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/] ABSTRACT /

A simplified method for earthquake response analysis of a rectangular liquid storage tank is proposed with fluid-structure interaction
considered. In order to simplify the complex three-dimensional structural behavior of a rectangular liquid storage tank, it is assumed that
structural deformation does not occur in the plane parallel to the direction in which the earthquake ground motion is applied but in the plane
perpendicular to the direction. The structural deformation is approximated by combining the natural modes of the simple beam and the
cantilever beam. The hydrodynamic pressure, the structure’s mass and stiffness, and the hydrodynamic pressure’s added mass are derived
by applying the Rayleigh-Ritz method. The natural frequency, structural deformation, pressure, effective mode mass, and effective mode
height of the rectangular liquid storage tank are obtained. The structural displacement, hydrodynamic pressure, base shear, and overturning
moment are calculated. The seismic response analysis of an example rectangular liquid storage tank is performed using the proposed
simplified approach, and its accuracy is verified by comparing the results with the reference solution by the finite element method. Existing
seismic design codes based on the hydrodynamic pressure in rigid liquid storage tanks are observed to produce results with significant

errors that cannot be ignored.
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Fig. 1. Rectangular liquid storage tank
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Fig. 2. Input ground motion

Table 1. Natural frequencies, effective modal masses, effective modal heights, and peak pseudo-accelerations for impulsive modes

m ®, (rad/s) M, (kg) h, (m) 4, (m/s?)

1 23.845 2.3088x10° 6.6865 8.5056
38.995 2.7006x10° 6.6865 7.8692
69.771 1.0382x10° 6.6865 4.7925
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Table 2. Earthquake responses and relative errors of the example tank

(1) Earthquake responses

; Pressure resultant | Pressure resultant Overturnin
@, (rad/s) | Displacement (m) Pressure (kPa) force (MIN) moment (Mrm) Base shear (MN) moment (Mns-;m)
Finite-element | 4 g4 0.0399 44.200 28.000 136.80 40.000 216.00
analysis
m=1 0.0389 47.197 32.311 153.50 40.011 266.73
Thgs m=1,2 24178 0.0392 48.197 32.383 153.89 40.218 268.11
study
m=1,2,3 0.0392 48.287 32.386 153.91 40.230 268.19
ACI - - - 56.261 210.98 68.192 270.64
(2) Relative errors (%)
; Pressure resultant | Pressure resultant Overturning
o, Displacement Pressure Base shear
force moment moment
m= 24 6.8 154 12.2 0.0 235
This [ 12 10 18 9.0 15.7 125 05 24.1
study
m=1,2,3 -1.7 9.2 15.7 125 0.6 242
ACI - - - 100.9 54.2 70.5 253
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(b) Pressures

Fig. 3. Displacements and hydrodynamic pressures of the example tank

Table 29}Fig. 300 B AAIs}Gch 3k 5h412) AE /120 R A1
A e 2740] )9 34 Table 2(b)efl 550 Sick f2as
shalomite Qe xshet ulmslel, o] Giol M ARkt Hsh S
AFgto] 8] FERE AN AE S5 UL T4
ok 4, st RS 1] et Qi Ave] Bero] )
gk 4 0 2 ) Al ) YA O 2SR 4 ek 5
— 19179, 7| mEgt AgsfeleE o] GelH Akt Bl
£ FH3) Joet 4TS B2 5 LSS BRI 4 gk

ACI350.3-06 E2o 4 A2}t 459 A3 Rae] Y
A 3L AL IEH2]. ©FE S1oH a0l 2182 uh A
S10flA] WA HlepT R AE RIS S A AnY RS g
of Atk % AR RSB E AS] SIS

[RF5HL ek oA A A

3

du
i
lo
e
%
[
.t
Of

%
N
=
)
ot
)
r =
>
o
N
o

208

e =o] dig SR =0 A} T AR vt o] Ak

m, =0.542m, = 6.5078x10° kg

h=0375H,=3.75m

ACI FZOAE FRE ] At 1 2 §917)o] theh SeAlS Ak
S QAN o] effAlelAl= 4] (12¢)9(12d) 8 AbEE Aol

o] ool T Gl AAY AAARREY AZEGHE ACI
350.3-06 2] 271510] APgakaA Gk, FARES] fAPMES 2
AT, fATRE JEA GO BE M A£G EAFRE A
Folo] ARSI ACH F2L 45} ok olejdh el oJsh At
A7} Table 20} 48]0} gLt o] While] oJgh Avk ke 314



o] At} F 2jo| 5 Ho| 1 93-S BRI = 9lrt. o= ACI H32] T
e 7R BT oA WA= Setell SABHL 9] who|ch
Eurocode 831} 7&T =0 A ARSI Q= WRIAAA 7| 2ol = AAL
7 AR A A0 A Al et wheslA S Alqksial
UTH3, 4]. o] 7IEENAE A BT A A= Sl A
ZART Akl 7 280122 APs}aL )1, oA M| A A e ol it
AR Ak} 1 2892 217k m = 0.548m e} h, = 0.404H, 2 A
ZJETH13]. o] G2 ACI %59 %7%6}0% AP e A Aol 7H G
oug HFA 0T ALE= vt g AE R E w A 2jo]7} ¢l
ok 13, A Qﬂzﬂﬂmﬂﬂdw HY5H= Fstol SA S g
S AR Q= B o] WAHA|RES AMEsto] ZJALZke A A
= Aol SEst Fort W aghg o] fAE

of

of

o

o] Aol Rt A2t AAA LA RS A5
A CEER L S B R P EEER L ERE
9o AHE Mz el gt wlol At

% 1o HPAYSIL At wol o] Mg whAlsHA) ekt 7
549k ARSItk oful, Tt oja
245 Sl P 438 2Pk RylighRic Y12
4t oJ8) FaRe bR 0% %
R 0 s}w ol el g e st
3 AR

BN
Y
O
&
o)
5)e
Lo
_Orl‘
_:
X
=Y
X
=z
Mo
O
o

St

1o Ho U
=

o ok
>,
[>
o
=2
>
mE
oF
_O|L

N

)
%
QL
2
-LI
N
m{n
O
mﬁ
0%
N
o=
HE
O

1v

o?.L C'l@
ol

%
] m(})r
o
= e
{m :(o
f1
Qﬂ
j:l
w
=~
2]
wn
12

4n £ u:E
E
o
o
of,
1y
é
_.I_4
mII
oly
o T i
O
J” |
182
3
ru
s
< b @ i o

et 218 HelThe
1519, T ER, 7] AR EE A8 tei o)

o

o] Aol = ALzt HA| A0 ® Foll Al A KA Wh-E-
YRk oA o] WT2 AYSEA] ohaL, - AIRt FHof| A TE -z R o] Vgt
Ch 7Pt S el B o] M nefste] B
W& APsof & Aolot Edh AN-F2E AT ARE-S WA A Y]

FZE- vl 2] rocking A% 5o
K] Aol B Aol

>,

T
e
e

BT AL DAL A A 57 1E AR 2] A
TE AU ofefl ZAR=Z U Th2022002850001).

=]
L=

o
ﬂllO r

S
3
re

/ REFERENCES /

10.

11,

12,

13.

14,

15,

. Kim SE, Choi DH, Lee DW, State of the Art Review on Behavior of

Liquid Storage Tanks Subjected to Earthquake Load, Journal of the
Korean Society of Civil Engineers, 2000;20(4A):607—619,

. American Concrete Institute, Seismic Design of Liquid—Containing

Concrete Structures and Commentary (ACI 350,3—06). USA, c2006,

. European Committee for Standardization, Eurocode 8: Design of

structures for earthquake resistance — Part 4: Silos, tanks and

pipelines, ¢2006,

. New Zealand Society for Earthquake Engineering, Seismic Design

of Storage Tanks, c2009,

. Kim JK, Koh HM, Kwahk 1J, Dynamic Response of Rectangular

Flexible Fluid Containers, Journal of Engineering Mechanics, 1996;
122(9):807-817,

. Koh HM, Kim JW, Park JH. Fluid—Structure Interaction Analysis of

3—D Rectangular Tanks by a Variationally Coupled BEM—FEM and
Comparison with Test Results, Earthquake Engineering and Structural
Dynamics, 1998;27:109—-124,

. Kim JK, Park JY, Jin BM, Joe YH, The Rocking Response of Three

Dimensional Rectangular Liquid Storage Tank, Journal of the Earth —
quake Engineering Society of Korea, 1998;2(1):23—34.,

. Kim JK| Park JY, Jin BM, The Soil-Structure Interaction in Three

Dimensional Rectangular Liquid Storage Tanks, Journal of the Korean
Society of Civil Engineers, 1998;18(1-6):775—787,

. Lee JH, Lee SH. Characteristics of Earthquake Responses of a

Rectangular Liquid Storage Tanks Subjected to Bi—directional
Horizontal Ground Motions, Journal of Computational Structural
Engineering Institute of Korea, 2020;33(1):45—53,

Lee JH, Cho JR, Han SW, Time—Domain Earthquake Response
Analysis of Rectangular Liquid Storage Tank Considering Fluid—
Structure—Soil Interaction, Journal of Computational Structural
Engineering Institute of Korea, 2020;33(6):383—390,

Lee CB, Lee JH, Nonlinear Dynamic Response of a Concrete Rec—
tangular Liquid Storage Tank on Rigid Soil Subjected to Three—
Directional Ground Motion, Applied Sciences, 2021;11:4688,
Hashemi S, Saadatpour MM, Kianoush MR, Dynamic analysis of
flexible rectangular fluid containers subjected to horizontal ground
motion, Earthquake Engineering and Structural Dynamics, 2013;42:
1637-1656,

Committee on Gas and Liquid Fuel Lifelines of the ASCE Technical
Council on Lifeline Earthquake Engineering, Guidelines for the
Seismic Design of Oil and Gas Pipeline Systems, American Society of
Civiler Engineers, ¢1984,

Housner GW, Dynamic Pressure on Fluid Containers, Technical
Information (TID) Document 7024, Chapter 6 and Appendix F, U, S,
Atomic Energy Commission, ¢1963,

Chopra AK, Dynamics of Structures, Theory and Applications to

Earthquake Engineering, Pearson Education Inc, ¢2017,

209





