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Abstract

Ground-supported tanks are used to store a variety of liquids. During earthquake activity the liquid
exerts impulsive and convective pressures (sloshing) on the walls and bottom of the rectangular tank.
This paper provides theoretical background for calculating of hydrodynamic pressures developed
during an earthquake in rectangular container - endlessly long shipping channel. Analytical diagrams
of hydrodynamics pressures, eq. (5), (12) and (14) are used for computing of hydrodynamic pressures
on the wall of the rectangular tank. The problem was is numerically modelled by using FEM
formulation in software CosmosM.
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INTRODUCTION

Liquid storage tanks are considered essential lifeline structures. Large-capacity ground-supported
tanks are used to store a variety of liquids, e.g. water for drinking and fire fighting, petroleum,
chemicals, and liquefied natural gas. Satisfactory performance of tanks during strong ground shaking
is crucial for modern facilities. Tanks that were inadequately designed or detailed have suffered
extensive damage during past earthquakes [2 — 12]. Knowledge of pressures ang forces acting on the
walls and bottom of containers during an earthquake is important for good analysis and design of
earthquake resistent structure/facility — tanks, rectangular endlessly long shipping channel, which are
made from steel or concrete.

HYDRODYNAMIC PRESSURES ON THE WALL OF TANK

Consider a rectangular container as shown in Figure 1, and at the instant under consideration let the
surface of the fluid be horizontal and let the walls of the container have a horizontal acceleration 4, in

the x — direction, [1].

Let it be required to find the pressures on the walls of the container due to the acceleration i, - Let the
fluid have a depth H, a length 2L and a unit thickness, Figure 1a. It is seen that the action of the fluid is
similar to that which would be obtained if the horizontal component of fluid velocity g, were
independent of the y coordinate; that is, imagine the fluids to be constrained by thin, massless, vertical
membranes free to move in the x — direction, and let the membranes be originally spaced a distance dx
apart.
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When the walls of the container are given an acceleration the membranes will be accelerated with the
fluid and the fluid will also be squeezed vertically with respect to the membranes.
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Figure 1. Rectangular tank is filled with water
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As shown in Figure 1b, since the fluid is restrained between two adjacent membranes, the vertical
velocity v is dependent on the horizontal velocity 3 according to
)du

v=(H- v

This is an equation specifying the constraint on the fluid flow. As the fluid is considered
incompressible, it follows that the acceleration v is proportional to the velocity v and the acceleration
i 1is proportional to the velocity 1, and the pressure in the fluid between two membranes is given by
the standard hydrodynamical equation:

where p is density of the fluid.
2.1. Hydrodynamic impulsive pressures

The acceleration ¢  thus produces an increase of pressure on one wall and a decrease of pressure on
the other wall of

P = piiyt [l__[ Hftanhf— G)

H 2

In dependence on ¢ =z/H , where distance z is distance (height) from the bottom of tank to the free
surface of the liquid z = H -y, the hydrodynamic pressures on wall are given

z) . J3 z Y L
pHDIw(Ej = ,OuOHT[l _(Ej Jtanh\/gg. 4)

Hydrodynamic impulse pressures are as well given by

pHDIw(f) = Ciw(f)p HA, (I)Q ()
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the free-field motion of the ground is here represented by the peak value of A.(2) is denoted by a,. o is
mass density of liquid. The distribution of hydrodynamic pressures on the wall of tank p, .- (g )along

the height of wall is given by eq. (5), where the function Ciw(é:) (eq. 6) is shown in Figure 2 in
dependence on slimness of tank y . The function C, (&) presents function of partitions of the

pressures on the wall for £ = 0 (i.e. at the wall of the tank) at the bottom of the tank and for £ =1 (i.e.
at the wall of the tank) at the free surface. Tank’s slimness is given by relation y = H/R, where H is the
height of filling of fluid in the container and L is half of width of container.

cl.w(g):g@—gz)tanh\/? % ©)
ksi=z/H
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Figure 2. Functions C, (5 ) of partitions of the impulse pressures on the wall of tank in dependence on
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slimness of the tank y.

2.2. Hydrodynamic convective pressures

The effect of the impulsive pressures is to excite the fluid into oscillations. To examine the
fundamental mode of vibration, consider the fluid to be constrained between ridig membranes that are
free to rotate as shown in Figure 3.

233



Journal of International Scientific Publication:

Materials, Methods & Technologies, Volume 3

L L

!
| o ]
- — _

yT : v

Figure 3. Rectangular tank are filled with water

The constraint is described by the following equations:
. I’—x*do
U= —
2 dy
v=0z. (8)

The pressure in the fluid is given by

; ()

op ..
Y =—pii. 9
0~ Pl )

The hydrodynamic pressures are given by

5 x
s cosh EZ ,
= —1/—— "0, sin wt (10)
pw p 3 2 . 5 H 0
sth——
2 L

In dependence on & = z/ H , where distance z is distance (height) from the bottom of tank to the free
surface of the liquid z = y, the convective hydrodynamic pressure is given by a summation of modal
terms (sloshing modes), each one having a different variation with time.

pHDCWn (5) = Zchn (g)p LAn (f;’ ) (1 1)

n=l1

As for rectangular tanks, the dominant contribution is that of the fundamental mode, that is:

Prpew (f) =0 (5),0 L4, (fcl ) ’ 12)
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Figure 4. Functions Q_ (g ) of partitions of the impulse pressures on the wall of tank, in dependence

on slimness of tank y

the free-field motion of the ground is here represented by the peak value of A;(?) is the acceleration
response function of a simple oscillator having the frequency of the first mode, the appropriate value
of the damping, and subjected to an input acceleration Ag(?). p is mass density of liquid. The
distribution hydrodynamic pressures on the wall of tank p, . (¢£)along the height of wall is given by

eq. (12), where the function Q_ (£) (eq. 13) is represented in Figure 4 in dependence on slimness of
tank y. The function Q_, (§ ) present function of partitions of the pressures on the wall for =0 (i.e. at

the wall of the tank) at the bottom of the tank and for £ = 1 (i.e. at the wall of the tank) at the free
surface. Tank’s slimness is given by relation y = H/R, where H is the height of filling of fluid in the

tank and L is half of width of container.
cosh| & ! \/g 7
2V2 L

chl (5) = 0’833 °
1 |5 H
cosh \/7
(2 2 LJ

(13)

2.3. Resultant hydrodynamic pressures

For tanks, whose walls can be assumed as rigid, a solution of the Laplace equation for horizontal
excitation can be obtained in a form, so that the total pressure is again given by the sum of impulsive
and convective pressures by use of absolute summation rule [14]:

Prpw (f) = Pubmw (6) + Pupcw (5) (14)
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SOLUTION, RESULTS AND DISCUSSION

Let us have a ground supported rectangular endlessly long shipping channel, having dimension of
L =35 m and height H,, = 3 m. Walls have uniform thickness of 0.25 m. The base slab is # = 0.4 m
thick. The shipping channel is filled with water to the height 2.6m, Figure 5. There is no roof slab on
the tank. The tank is situated on hard soil. Commercial software CosmosM is used for numerical
modeling of the problem by using FEM formulation.
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Figure 5. Details of tank geometry

We consider only horizontal earthquake loading by using of recording of real accelerogram Loma
Prieta, California (18.10.1989), which is shown in Figure 6 in dependence on time; seismic excitation
is only along x - direction. Horizontal earthquake loading starts to act at the time 10 s. Now, only
hydrostatic pressure acts at the walls of the shipping channel during time 0 — 10 s, [11 — 14].

Absolute Acceleration (g)

t[s]

Figure 6. Akcelerogram Loma Prieta, California (18.10.1989)
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Figure 7 shows elastic response spectrums, which are calculated for base acceleration from the figure
6, for 0.5 %, 2 %, 4 %, 5 % and 7 % damping.
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Figure 7. Elastic response spectrums for accelerogram Loma Prieta from Figure 6

Total base shear and bending moments of ground supported tank at the bottom of the wall can be also
obtained by base shear from impulsive presures and convective presures — flow, vibration of walls.
Impulsive pressures are obtained from equations (4); hydrodynamic convective pressures are obtained
from equations (11). Figure 8 shows the parts of base shear V' caused only by influence of seismic
loading at the bottom of the wall of reservoirs and figure 9 shows the part of bending moments M
caused only by influence of seismic loading at the bottom of the wall of reservoirs.
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Figure 8. Comparison parts of base shear V' caused only by influence of seismic loading at the bottom
of the wall of reservoirs
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Figure 9. Comparison parts of bending moment M caused only by influence of seismic loading at the
bottom of the wall of reservoirs

Figure 10 shows comparison of base shear /" and bending moment M caused only by influence of
seismic loading at the bottom of the wall of reservoirs and of total base shear /" and total bending
moment M caused by influence of all effects, which can occur as a result of influense of water on the
wall of reservoirs during seismic loading at the bottom of the wall of reservoirs.

50¢ 44,74 43,96
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Figure 10. Comparison of base shear /" and bending moment M only caused by influence of seismic
loading at the bottom of the wall of reservoirs and of total base shear V" and total bending moment M
caused by influence of all effects, which can occur as a result of influence of water on the wall of
reservoirs during seismic loading at the bottom of the wall of reservoirs

CONCLUSION

Figure 8 shows parts nf hvdrodynamic effects of fluid at the wall of the shipping channel developed
during an earthquake. :idividual parts are: hydrodynamic impulsive pressures, which are obtained
from equations (4); hydrodynamic convective pressures, which are obtained from equations (11); and
vibrations of walls. Figure 9 shows parts of hydrodynamic effects of fluid at the wall of the shipping
channel developed during an earthquake. Influence of water on the wall of reservoirs during seismic
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loading (akcelerogram Loma Prieta, California (18.10.1989)) at the bottom of the wall of reservoirs is
seen from figure 10, which shows comparison of influence of only hydrodynamic effects and of all
effects of water on the wall.

Acknowledgements

This research has been supported by the Ministry of Education of the Slovak Republic under the
Research Projects VEGA No.: 1/4202/07 and 1/0849/08.

REFERENCES

1.

10.

11.

Housner, G., W.: Earthquake pressures on fluid containers, California institute of technology,
Pasadena, California, 1954

Hlavna, V., Soj¢ak, D.: Circumfluence of the cylinder in a non-conventional combustion
engine. In: Journal of KONES -Powertrain and transport. - ISSN 1231-4005. - Vol. 13, No. 2
(2006), s. 111-115.

Juhasova, E., Benéat, J., Kristofovi¢, V., Kolcun, S., 2002: Expected seismic response of steel
water tank, In: 12th European Conference on Earthquake Engineering, Paper reference 595,
London 2002.

Kompis, V., Zmindak, M., Grajciar, [.: Development of the hybrid FEM formulations. In.: 2nd
Scientific Conference of Faculty of mechanical Engineering. Zilina, 1995

Kotrasova, K., Kormanikova, E., 2007b: Design of liquid storage tank made from composite
material, In: Proceedings of 7-th European Conference of Young Research and Science
Workers in Transport and Telecommunications TRANSCOM 2007, Section 8 — Civil
Engineering, Zilina, Zilinska univerzita, s. 69 — 72, ISBN 978-80-8070-708-8

Kralik, J.: Probability seismic hazard loads for Mochovce site considering soil structure
interaction, In: Proceedings of the 3rd international conference on Dynamics of Civil
Engineering and Transport Structures and Wind Engineering. University of Zilina, Zilina

Kristofovi¢, V., Grajciar, 1., Kotrasova, K.: Dynamicka interakcia kvapaliny s pravouhlou
nadrzou pri seizmickom budeni, In: Zbornik abstraktov a zbornik prispevkov (CD) zo VIII.
konferencie so zahrani¢nou ucCastou Staticko-konStrukéné a stavebno-fyzikalne problémy
stavebnych konstrukcii, Kosice, Technicka univerzita Stavebna fakulta v Kosiciach, 2006, s.
59 - 60, ISBN 80-8073-677-4, (plny text na CD - stran 10, ISBN 80-8073-678-2).

Malhotra, P. K., Wenk, T., Wieland, M., 2000: Simple procedure for seismic analysis of
liquid-storage tanks, Structural Engineering International, No. 3, 2000, s. 197-201

Melcer, J.: Amplitude and frequency composition of seizmic load due to transport around
transport ways. Zbornik DYN-WIND’2003, SvF ZU Tale, 19.-22. maja 2003, ISBN 80-8070-
066-4

Michalcova V.: Numericka simulace zatizeni budov v realné atmosféfe pii Rinych smérech
prouzeni. Zbornik z konferencie ,,Staticko — konstrukéné a stavebno — fyzikalne problémy
stavebnych konstrukcii®. Strbské Pleso, Vysoké Tatry, 2006, ISBN 80-8073-677-4.

Sumec, J., JendZelovsky, N.: Seismic analysis of reinforced concrete water tank. In:
Proceedings of the 4th International Conference on Dynamics of Civil Engineering and
Transport Structures and Wind Engineering DYN-WIND 2008. SvF ZU, Papradno-
Podjavornik, May 26-29, 2008, pp. 63-66. ISBN 978-80-8070-827-6



12.

13.

14.

15.

16.

Journal of International Scientific Publication:

Materials, Methods & Technologies, Volume 3

Trebuiia, F., Sim&ak,F., Bocko, J.: Uréenie pri¢in havarie a niavrh obmedzenej prevadzky
akumulac¢nej nadrze., In: Acta Mechanica Slovaca, ro¢. 10, ¢. 3 (2006), s. 15-28, ISSN 1335-
2393.

IITK-GSDMA, 2005: Guidelines for seismic design of liquid storage tanks — provisions with
commentary and explanatory examples. Kanpur, Indian Institute of Technology Kanpur, 2005

STN 73 0036, 1997: Seizmické zataZenia stavebnych konstrukcii, UNMS SR, Bratislava,
1997

STN EN 1998-1, 2005: Eurokod 8. Navrhovanie kon$trukcii na se;izrnickﬁ odolnost’. Cast’ 1:
Vseobecné pravidla, seizmické zat'azenia a pravidla pre budovy. SUTN, Bratislava, 2005

EN 1998-4: 2006 Eurocode 8. Design of structures for earthquake resistance. Part 4: Silos,
tanks and pipelines. CEN, Brussels, 2006

240



