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Seismic Analysis of Rectangular Liquid Storage Structures Using Fluid Elements
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Abstract

In this paper, behavior of rectangular storage structures under earthquake loadings are
investigated. Linear sloshing is assumed in this study. The effect of the wall flexibility is
considered. Eulerian and Lagrangian approaches are presented. The Eulerian approach is ca-
rried out by solving the boundary value problem for the fluid motion. In the Lagrangian ap-
proach, the fluid as well as the storage structure is modelled by the finite element method.
The fluid region is discretized by using fluid elements. The (1X1) —reduced integration is
carried out for constructing the stiffness matrices of the fluid elements. Seismic analysis of
the coupled system is carried out by the response spectra method. The numerical results
show that the fluid forces on the wall obtained by two approaches are in good agreements.
By including the effect of the wall flexibility, the forces due to fluid motion can be increased
very significantly.
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Fig. 1. Schematics of boundary conditions

B2 ool A e 240709 48 {4 249 5070
o] 443 ;ALAT AFRslelon, & AYHFE
4107 elch. mAlel FAfd AHEE EAA=

ohest el

a4 B A A 4 E=19.6GPa
]

A E o] = 8l Iv=02

A £ p,=2400kg/m’
frAl A Ak AS L B=2.0GPa
A o % ! p=1000kg/ m"’

245 3 Aol subspace iteration #-& o] &

5 o] 48 A7

FAl A ATEEL] 2R 209

35708 AFAFESFEE Tl o] of AHgke
consistent mass®2 &8} 1, trial vector?] A<
ot Fap HEexte AR A H7E
Fr1A A o] 38 st} Zhz 5070 1.0X10
“ve g et

Walsl A 7o g Sdadeqis)alg ¢33
2, Ah8-g 21212 US NRC Regulatory Guide
160" el A A A1gk AASHAHER SR Fig 26
vetdigl om, subere) oA uET 0.2g9)
7Han] 05% ol ste] sedsbdch WREF-A2 A
go] A ko] djH8-& x|t =g £ ¥
o] fralell A dodg Fhabste], WEFA 3t
HulE F2E-FAAARA Y g2 e sl
ch ATAY] HAG el g FAs7] e E
A dAE AdANe} wlwss Fo ForHa
Ak Q3o AR

1000

Damping Factor = 0.5%

o
<

7

Spectral Acceleration {m/sec?)

o1 A 1 10 1C0 10C0 10000

Frequency (Hz)

Fig. 2. Design response spectrum

23 A4WS o, A APFzEY weE
A A 2F-2 577355 Table 1o Jehlgl
oh AAgERL) fFol wBE A1 FoRE FRE
2l #e] 12m, 30m, 60mal 73-$ol Wzt 7 0.



210 okt - £RE - BEE - Fab

26, 0.15, 0.09HzZ A 4r=El4l+=dl, ¢]+= Housner
Aoz % 025 015, 0.08Hzet wi$ ZARsich

Fa2, fFA sl deled (2X2) HEE AHEH
& A%, 75 S R =2 Ak sk, fE
o] AR AA Rl 108 o]t 7
A B3y dnr) AEEs Agstal W
o] fedAdE FAIF ZhA 2 (rigid walD &l A5
frAle] Aol #HlE HAFues e T2

] 5

A

S-of thste] 3] 32Hzo|ch wbd foig o
(flexible wall)2] 7% WHHEF-A2 &g 23T
W A 1 Fape HAF2EY Ho] 12m, 30
m, 60m¥ W z7F 2.80, 2.99, 3.00HzZ A4kl
of, WEFAZE e ¥y FaEde] A 15
¥ 42Hzelt}

’Mg_de Nol Width = 12m | Width=30m Widmth;GOIE’
ﬁ ;
i
|
|
|

1 1026 026 015( 0.15)| 0.09( 0.09
£ 0.29C 0.29)] 0.23( 0231 0.15( 0.15 )?

[3W™)

310360 036) 024 024) 1 020( 0.20)

40370 03D 0290 029)| 0240 0.24)1
|

30 28(321)\ 30(324>| 30 (324 )

31 |32 (756 ) 30 (426 )] 3.0 (352 >‘

.32 183 (9781 65(643)\167(427)’

33 184 (1179 )Lm (89.7 ) 116.7 (530 >

Note . The values in the parentheses are obtm—

ned from rigid wall cases, the others from flexible

wall cases.

2
2
OHMM 71%’@ Ap-&
GPa, 200GPas o2 WstAl7 7k A 2 60m
e R e B e L e e A b
fred Aol e A 153H57F F3] 30HzR AHE
Aok wbm fAe) ghEAde] AwfAl g2l
AfAETaes AAsgdAT7E 02GPa, 2.0
GPa, 20.0GPas Z7}§tell webs| 87Hz 28.6Hz
81.8HzE o Z7lgS o 4 gk AHAS%
HEe8le] ZFEFFo] 3Hz~9HzY-S Ftd o,
A Aol 2% R0t Yol 283k {54

=
o) edgFo] fA 2] W&ol 2l %50*14 q
Hoe kgt o] wateds F A
7} Table 614 E2]ghc}
Fig. 3¢} Fig. 4ol viehdl wpe} zhe] z7je} A
FAFERSC S AGEHEY] Fool o7 dFF
(convective) A -2 wg-olr} Hwel fa *3%

gk 7S 30A g HE] R
L Q.

=
:
au g%g

AT NERS BANR
T 1__11Hurl‘ TTT H
151 mode
A T HFE Y
**ﬁ bl o8 u S oo oo o o TH
- ] InEE T [

] r
1l 1 I T TTL 11777
3Ird mode

Fig. 3. Anti-symmetric sloshing mode shapes

Dn A Sy s 8 o 0 i r~~\€
I T
e
%
T 1 111 1T
315t mode

e s F T e e o i e e o S
T Rl T

| T 1] i |
| 11

1
!

H NL.,V‘%,
tgz i T

33rd mode

Fig. 4. Anti-symmetric structural mode shapes



FAL4E o 8T N7

g oA ol 4 35 A 7ER o] Bl i Rg=
Aol A po Aol §& FAHAAE A d=Zo

Hlkth Table 2014 R.oli ulel o] ADINA &)
Aol 9] dlFAE 93 Aaka HousnerA el 2
g o FA R A Aege 1 4 i) ADINA off 4
AF 03@ L

f

(80X 10* Kg/m) &
% 4 'HEH/HC’“&'] ..L_T
2z 7] gk o) 90_11/&4]5

w2
oﬁ o{w

=E 3570 *}‘&6}%

41%?%W

Table 2. Comparison of modal mass(X10* kg/m)
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Convec. Impul. | Convec. Impul.
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60m | 780 |542(541) 293(191))—(564) —(195)
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Table 4. Maximum base shear forces(KN)

Eulerian approach

Lagrangian approach

Housner method

Width Convec. Impul. SRSS Convec. Impul. SRSS Convec. Impul. SRSS ABS
12m 33 359 361 31 355 - - - -
(33 20 @ (30 (99 Q0D (33 (@2 @3 (161D
0m 90 543 551 90 535 - - - -
(90) (184 (187 (89 (1270 (156) (90) (187) (208) (277)
s0m 120 546 559 117 531 - - - -
(1200 (1650 (204) (17 (106) (158) (109) (195) (223)  (304)

§ote . The values in the parentheses are for the rigid wall cases, the otheres are for the flexible wall cases.

Table 5. Maximum base moments(KN—m)

Eulerian approach

Lagrangian approach

Housner method

Width Convec. Impul. SRSS Convec. Impul. SRSS Convec. Impul. SRSS ABS
12m 312 2522 2541 298 2515 - - - -
(3100  (609) ( 683) (297) (522) (601) (328)  (631) (711) ( 959)
om 668 3425 3490 657 3389 - - - -
(666)  (848) (1078) (655)  (663)  (932) (694)  (925) (1156) (1619)
810 3334 3431 783 3168 3263 - - - -
60m (810) (844) (1174) (781)  (584)  (975) (784)  (961) (1241) (1745)

Note . The values in the parcntheses are for the rigid wall cases, the others are for the flexible wall cases.
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Bulk ModulugBase Shear(KN)Base Moment(KN—m)
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