and
nonviscous. Under rhese conditions its moti -
cribed by the equation on 18 des
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where
q_ = pressures fluctuation about py
= Laplacian operator

A smolution of this aquation is

4 " Sy Sq (Mg sin HEsinw ¢ (5.1)
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Jas 1o are ordinary and modified Bessel functions
of zero order respectivaly.

The boundary conditions at the shell wall require
that the liquid normal acceleration be equal to that
of the tank wall and the liquid pressure be equal to
tha hydrodynamic losd on the tank. These conditiona
are expressed as

Foeq
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In viaw of Eqa. 3 and 5.1 the last equation gives
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where

The term poRQe in Eq. 7.1 {s the fluid apparent
mass 8y, t.e.,

m "o RO, 7.3)

EIGENVALUE PROBLEM

Substituting Eqs. 3 into Eqs. 1,2 and considering
the boundary condition expressed by Eq. ? the follow-
ing eigenvalue problem ia obtained

A
([K-]-uzlﬂ-l) l- -0 (8.1)
L}
vhere (Kg], (Mg] are the 2x2 matrices
] b %;'-
K]= kP
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If the displacement and pressure wave patterns are

anx
u - A' oin i sin wy t

snd w_ =B cos '5%’-‘- 8in o t (9)
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then tho off-dingonal terms in matrix [K,] change
their aign whereas everything else in these cquations
remain the same.

Whan the shell inertia due to the radial motion
is only, consi{dered, then the first diagonal term in
the matrix [Mg] becomes equal to zero and the corre-
sponding eigenvalue problem of Eqe. 8.1 leads to the
frequency equation (m=l)

3 4 2
- 2 _Et Et b 1 "
(tp + m) w, ==+ (—-) +-RP(—) (10)
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which is the aame equation given in Ref. 17 with n=0,
ael.

Furthermore, if the fluid is as d to be 1
preseible i.e., cg*» and the radial inertia is kept
only then for the case of an unpressurized tank
(po=0) the aecond term of the accond diagonal cle-
ment in [Xg] becomes equal to zero while the first
diagonal term {n [My] vanishes. 1In this case the
eigenvalue problem of Eqs. 8 reduces to

3 .
-, 2 Et _Et 4
(tp +m.)mn';i+—£lrkm (11)

It may be noted that this result is the same as in
Ref. 18.

Finally, if the tank behaves as a membrane, then
the second diagonal tarm in [K,) ia reduced to
:{Ri and the frequency equation is further simpli-
ed to

-4 2 Et
(r.p +me ==y (12)
R
Finally, by substitution of Eqa. 5.2, 7.2 and 7.3 into

Eq. 12 with co*» and & = 1/2, the coupled frequency
given Ty Eq. 12 cen be put in the fora

b g 1 I o) ~1/2
o 142 BL Zo 7 3.1
° p "t A
I, )
1 E
where Y "R ° ¢ ring extentional frequency (13.2)
and A = %&%



£q. 13.1 ia basically the aimplified formuls given by
veletnon (10) for the fundsmentsl coupled frequency.
From the solution of ¥qs. 8 the #in snd cos pressuta
components (Eq. 5.1, 9) are obtained. The pressure g
can be put in series expsnsion form with the ampli~
tudes determined from che condition at tha basa

LT/ R, (14)
° = 8

NUMERICAL SOLUTIONS FOR FREQUENCIES

Solutions for the coupled fluid=shell wmode
ahapes/frequencies using Eq. 8 ara, in ganeral, diffi-
euslt to obtain. The resulting frequency equation from
thia eigenvalue problem is not of the atendard poly-
nonial type with constent coefficients. Thersfzre,
the coupled frequenciss csn be obteined numericslly by
simply colpull:s ths crossings of the detersinsnt of
anttix [Ky] = wé[My] vith the frequency sxie M.

This is done {teratively by choosing an sppropriste
[requency step eo that the frequenciee sre deLerminsd
with sufficienr accuracy. The number of itecations
required for s given tsnk depends on the haight=to~
radius rstio. Higher rstics requirs less amount of

{terscions.
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Fig. 1 =~ Coupled fluid~tenk frequencies.
Concrete tanks.

Resultn from applicstion of thie procedure to
concrete tanks filled with water ere shown in Fig. l.
The concrate properties ere E=ix106 pei, v=0.17 end
o»15% pef. From Fig. 1 it may bs sesn that storage
tenks vith lower H/R values sre eesocisted with higher
coupled fluid-shell frequencies, This 1s in sccord-
ance with intuition. Results in Fig. 1 correspond to
the case of one axiel wavelangth.

8y inspection of Eqn. 8 it is notsd tha
tvo coupled frequencies is sssocieted with tgc.-::: of
di{splacement wave pattern. T7The lower {s shown in
Fig. 1 whereas their ratfo (high=to~low) ig shown in
Fig. 2. It may be noted that for higher H/N values

- )"} - ' ;

these two frequencies are further apart. Furthermore

this zatio is influenced by the internal presaure po
in the tamk. In general, whea the intecrnsl pressure
increases the effect on the lov frequency value is

rather snsll. The effect, however, on the high fre-

guency valua is usually large.

Tank strcsscs cen be obtained as scrics expan—
slons of tho coupled dimplacement and presnurc moden
as well am the pacrticipation Eactorn aansocinted with
the solution of the aigen—problas of Eqs. 8. For
practical spplications, however, these gtresses may be
computad by a statlc analysis using the maximum liydro~
dynamic wall pressure as static lood applicd on the
tenk wall. Therefore, known static solutiona for s
cylindricel shell with axisysmetric load may be cm-
ployed. To furthsr simplify the atatic solution, the
hydrodynamic wsll prsssure distribution may be approx-
imated by a linesr, i.s., zero pressurs at the surface
snd meximum pressure at the bottom pHS,. The
pseudo=accelsration S, is tuken from the verticsl
esrthquake spectrum for the coupled fluid-tank fre-
quenciss. The conservatiss of this approach, howvaver,
should be further inveecigated with respect to the
contribution of highsr modee.
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Fige 2 = Frequency rutio varistion.
Concrete tanks.

Finslly, in the sbove discussione no m
made in regard Lo frec-surface effecte, 1.n:?t:::::::1
-lo-hin;.t Usually euch effacts in horizontal tank
a s are ieted with very low fr
snd thus tend to separate well frol’the ltr::::::ie.
frequencies. In the ceee of horizontal tenk motion
the sntisymmetric modes are of interest. The ll:er.
modes produce unbalanced forces which are excerted b
the fluid on the tank well. Based on this, the pro 4
ertiee of an equivalent machanicsl model I;I dcrivcz.
and the problem has beesn simplified to tha known
epring=mass sloehing unit. Por che voriicnl sloshing
problem, however, {% is generally difffecult to obtsi
a similar mechanicel enalog. In genersl, if the oy
tical eloshing is produced by symmatric ;odoc :hc'.t‘
unbalanced forces ere excerted on the tank wall b; ":e
liquid. Symsetric sloshing, howaver, effects the )




pressure at the bottom of the tank. Furthermore, for
the same reasons given in Secton 2, sntieymmetric type
of sleahing can alno ba produced in liquid stotage
tanks under vertical esarthquake input.

It may be noted that in both horizontally as well
as vertically excited liquid storage tanks the slosh-
ing effects are ususlly studied under the rigid wall
asawmption (1,19). Normally, the intstaction between
the breathing tank wodes and the significant sloshing
modes s expected to ba small. Such interaction, how~
evar, has been studied by Liu and Ma (20) usiog finite
alement soluttons and it wes shown that the tank flex-
1bility may affsct the sloshing. Although a similat
study for tenks aubjected to vertical earthqueke com=
ponents is not svailable, it ie expected thet this in=
teraction may be also importent eapecially when non-
1ineer aloshing is considered at the frae aurface.

PLEXIBLE BASE EFFECTS

In the preceeding sectione the fluid-tenk syeteam
was assumed to be of the ¢ixad-base type. The eeme
assumption has elso been sade in previous studies onr
vertically axcited tanks. In orde: to study the ef-
facta of the foundation flexibility on the coupled
fluid-tank syatem subjected to a varticsl earthquake
sheking, soma solutione were obtainad here numerically
using finite elements. For this purposs & surface
{ounded circular cylindricel concreta tank containing
water was considered with oversll dimensions: radius
Rw120 ft, height He360 ft snd vall thickness t=1.2 ft.
The finite element mesh used is given in Pig. 3. It
combines the fluid-tank system and the foundstion me=
dium in the standard fashion followed by the eoil-
structure interaction finite element models. A des-
cription of the model and some of the results are
given below with a minimum reference to known facts
from the soil-ctructura interaction ares.
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Fig. 3 = Finite slsment model of the
fluid-tank-soil syatem

The tenk wall is made up by two layers of
axi
metric elastic solid elements with propzrtin-: !-A;{;i

;o ‘I':/

psi, u=0.17 and =155 pcf. The foundation medium con=
sidered is also descritized by solid elements which
ars assigned two types of soil properties associated
with S-weve velocities Vg=500,2000 fr/ecc (corres-
ponding P-vave velocities V,=933 and 3742 tt/sec
respectively). For uinpliegty the mass depsity and
the Polseon's ratio were taken to be the same for both
soil types, i.s., p=120 pcf, u=0.30. Ths overall di-~
mensions of the soil mesh are Ro=360 ft snd Ho=240

ft. The largest element aimension in the direction of
the propagation wes kapt at least equal to one-fifth
of the wavelangth of the sloveet wave. The fluid was
approximated by golid elemanta using the bulk modulums
of the water and a vary small value for shear modu~
lus. Thus tha fluid-structure i{nteraction effects in
thia particular problem ara mot treated by the general
proceduras used in this area (19,20). Generally
speaking, a fluid-structure-soil interaction finite
element code is required for thie type of problems.

The ground surface motion is repreaented by a
synthatic accelerogrem having a maxinum of 1.0 g 1t
wes syntheeized to match & smooth design ground spec-
trum. The surface motlon vas deconvoluted down to the
rigid bottom boundary of the mesh using a 1-D wave
propegation. In this process the three lower naturel
frequencies of the soil column are 1.0, 3.0, 5.0 1z
and &4, 12, 19 He for the first and second types of
soils raspectively. Uusing these motions as input to
the bottom of the finite element mwesh, Tesponse com-
putations were done in the Ercquency domsin uaing the
transfer functions of the system.
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Fig. & - Effect of foundation flexibility om
hydrodynsmic pressure

Hydrodynemic pressure distributions along the
tank wall for the rigid snd flexible cases are given
in Fig. 4. It cen be ssen that the hydrodynamic
preasure is effacted by the foundation flexibility.
For the softest site, i.e., Vg~500 ft/sec, the
hydrodynamic pressurs is generslly much smaller than
that of the rigid base tank. These results indicate
thet the foundation flexibility can effect the seismic
rasults of liquid storage tenke under vertical earth~
quake excitation. A paramstric study using different
tenks, 1.e.,, "tall” and "broad” as well as different



foundationa has been nroposed to investigate flexible-
base liquid storage tanks under vertical earthquake
input. Finally, it may be noted that a linear inter-
action law was assumed in the above problem at the in-
terface of the tank baae and the foundation. A non=
llneer interface condition may be more appropriate
especially when strong vertical earthquake shaking is
considered. Localized nonlinearities of this sort
have been addreased in soile-structure interaction

problems.

CONCLUSION

A study of liquid storage tanks subjlected to ver—
tical earthquake motion was presented. Both fixed
base and flexible=base tank casea are considered. Re-
sulte from e cese problem indicated that the hydrody~
namic pressure is lowered due to the foundation flex-
ibflity. This result of course cannot be generalized
and further parametric atudies are required to addreas
the additional coupling of the coupled fluid-tank fre-
quencies with interaction frequencies from the founda-

tion.
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