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Abstract

We investigate dynamic buckling of aboveground steel tanks with conical roofs and anchored to the foundation, subjected to horizont
components of real earthquake records. The study attempts to estiraatritical horizontal pak ground acceleratiorC(itical PGA), which
induces elastic buckling at the top of the cylindrical shell, for the impulsive hydrodynamic response of the tank—liquid system. Finite elemer
models of three cone roof tanks with height to diameter ratiégD) of 0.40, 0.63 and 0.95 and with a liquid level of 90% of the height of
the g/linder were used in this study. The tank models were subjected to accelerograms recorded during the 1986 El Salvador and 1966 Park
earthquakes, and dynamic buckling computations (including material and geometric non-linearity) were carried out using the finite eleme
package ABAQUS. For the El Salvador accelerogram, the critical PGAudckling at the top of the cylindrical shell decreased with gD
ratio of the tank, while similar critical PGAs regardless of tgD ratio were obtained for the tanks subjected to the Parkfield accelerogram. The
elastic buckling at the top occurred as a critical state for the medium tesightallest models regardless of the accelerogram considered, because
plasticity was reached for a PGA larger than the critical PGA. For the shortest iftddBl = 0.40), depending on the accelerogram considered,
plasticity was reached at the shell before buckling at the top of the shell.

(© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction aboveground steel storage tanks during the 2003 San Simeon
earthquake in California.

Reports of damage to structures after major earthquakes The American Lifelines Alliance (ALA) 5] has collected
provide evidence of failure and extensive damage irdifferent modes of failure that were observed in tanks during
aboveground steel storage tanks. Cooper and Wachtiplz [Past earthquakes. These failure modes include shell buckling
reported damage of petroleum steel tanks due to the earthquak®8de, roof damage, anchorage failure, tank support system
of 1933 Long Beach, 1952 Kern County, 1964 Alaska,failure, foundation failure, hydrodynamic pressure failure,
1971 San Fernando, 1979 Imperial Valley, 1983 Coalingaconnecting piping failure, and manhole failure. Among these
1989 Loma Prieta, 1992 Landers, 1994 Northridge, and 199gifferent modes of failure, our nrainterest in this paper is the
Kobe. Evidence of damage to petroleum steel tanks duringhell uckling mode.
recent earthquakes in India and Turkey was compiled by Jain The buckling behavior of steel tanks under seismic exci-
et al. 2] and Swuki [3]. A recently published report by an tation identified by means of expmental and computational
EERI reconnaissance tear] [describes the buckling of two studies is usually classified as elasto-plastic buckling and elas-

tic buckling. The elasto-plastic buckling behavior is associated
with elephant foot buckling, which is characterized by an out-
* Corresponding author at: Department of Civil Engineering and Surveyingward bulge jusabove the bas of thetank [6]. Diamond shape
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shell. Shear buckling for tanks in the elastic range has been r@: Finite element model of thetank and the liquid
ported by Teng and Rotter].

Buckling modes with deflectioret the top of the cylindrical 2.1. Tank models
part were described by Liu and Lan8]] Natdavas and

Babmck [9], Nagashina et al. [L0], Redekop et al.11] and To illustrate the nonlinear dynamic behavior of tanks, three
Morita et al. [L2]. Thg dynamic buckling studies by Nat§|avas geometric configurations are used in this paper (Sieel),
and Babcock9] considered an open-top tank under horlzontalwith height to diameter(H /D) ratios of 0.40 (Model A),
harmonic base acceleration for a tall tank with a height to; g3 (Model B) and 0.95 (Model C). Experience from past
diameter ratioH/D = 2.1. Dynamic and static experimental garthquakes has shown that tanks that are completely filled
studies were performed by Nagashima et alj[and Maita ity jiquid are more pone to suffer damages], thus this
et al. [12] for tall tanks with a roof. Ngashima et al.10] sy considers a liquid level of 90% of the height of the tank
considered horizontal and vertical harmonic base acceleratiqpjt a 10% freboard. The tapered thicknesses for the tanks
for tanks with H/D = 2, while horizontal and vertical considered were designed for this study using the API 650
harmonic and simulated earthquake excitation were used Byroyisions for serviceability conditiona§]. No seisme design
Morita etal. [LZ] for tanks in nuclear facilities withi /D = 1.2 ¢considerations were taken into account. The tanks are modeled
and 1.3. The buckling at the top of a tank due to earthquakegith a cne roof supported by roof rafters.
has frequently been attributed to the sloshing component of The finite element meshes dfd three dimensional tank
the hydrodynamic response of the tank-liquid systelf|[  models use shell elements for the cylinder and the roof, and
However, both Mrita etal. 2] and Natsavas andabock [9] - peam elements for the rooffters. The tank bottom was not
proved that this buckling mode arises mostly from the impulsiveygdeled, since only anchored tanks are considered, and our
action of the hydrodynamic response of the liquid; the sloshingyrimary interest is in the buckling of the cylinder shell. All
action may contribute to the occurrence of this type of bucklingmodds have clamped condition at the base.
but it is not the main cause. The finite element argsis package ABAQUS 0] was
Early investigations into the seismic behavior of anchoredised to carry out all computations, using its quadrilateral shell
liquid storage tanks studied the effect of the hydrodynamielements S4R for the cylinder, triangular shell elements S3R
fluid—dructure interaction on the seismic response. Housfor the roof, and beam elements B31 for the roof rafters.
ner [14], Haroun and Housnef p], Veletsos and Yangllg, and  The S4R is a four-node, doubly curved shell element with
Veletsos [L7] reported that a circular cylindrical tank containing reduced integration, hourglass control, and finite membrane
liquid develops a cantilever-beam type mode when subjectestrain formulation. The S3R element is a three node
to horizontal excitations. HousnelL§]] evaluated the hydrody- degenerated version of the S4R with finite membrane strain
namic response for the tank—liquid system as the contributioformulation. The B31 is a two node linear beam element in
of two different components: the impulsive liquid mode and thespace. The characteristics of geeelements are described in
convective mode. The liquid in the upper portion of the tank vi-ABAQUS [21]. Finite element meshes of 9262 elements for
brates with a long period sloshing motion, while the rest movedlodel A and 10942 elements for Models B and C were
rigidly with the tank with an impulsive mode. employed to assure convergence of the solution.

According b Housner 4], the impulsive and convective
components should be separated to characterize the hydrody2. Tank—liquid models
namic response of tank—liquid systems excited horizontally, and
this approach is adppted here. These two actions may_be_ CoN- The liquid is modeled using an added mass approach, in
sidered uncoupled in most cases, because there are significafilich, the mass isbtained from a pressure distribution for the
d_|fferences in the ne_ltur_al per!ods of the impulsive and CONVeGimnyisive mode of a tank-liquid system originally developed
tivecomponents of liquid motiorlf], even though most of the 1,y \feletsos and ShivakumazZ]. This pressure distribution is
response is effected by the motion of the liquid due to the imyye to the rigid body horizontal motion of a rigid tank—liquid

pulsive component. system, and is described as
This study presents dynamic buckling analyses of anchored .
steel tanks subjected to horizontal earthquake excitations using (1. ¢, 1) = Ci () pRXg (t) cost )

three dimensional finite eleemt models. Only the impulsive where P/ is the impulsie pressurey is a non-dimensional
component of the hydrodynamic response of the tank-liquig e ica| coordinate= z/H,; z is the vertical coordinate
systems is considered (the sloshing component is not include easured from the tank bottorR is the tank radiusy(t) is
in the analyses). This paper a@mtrates on elastic buckling at 1,4 ground acceleration: ands the time. The functiom; (1))

the topof the cylindrical shell of broad tanks with geometries yefines the impulsive pressure distribution along the cylinder
that are typical of petroleum t&riarms, i.e. haiht to diameter height, and is computed as

ratios (H/D) below 1.0. The effect of the shell geometry,
as reflected by the height to diameter ratid /D) and the

o0
slenderness ratioD /1), is also sudied. G =1- Z Cen () @

n=1



J.C. Virella et al. / Journal of Constructional Steel Research 62 (2006) 521-531 523

slope = 3V:16H
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2416 m T t=0.0095m

2.425m T t=0.0127m

D=3048m ¥
(©)

Fig. 1. Tank models with cone roof supported by raftees;ghell thckness, t= roof thickness; t= 6.35 mm (roof with rafters): (a) tank withi /D = 0.95; (b)
tank withH /D = 0.63; (c) tank withH /D = 0.40.

wherece, (1) is a function that dfines the convective pressure 30.0 1
distribution along the cylinder height, and takes the form 250
R Model C
() = 2 Coshbn (H/R) 1] @) 5
Con U = 3271 Coshpn (H/R)] _ 0]
The parameteky, is thenth root of the first derivative of the 5 150 1 Model &
Bessel function ofte first kind and first order. The first three £ oo I

roots arer; = 1.841,1» = 5.311, andiz3 = 8.536. The

functionc; (n) converges rapidly with the number of terms in

the summation in Eq(2), and hus it is sufficient to include

three coefficientsce,. The pressure distributions defined in 0.0

Eq. (1) for each of the tank—liquid systems considered in this

paper and fo® = 0 are presnted inFig. 2 The procedure

used to obtain the added mass from the pressure distributidfig. 2. Impulsive pressure fidhe tak-liquid systems wittkg = 1 m/s%: (a)

from Eq. (1) was presentedy Virella [23]. The raios of  H/D=040;(b)H/D =063;(c)H/D = 0.95.

the total impulsive mass to the total mass of the liquid were

computed for all the tank-liquid systems, and there are onlghell. The motions of each support are restricted in the global

5% differences to those recommended by Houshdr tangential direction (i.e. perpdicular to the element axis) and
The added liquid mass in lumped form was attached to thén the vertical direction, whereas it is free to move in the radial

shell nodes by means of massless spring elements considerdiedion (i.e. local axial direction of the spring). The sum of

as rigid links, as shown iffrig. 3. The one-direction springs the total liquid nodal masses in a specific direction is twice

had supports oriented in their local axes that constrained thinat computedyy using the expression due to Housng4][

motion of the nodal masses to the normal direction of theHowever, as the liquid masses can only move in the radial

5.0 A

0 2500 5000 7500 10000 12500 15000
Pressure [Pa]
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Table 1

Mass proportional damping efficients for tank models

Model Tfund ¢ (%) o

A 0.21 20 120

B 0.24 20 105
® Liquid masses, mi c 0.30 20 084
A\ Vertical and Tfung = period of fundamental mode; = modal damping ratiop = mass

tangential support proportional damping coefficient.

— Axial spring

is the mass matrix of the shell, arfidt) is the time variation of
the earthquake accelerogram.

The procedure for obtaining the dynamic buckling loads can
be divided into three steps. First, the model of the tank—liquid
system is defined; second, an earthquake accelerogram is
Fig. 3. Model with normal mass around the circumference. sdected in order to perform the dynamic buckling simulations;

o _ _ ) ) _andthird, dynamic buckling is identified by means of a buckling
direction, then only half of this total impulsive mass is excitediterion.

in a specifiadirection.

3.1. Models used for the tank-iquid systems
3. Dynamic buckling estimates
The model of the tank—liquid system used for the dynamic

Geometric and material non-linearity was considered in thebucKing analyses required us togsider many aspects, which
dynamic buckling analyses of the tank—liquid systems. There described next. First, the methodology described in the
exdtation was introduced in terms of the impulsive pressureprevious section was used to establish the impulsive pressure
presented in Eq(l), with a time variation equal to the andaggregated mass of the tank—liquid system. Second, viscous
horizontal base acceleration induced by the earthquake. damping was introduced in the model by means of a Rayleigh

The load factorr assumed for the dynamic buckling mass proportional damping. The damping coefficient selected
analyses is the horizontal peak ground acceleration (PGA) oFas based on the natural frequency of the fundamental mode
an earthquake. The impulsive pressures were normalized wif each tank-liquid system, witiovas obtained in a previous
respect to the acceleration of gravityg), so that he critical ~ study [24]. The damping coefficients and the fundamental
load factor provides the PG#hat produces buckling of the periods for all the tank-liquid systems considered are presented
shell. The bad factori is the maximum amplitude of the in Table 1 Third, the plasticity of the shell was modeled using
time variation of the impulsive pressures. This load factor waghe von Mises yield criterion, an elasto-plastic model, and
increased successively for eaahalysis until buckling was @ yidd stress (steel) of 248 MPa. Fourth, an explicit time
detected. integration technique available in ABAQUS(] was used

An initial analysis step is performed, loading the tank witht0 sdve the dynamic analysis of the tank-liquid systems.
the hydrostatic pressure and the self-weight. This step is solvel? this way, the duration of the simulation was significantly
in ABAQUS [20] by means of a quasistatic dynamic anaWSisreduced compared to solutions ieh use direct integration
and by including geometric non-linearity so that the stiffnesg?rocedures. Many analyses runs were required to obtain the
matrix of the system is modified by the presence of the initialdynamic buckling load(icrit) for each tank-liquid system,
loads. The dynamic buckling analyses are carried out in &0 that reducing the computer time of the simulation was an
second step. The non-linear equation of motion solved in th&ssential part of the dynamic buckling analyses.

dynamic buckling analyses has the form
3.2. lection of the earthquake accelerogram

[MI{d®} + [CHu®)} + [KT{u®} = —F (1) (4)
F(t) = [Msl{rx}Xg(t) + {P} Xg (t) (5) Design codes such as the 1997 UBQS recommend
%g (t) = PGAx f (1) (6) using at least three earthquake accelerograms for time history

analyses. Because they will have significant amplitudes over a
where M], [C] and [Kt] are, respctively, the mass, damping wide range of input frequencies, this would require extensive
and stiffness matrices of the tank-liquid system consideringomputer time in the present case. For example, four seconds
material and geometric non-linearify(t)}, {u(t)} and{U(t)} of input motion takes an average of about 10 h with a 3.0 GHz
are, respectively, the displacent, velocity ad acceleration Pentium processor. Therefronly two accelerograms were
vectors,{ry} is the vector of influence coefficients containing used for the numerical computations.
ones at the degrees of freedom in the direction of the applied Accelerograms with dominant frequencies of about 1-10 Hz
earthquakeXq(t) is the horizontal acceleration recofd } is  were selected, since typical earthquake records have dominant
the vector of nodal forces computed from the impulsive hydro-frequencies in that range2§|. Accelerograms with strong
dynamic pressures normalized for an accelerationgof ¥s] motion durations larger than about 10 s were discarded, and
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attention was then directetbward accelerograms from near
earthquakes, recorded in rock, with small duration.

The east-west component of an accelerogram recorded
at the Geotechnical Investigation Center (CIG) during the
El Salvador earthquake of October 10, 19%&g( 4(a)) was ; B
sdected for the analyses. This earthquake had a moment 5 -0201

(a) 060
0.40 -
0.20
0.00 -

eration, g

L

A

magnitude of 5.6, and the accalgram was characterized by ~0.40
PGA = 0.69g, with an epicentral distance of 4.3 km, a ~0.60
focal depth of 7.3 km, and a total duration of 9.04 s. This —0.80 -

accelerogram was recorded very close to the earthquake source. Time [s]
The fact that the earthquake source was very shallow led to
the dhort duration (9.04 s). The earthquake record is adequate
for dynamic buckling analyses because it has short duration,
with the maximum amplitudescourring during the first four
seconds. It was decided to perform the computations using a 200
portion of the earthquake record, with sufficient time (3.98 s)
to capture the frequency conteaf the original accelerogram.
The maximum amplitudes of the earthquake occur before the
first four seconds of motion (sefeig. 4a)). The acceleration 100 ¢
is close to zero at that timend the frequency content of the
original record and the shorted record are similar, as can be 50
seen fromFig. 4(b) and (c).

An accelerogram from the 1966 Parkfield earthquake, 0 1 3 5 # £ & 1 & & 1
presented irFig. 5 wasalso chosen for the same reasons as Frequency [Hz|
discussed previously. This is an accelerogram recorded in rock,
with a magnitudef 5.5, a focal depth of 6 km, and an epicentral (©)
distance of 27 km. An excitation duration of 7 s was considered
for the numerical computations. 200 ¢

(b) 300

250

150

Amplitude

3.3. Dynamic buckling criteria o

The Budiansky and Rott2[] criterion, which has been used
extensively in the literature to determine the dynamic buckling 100
load of structures, is employed this pagr. According to this
criterion, different analyses of the structure for several load 0
levels need to be done, and the value for which there is a
significant jump in the response for a small increase in the load
indicates that the structure pasf®m a stable state to a critical
state. For seismic stability analyses, there is a problem with this
criterion due to the cyclic nature of the earthquake loading. Ag:ig. 4. The 1986 EI Salvador earthquake record; P6A.69g. (a) East-west
the drection of loading is not maintained for long enough to component of an accelerogram receiidat the Center of Geotechnical
produce a very high jump in theésplacements without loading Investigations (CIG). (b) Fourier amplitude spectrum for the total duration of
in the opposite direction, it is sometimes difficult to identify the the accelerogram. (c) Fourier amplitude spectrum for the accelerogram with
occurrence of buckling. reduced duration.

Babwmck et al. p8] performed experiments on the dynamic
bucKing of a nuclear steel containment subjected to a 0.30
horizontal base motion applied in a single axis, and used the
Budiansky—Roth criterion to identify the dynamic buckling
state of the system by measuring the shell displacements.
Tanamiet al. 9] studied the dynamic buckling of a reticulated
single-layer dome considering a step load to represent the up
and down earthquake excitation, and used the Budiansky—Roth =
and the Fourier spectrum criteria. They monitored the load level 0.20
that generated a suddenly large displacement, and also observed
the change in the pdominant frequencies of the system, as a
node response passed from a pre-buckling to a buckled load
level. Other studis, such as Auli and Rammerstorf80] and  Fig. 5. Accelerogram recorded duringet Parkfield (1966) earthquake, in
Hjelmstad and Williamson31], used a phase plane criterion.  California; PGA= 0.27g. Reference: NOAA, Usaca 01.109.

Amplitude

Frequency [Hz)

0.20 4

0.10 4

0.00 4 oy
O '- K 1.0 15.0 20,0 25.0 30.0
—-0.10

Acceleration, g

-0.30-

Time [s]
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4. Dynamic buckling results (

B

Displacement jump

Dynamic buckling analyses of tank—liquid systems were

performed using the accelerograms from the 1986 El Salvador % E::E | f fox Hucklig coera

and 1966 Parkfield earthquakes. Plasticity was included in the D.000 Jamemesine o
analyses to identify whether the buckling at the top of the — 00207 -

cylindrical shell of the tank occurs before or after yielding. SR —

Two types of seismic behavior for the tank-liquid systems e PGA=0.10g ceemee- PGA =020 g
subjected to horizontal seismic excitations were found in this —+—PGA=025¢ —=—PGA=0.30¢
study. In the first case, elastic buckling was observed to initiate sl
at the top part of the cylindrical shell prior to the occurrence b) 0080 § for buckling criteria
of plasticity. In the second case, buckling occurred at the top of G4
the cylindrical shell after material plasticity was observed at the ==
mid-part of the shell. O

Depending on the tank height, two different dynamic = “*°]
buckling responses were observed for the tank—liquid systems 0000
subjected to the earthquake excitations. For Mode{$iBD = ~0.020 4
0.63) and C(H/D = 0.95) a jump in the displacements ~0.040 -
was dearly observed in the equilibrium response for a small Time [s]
increase in the antipude of the excitatin, from which the ——PGA=035g —=—PGA=040g —%—PGA=045g

critical state could be clearly identified. For ModelM /D = _ _ _
0.40), the displacements at the cylinder increased successive@g' :5 Transient response for MoqubA, subj_ected to the 1986 El Salvador
with the load, with no clear jump in the displacements. Both ceelerogram. (a) PGA: 0.10g-0.30; (b) PGA= 0.35-0.4%.

bucKing cases were characterized by elastic buckling, as
pladicity at the region where buckling took place was never
reached before the first instability occurred.

0.50 7
Critical PGA = 0.33g

0.40

4.1. Model A (H/D = 0.40)

L 1986 El Salvador
\— 1966 Parkfield

Critical PGA = 0.24g

Fig. 6 shows the plots used to determine dynamic buckling,
for tank Model A subjected to the 1986 EI Salvador
accelerogram. This figure displays the transient response 0.20
for different levels of exitation in which a jump in the
displacement field can be observed for PGAs abo86d) The [J.mz
peaks in the transient response are studied in detadtign7
by plotting the PGA versus the maximum radial displacement
at the node considered. This is not an equilibrium path in the _U_g-;iﬂnm 51 O 005 Tk B s 67 Bh
sense of static stability3p], but it is a useful plot to identify ' O Uadial ]
the mature of the nonlinear dynamic response as it evolves for
different PGA levelsSuch plas were originally employed by Fig. 7 Pseudo equilibrium paths for critical node (node A,Bige 18 at the
Budiansky and Roth2[7]. In this paper, weshall iefer to them  Pucking zone of Model A.

as “pseudo equilibrium paths”. . . .
Ap similar gehavior v?/as obtaied for the tank Model A of the regression was in all cases close to 1.0. A buckling

subjected to the 1966 Parkfield accelerogram, as is aISBnOde with large deflections at the top occurred in both cases,
illustrated inFig. 7. The pseudo equilibrium paths irFig. 7 and a smaller critical PGA was fognd for Model A using,
show the systemspproaching a maximum PGA, as the as seismic demand, the 1966 Parkfield accelerogram (Critical

dtiffness is progressively reduced. Two different responses canCA = 0.249) compared with that using the 1986 El Salvador
be identified from the pseudo equilibrium paths. At small 2ccelerogram (Critical PGA: 0.33g). .
displacements, the curve follows an initially stable path, with ~For the 1986 El Salvador accelerogram, plasticity occurred
the slope corresponding to the initial stiffness of the systemin Model A for a PGA = 0.35g (seeFig. §), which is a

A seond trend can be observed for higher PGA, associatelproger value than that required for the elastic buckling mode.
with a reduction in the stiffness. The pseudo equilibrium pathTherefore, elastic buckling ahe top of the shell occurred as
was then gpproximated by a bilinear trace, as shownfiiy. 7, a aitical state, before plasticity was reached at any part of
and the intersection of the two lines indicate the critical PGA the shell. For the 1966 Parkfield accelerogram, plasticity was
i.e. the excitation level at the transition from the initially stablereached at the middle of the tank at a PGA 0.20g (see

to an unstable path. The linear regressions used for the biline&ig- 10), which is sméer than hie PGA obtained for the elastic
models produced a good fit, as the coefficient of determinatioRUcKing at the top of the shell (PGA= 0.24g, seeFig. 9).

PGA [g]
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0.500 ; .
Plasticity (a) 006
0.400 lﬁ El Salvador (1986) 0.04 1
- + . 0.02
= 0.300 - L\H — 0.004
=
S e s = 0020
£ 0.200 : 3 —& =
Elastic-buckling S 004 4 ) )
El Salvador (1986) g8 Dlspim:ct_ncnl jump
0.100 = —0.06 4 for buckling criteria
—0.08
0.000 T T T T T 1
000 020 0.40 0.60 0.80 1.00 1.20 0.10 4
H/D 012 4
. . . . P _n']J - T 3
Fig. 8. Peak ground accelerations for elastic buckling modes and plasticity for Time [s]
the three tank models for the 1986 El Salvador accelerogram. ) . .
—+—PGA=(L10g  ---8--- PGA=0.153g —— PGA=0.20g
0.400 Plasticity _
0350 - Parklicld (1966) (b) 006
0.300 - e
& 0,250 = =l
< 0.200 i T__ B
E E}[s,ﬂ: Elastic-buckling .:._3
: Parkfield (1966) £
0,050 - =)
O(ID T T T T T 1 : L
0.00 0.20 0.40 0.60 0.80 1.00 1.20 _0.00 a 7
H/D a?
Displacement jump _/ "
. . . . ) for buckling criteria
Fig. 9. Peak ground accelerations for elastic buckling modes and plasticity for -0.14 - <
the three tank models for the 1966 Parkfield accelerogram. Time [s]
g, Mizes ——— HPGA=0.25¢ -0+ HPGA =(0.30g

Multiple section points
{Ave. Crit.: 75%)

Fig. 11. Transient responses for critical node (node AFsgel9 at bukling
zone of Model C, subjected to the 1986 El Salvador accelerogram: (a)PGA
0.10g—-0.20g; (b) PGA = 0.25g—0.30g.

Buckling occurs for PGA = 0.25g

0.40 1 Critical PGA = 0.25g
0.35 1
0.30 A
First yield - N
= 0.25
-1
0.20 4
b /
Fig. 10. Von Mises stresses for Model A subjected to the 1966 Parkfield Gl Buckling oceurs for PGA > 0.20g
accelerogram with PGA= 0.20g, showig that first yield occurs at the bottom 0.10 4 Critical PGA = 0.20¢
of the shell. 008 -
4.2. ModelsB (H/D =0.63)andC (H/D = 0.95) 0.00 . ' . ; : .

000 002 004 006 008 010 0402 014

The transient response leading to dynamic buckling of tank trrediatfml

Model C subjected to the 1986 El Salvador accelerogram isig. 12. Pseudo equilibrium paths for critical node (node A, Bige 19 at
shown inFig. 11 for several levels of horizontal PGA. The first the buckling zone of Models B and C subjected to the 1986 El Salvador
jumps in the transient response, for which the pseudo equilibRccelerogram.

rium path inFig. 12 was onstructed, are indicated kig. 11

For a20% change in PGA (from.20g to 0.25g) the pseudo
equilibrium path shows that the radial displacements increa
by 170% (from 0.019 m to 0.0522 rrgp that the first instability
for Model C occurs for a PGA of aboutZig.

A similar behavior was obtaineaf tank Model C subjected
to the 1966 Parkfield accelerogram, and for Model B subjecte
to both the 1986 El| Salvador and 1966 Parkfield reCOl‘dS4_3_ Compari&)ns on dynamic buck“ng Characterization
which buckled with a jump in the displacements. The pseudo
equilibrium path for Model B subjected to the 1986 El Salvador The critical PGAs for the dynamic buckling mode
accelerogram is presentedrig. 12, in which a citical PGA of  corresponding to elastic buckling with a deflected shape at the
0.25g is identified. top of the cylindrical shell are summarizedrig. 14. The three

Plasticity was first reached for Models B and C at mid-height
or at the bottom of the shell (sé&g. 13) for PGAs larger than
Sfhat found for the elastic buckling at the top of the cylindrical
shell, as illustrated irFigs. 8 and 9. Therdore, for Models
B and C, edstic buckling at the top of the cylindrical shell
8ccurred before plasticity was reached at any part of the shell.
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Fig. 13. Von Mises stresses for tanks subjected to the 1986 El Salvador accelerogram with @888, showig the first yield at loads higher than elastic buckling
(Critical PGA). (a) Model B. (b) Model C.

0507 shapes for tank Model C for the El Salvador earthquake

0.40 4 — Elastic buckling (Fig. 16) show a change in the pattern of displacements, and
- - l ASeri kel this is typical of what is known as a bifurcation in the theory of
ol e tatic buckli | hall ref h behavi
< ~—— static buckling. By aalogy, we shall refer to such behavior as
£ 020 =y bifurcation behavior in dynamic buckling.

Elastic buckling
0.10 4 1966 Parkficld L . .
4.4. Characterization of the buckling at the top of the cylinder
U.U{] T T T T T 1
B M AR 2 AR AR 99 It is important to discuss the actual mechanism of dynamic

bucling for the tank-liquid systems considered in this paper.
Fig. 14. Variation 6the ciitical PGA with H /D for the ebstic buckling mode.  Natsiavas ad Babcock 9] hawe sown that the dynamic

pressure in the fluid may induce a negative resultant pressure
tank-liquid systems were subjected to the 1986 El Salvadoin the tank close to the free surface of the fluid, where the
and 1966 Parkfield accelerograms. For the tanks subjected hydrostatic pressure is small. This negative resultant pressure
the 1986 El Salvador accelerogram, the critical PGA decreasg®,yq — Pmp, in Fig. 17) can lead to local buckling of the tank,
with an increase irH /D, so that he lowest critical PGA was as illustrated inFig. 17. Such negative pressures induce local
obtained forH/D = 0.95 (Model C), and the highest for compressive hoop stresses that may lead to local buckling of
H/D = 0.40 (Model A). For the 1966 Parkfield accelerogram,the t&ank.

similar critical PGAs werebtained regardless of thié /D of The elastic buckling modes for the tanks considered in
the tank model. However, a slightly smaller value was obtainethis study affect the top of the tank along the main direction
for H/D = 0.63 (Model B). of the exdtation (i.e. for& = 0 in Eq. (1)), where the

In the theory of static elastic instability, buckling can occurimpulsive component of the hydrodynamic pressures have their
in the form of a limit pont or bifurcations. A structure that maximum values and the shell thicknesses are smallest (see
fails by limit point displays the same deflected shape even afteffig. 1). This buckling was producebly the negatie (inward)
bucling occurs, and there is an irease in the amplitude of the resultant pessure Ehyd— Pimp, in Fig. 17) near the free surface
displacements until a maximutoad is reached. An analogy of the fluid, which induced large compressive stresses sufficient
can be established in this problem for Model A subjected tdo buckle the shell (se€ig. 17). Fig. 18 presents the hoop,
the 1986 El Salvador, in which the deflected shapes for avertical and shear maximum stresses for a critical element at
PGA below and above the critical PGA of33g (at the same the bucklirg zone of tank Model A(H/D = 0.40). This figure
response time) are almost the same, as illustrategéign15. ~ shows thathe circumferential compressive membrane stresses
Ovaling vibration is observed at the top of the tank for theare much larger than the vertical membrane stresses and shear
deformed shapes in the figure, i.e. both deformed shapes as&esses in the buckling region and thus are responsible for
similar and the differences affect just the amplitude of theinducing local buckling in the tank shell. The maximum von
displacements. By analogy, we shall refer to such behavior asMises stresses in the buckling zone are about 88 MPa (35% of
limit point in dynamic buckling. the yield stress, sdeéig. 19), so thathe steel remains elastic at

However, this class of behavior was not uniform for all thetheonset of dynamic buckling. A similar behavior was obtained

cases investigated in this paper. For example, the deflectd@r the other tank-liquid systems, as showiTable 2
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(a) (b)

Fig. 15. Deformed shapes for tank Model A subjected to the 1986 El Salvadoeiagraim, showing that the deflectedde is basically the same beforedaafter
the critical PGA: (a) PGA= 0.25g; (b) PGA= 0.35g.

SRguniig bl

(@) (b)

Fig. 16. Deformed shapes for tank Model C subjected to the 1986 El Salvadoeragram, showing different deflect modes before and after the ciati®GA:
(a) PGA= 0.15g; (b) PGA= 0.25g.

/\ shell have ben obtained in this paper. Critical values of PGA

for tanks filled with liquid up to 90% of the cylinder height
are in the range between2®g and 035g, so that his mode

of failure should be of great concern to the designer. These
levels of PGA are tymial of those expected on favorable rock
Fakats conditions on seismic zones 2 to 3 (out of 4 in the 1997 UBC
imp [, scale, for instance) which are regions of moderate to not very
L high seismic activity. The geometry of the tank, as reflected
e — ——— ————> by the aspct ratioH /D, has some iftuence on the critical
PGA, but no dear trend was observed for all the earthquakes
\ / considered. For the 1986 El Salvador accelerogram, the critical
e———————= ——— - PGA decreased with thEl /D ratio of the tank, while similar

5 PGAs were obtained for the 1966 Parkfield accelerogram
1J regardless of thél /D ratio.

S Sea For the $iortest(H /D = 0.40) and medium heightH /D =
0.63) tank models, the 1966 Parkfield earthquake was more
Fig. 17. lllustration of the bekling zone at the tank shelPyyp= impulsive critical than the 1986 El Salvador earthquake record; however,

1

Zone of | = 5
buckling

pressure;Phyq= hydrostatic pressuré{q= base acceleration. for the tdlest tank(H /D = 0.95) the opposite occurred.
For the medium heighttH/D = 0.63) and tallest tank
5. Conclusions (H/D = 0.95 models, &stic buckling at the top of

the cylindrical shell occurred before plasticity. Only for the

Elastic dynamic buckling states for tank-liquid systemsshortest mode(H/D = 0.40) subjected to the 1966 Parkfield
under horizontal earthquake excitation in which the bucklingearthquake record, buckling at the top part of the cylindrical
mode has deflections at the top of the cylindrical part of theshell occurred after material plasticity. Here plasticity at the
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Fig. 18. Model A stresses for the displacement jump indicatdeign7(b) and a PGA= 0.35g: (a) hoop stresses; (b) vertical stresses; (c) shear stresses.
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tank md-height occurred for a PGA smaller than that required
for elastic buckling.

It is concluded that buckling at the top of the shell is
caused by a negative (inward) net pressure at the zone in
the tank where the impulsive hydrodynamic pressure induced
by the earthquake excitation exceeds the hydrostatic pressure.
This negative net pressure induces membrane compressive
circumferential stresses which buckled the shell.

This agrees with previous observations made by Natsiavas
and Babcock9] on the sibject.

Acknowledgements

Fig. 19. Model A von Mises stresses for the displacement jump indicated in

Fig. 7(b) and a PGA= 0.35g.

Table 2
Stresses for a criticatlement in the buckling zone (element Rig. 19 of
Model A, under the 1986 El Salvador accelerogram

Model H/D PGA Circumgrential Vertical Shear stresses
stresses stresses
(MPa) (MPa) (MPa)

A 0.4 035 91.1(C) 11.7 (C) 10.2

B 063 03 95.6(C) 1.0 (T) 18.6

C 0.95 025 70.8(C) 49.7 (C) 2.4

(C) = compressive stresses; (B tensile stesses.
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