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Abstract

In this paper the liquid sloshing effects in vertical storage tanks under earthquake loadings
are studied. The study focuses on the investigation of the effect of the flexibility of the tank
wall on the hydrodynamic forces exerted on it. The tank structure is modelled using finite
elements. The motion of the liguid is expressed by the Laplace equation. The equation of
motion of the fluid-shell system is formulated including the coupling effect between the shell
motion and the sloshing motion. A procedure is developed to obtain the natural frequencies
and the mode shapes of the sloshing motion as well as the shell vibration. Dynamic analyses
have heen carried out for several tanks with different dynamic characteristics utilizing the
time history method as well as the response spectra method.
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228! 1. Coordinate of the tank and ring element.
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# 1. Structural Properies of Storage Tanks

Case Tank | Tank I Tank I Tank [¥

RadiusR(m) 7.32 18.3 5.9 5.9

Length L(m) 21. 96 12.2 16.8 16.8

Liquid height H(m) 21,96 12.2 14.4 14. 4

Thickness A(m) 0. 0254 0. 0254 see Table 1.2 0.015

Shell Density p,(kg/m) 7840 7840 8000 8000

Liquid Density ps(kg/m) 1000 1000 1000 1000

Poison’s Ratio v 0.3 0.3 0.3 0.3

Young's Modulus E(N/m) 2. 067 x 10 2. 067 X 10° 1.915x 10 1.915x 10

. _ _ Variable Average

Remarks L/R=3 L/R=0.67 Thickness Thickness

Note : Tank [[ has a variable thickness along the height -
Tank IV has an average thickness
H 1-a. Wall Thickness along the Height (Tank M)
2(m) ( 2.4 4.8 l 7.2 9.6 120 | 13.2 16.8
h(m) l 0. 039 0. 027 ‘ 0.018 0. 009 0. 006 1 0. 005 0. 005
= 2, Comparison of Results from Different Method
(a) Tank [

Analysis Method Response Spectra Time History ’ Haroun's Housner's
w,(rad/sec) 1.57, 2.67, 3.38, 3.96, 4.46 1.57 1.57
wys(rad/sec) 33.8, 96.7, 129.4 33.2 .

Quax(N) 2.30x107 2.31 X107 2,30 X107 1. 10x 107

Mimax(N. m) 2.61X10° 2. 58X 10° 2,78 X 10 1. 07X 10°

Negay(N/mm) 1549 1534 1600 .

Wiae(cm) 1.21 1.16 1.17 .

Emax(cm) 33.9 25.8 311 32.9
(b) Tank I

Amnalysis Method Response Spectra 1 Time History Haroun's I Housner's
w,(rad/sec) 0.91, 1.69, 2.13, 2.50, 2.82 0.91 0.91
wys(rad/sec) 33.9, 75.9, 129.3 38.7 .

Qnax(N) 3.24 X107 } 3.32x107 3.97X107 1.18X107

Mry,,(N. m) 1. 69x10® | 1. 64 x10° 2.00x10° 8.85X107

Ny (N/mm) 160 156 190 .

Waag(cm) 0. 55 0.52 0.62 .

Emax(cm) 25,29 27.25 21. 44 33.32
Note : w, : sloshing modes frequencies. wy : shell vibration frequencies.

Qe : Mmaximum base shear.

Nipay : maximum axial stress resultant.

Enay ¢ maximum free surface wave amplitude.

Mry,, ¢ maximum overturning moment.
Wiex : maximum radial displacement
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F 3. Comparison of Responses using Different Number of Modes

Case Tank I Tank [
Number Shell 3 1 Difference 3 1 Difference
of Modes Free Surface 5 1 (%) 5 1 (%)
Quex(10'N) 2.31 2,30 0.4 3.32 3.24 2.5
Mr o, (10°N, m) 2.58 2.61 1.2 1.64 1.67 2.6
Wan(cm) 1.16 121 4.1 0.518 0.547 5.4
Enax(em) 25.8 311 | 20.5 27.3 21.5 27.0
I 4. Tank with Variable Thickness vs. Tank with Average Thickness
Case w,(rad/sec) | ws(rad/sec)] Qua (N) [Mr,..,(N. m)| Wy (em) | &n..(cm) Remarks
1.784 55.72 | 3.22X107 | 2.74x10* 1.987 108.0 .| Variable
Tank 1I 2.975
3.765 thickness
1.748 48,18 | 4.13%107 | 3.26X10° 2. 681 108.2 | Average
Tank IV 2.975
3.765 thickness
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vy : Poisson’s ratio
h : Shell thickness
E : Young's modulus




