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SEISMIC RESPONSE OF LIQUID STORAGE GROUND SUPPORTED TANKS
FOR DIFFERENT SLENDERNESS RATIO

Abstract

Ground-supported cylindrical tanks are used to store a variety of liquids. This paper provides
the theoretical background for takes into account impulsive and convective (sloshing) actions of the
fluid in concrete containers fixed to rigid foundations; it has been adopted in Eurocode 8. Seismic
responses — base shears, the bending and overturning moments — are calculated by using the response
spectra of the earthquake in Loma Prieta, California (18.10.1989). As the examples is analyzed the
ground supported cylindrical concrete tanks, fluid filling is H=2 m and R are depended from tank
slenderness ratio = H/R. For considered tank slenderness ratios y= 0.3, 0.5, 0.7, 1, 2, 3 R are given
6.667m,4m,2.857m,2m, 1 mand 0.667 m.
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1 INTRODUCTION

Ground-supported cylindrical tanks are strategically very important structures, since they have
vital uses in industries, nuclear power plants and are connected to public life. Liquid storage tanks are
used to store a variety of liquids, e.g. water for drinking and fire fighting, petroleum, oil, liquefied
natural gas, chemical fluids, chemical and radioactive wastes. Seismic safely of liquid tanks is of
considerable importance [1-8]. Water storage tanks should remain functional in the post earthquake
period to ensure potable water supply to earthquake-affected regions and to cater the need for fighting
demand. Industrial liquid tanks containing highly toxic and inflammable liquids and these tanks should
not lose their contents during the earthquake. Satisfactory performance of tanks during strong ground
shaking is crucial for their modern facilities. The seismic behavior of liquid storage tanks is highly
complex problem due to liquid-structure interaction. Tanks that were inadequately designed or detailed
have suffered extensive damage during past earthquakes [9-12].

2 MECHANICAL MODEL

The dynamic analysis of a liquid-filled tank may be carried out using the concept of generalized
single-degree-of freedom (SDOF) systems representing the impulsive and convective modes of
vibration of the tank-liquid system (Fig. 1). The impulsive mass of liquid m; (near the base of the tank
moves with the tank wall) is rigidly attached to tank wall at height 4 or p’. Similarly convective

masses m., (near the top experiences free-surface sloshing motion) are attached to the tank wall at
height s or p by a spring of stiffness k.. The impulsive mass m; and the convective masses m. are

of fraction of the total liquid mass m. For practical applications, only the first convective mode of
vibration needs to be considered in the analysis of mechanical model. The natural period of vibration
of the impulsive mass is from 0.1 s to 0.3 s and that of the convective mass from 2 s to 6 s.

' doc. Ing. Kamila Kotrasovd, Ph.D., Department of Structural Mechanics, Faculty of Civil Engineering,
Technical University of KoSice, Vysokoskolska 4, 042 00 Kosice, Slovac Republic, phone: (+421) 559 602
4294, e-mail: kamila.kotrasova@tuke.sk.

15



The mass, height and natural period of each SDOF system are obtained by the methods

described in Eurocode 8 [11].
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Fig. 1: liquid-filled tank modeled by generalized single degree of freedom systems
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foundation in Eurocode 8 - 4 [13] are shown in Fig. 2 — 4.

and h, for rigid vertical circular tanks on ground, fixed to the

Fig. 2: Ratios m, /m, h,/ H and hl.* / H as functions of the tank slendersness
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In which I, (), 1 1 () denote the modified Bessel Function of order 1 and its derivate. The
derivate can be expressed in terms of the modified Bessel functions of order 0 and 1 as

1= 00— ) 2.
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Fig. 3: Ratios m_ / m as functions of the tank slenderness
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Fig. 4: Ratios h_,/H and h:l. / H as functions of the tank slenderness ratio
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where A, are the Bessel function of first order, 41=1.8412; 1,=5.3314; 13=8.5363, 1.=11.71, A5=14.66
and As+i = As+5 1 (i=1,2,...); H is the height of fluid filling; h, and h:" are the level where the oscillators

2

of convective masses; j, and j; are the heights of impulsive mass; R is the inner radius of cylindrical

container; m is the total mass of the fluid. For practical applications, only the first few modes of
vibration need to be considered in the analysis, (# = 1). Tank’s slenderness ratio is given by the relation
y=HI/R.
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3 NUMERICAL RESULTS

In this study is analyzed fluids filling of ground supported cylindrical rigid tank. The
characteristics of fluid filling for H =2 m, where R - inner radiuses of cylindrical tanks are depended
from tank slenderness ratios ¥ = H/R. For tank slenderness ratio y = 0.3, the inner radius of tank R is
given 6.667 m, for y=0.5 = Ris 4 m, for y=0.7 = R=2.857m, for y=1 = R=2m, for y= 2 =
R =1 m, and for y= 3, R is given 0.667 m. The material characteristics of fluid filling (H»O) are: bulk
modulus B =2.1-10° N/m?, density p, = 1 000 kg/m®. As the excitation input we consider horizontal
earthquake load given by the accelerogram of the earthquake in Loma Prieta, California (18.10.1989),
Fig. 5a. Seismic responses of tanks are calculated by using the response spectrums for the Loma Prieta
accelerogram, California (18.10.1989), Fig. 5b.
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Figure 5b: Response spectrums for the Loma Prieta accelerogram from Figure 5a

The elastic response spectrums of the Loma Prieta accelerogram (Figure 5b) were used for simulation
of earthquake. The impulsive spectral accelerations are obtained from a 5% damped elastic response
spectrum (for concrete tanks) and the convective spectral accelerations are obtained from a 0.5%
damped elastic response spectrum.
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Fig. 6: Impulsive and convective masses in [t] as fractions of the total liquid mass in the tank
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Fig. 7: Impulsive and convective heights in [m], as fractions of the height of the liquid in the
tank

The Fig. 6 and 7 are shown the values m, m,, m_, h;, h; h, and j, as functions of the tank
slenderness ratios, The Fig. 6 m , m;, m_, and Fig. 7 hs hl,* h, - Comparison of the total base shears

V, the bending moments M and overturning moments M" of fluid as functions of the tank slenderness
ratios for diameters D = 2R are shown in Tab. 1.

Tab.1: Comparison of the total base shears, the bending and overturning moments of fluid as
functions of the tank slenderness ratios

y=03 =05 y=0.7 r=1 y=2 y=3
D [m] 13.333 8 5.7142 4 2 1.333
V [kN] 7643.55 | 7751.87 | 2153.03 1744.58 | 179.517 46.86

M [kNm] 7780.72 | 8284.86 | 2349.75 206591 22497 50.42

M’ [kNm] 510139 | 23463.3 | 4352.12 | 2711.89 235.39 51.79

4 CONCLUSIONS

The ground supported cylindrical tank was excited by ground motion of Loma Prieta in
California. Basic responses of the interest were: the total base shears, the bending and overturning
moments of fluid as functions of the tank slenderness pressure in the fluid.

ACKNOWLEDGMENT

This work was supported by the Scientific Grant Agency of the Ministry of Education of Slovak
Republic and the Slovak Academy of Sciences the project VEGA 1/0477/15 ”Numerical analysis and
modeling of interactive problems in multilayered composite structural members”.

19



REFERENCES

(1]
(2]
(3]

(4]

(3]

(6]

(7]

(8]

(9]

[10]

(1]
[12]

[13]

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

N. JENDZELOVSKY, N., L. BALAZ, Modeling of a gravel base under the cylindrical
tank. In: Advanced Material Research Vol. 969, 2014, p. 249-252 ISSN: 1022-6680.

N. JENDZELOVSKY, J. CERESNIK, Vypocet seizmického zatazenia valcovych ndadrzi.
In: Priprava, navrhovanie a realizacia inzinierskych stavieb: medzinarodna vedecka
konferencia CONECO 2011: Bratislava, 2011 S. 1-8 ISBN: 978-80-277-3469-1.

J. KRALIK, Dynamic analysis of soil-fluid-tank interaction due to earthquake even. In:
Dynamika tuhych a deformovatelnych téles 2012: sbornik prednasek z 10. mezindrodni
konference: 10. - 12. fijna 2012, Usti n. L., Ceska republika. ISBN: 978-80-7414-500-0.

K. KRALIK, J. KRALIK jr., Probability assessment of analysis of high-rise buildings
seismic resistance, Advanced Materials Research, Volume 712-715, 2013, pp. 929-936.

K. KOTRASOVA, I. GRAICIAR, E. KORMANIKOVA, Dynamic Time-History
Response of cylindrical tank considering fluid - structure interaction due to earthquake.
In: Applied Mechanics and Materials. No. 617 (2014), pp. 66-69, ISSN 1660-9336.

K. KOTRASOVA, 1. GRAICIAR, E. KORMANIKOVA, 4 Case Study on the Seismic
Behavior of Tanks Considering Soil-Structure-Fluid Interaction. In: Journal of Vibration
Engineering & Technologies, 2015, Vol 3, ISSN 2321-3558.

J. MELCER, Dynamic Response of a Bridge Due to Moving Loads, In: Journal of
Vibration Engineering & Technologies, 2015, Vol 3(2), p. 199-209. ISSN 2321-3558.

V. MICHALCOVA, S. KUZNETSOV, S. POSPISIL, Numerical and experimental study
of the load of an object due to the effects of a flow field in the atmospheric boundary layer.
In: International Journal of Mathematics and Computers in Simulation, Volume 8§, Issue 1,
2014, Pages 135-140, ISSN: 19980159.

B. TARABA, ZMICHALEC, V.MICHALCOVA, T.BLEJCHAR, M BOJKO,
M KOZUBKOVA, CFD simulations of the effect of wind on the spontaneous heating of
coal stockpiles. Fuel. 2014, wvol. 118, pp. 107-112, ISSN 0016-2361,
DOI: 10.1016/j.fuel.2013.10.064.

K. TVRDA, J. DICKY, Topological Optimization of Girders. In: Journal of Civil
Enginering ISSN: 1336-9024.

M. ZMINDAK, 1. GRAJCIAR, Simulation of the aquaplane problem. Computers and
Structures. Vol. 64, Issue 5-6, September 1997, pp. 1155-1164.

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

20




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /ENU (Versita Adobe Distiller Settings for Adobe Acrobat v6)
    /POL (Versita Adobe Distiller Settings for Adobe Acrobat v6)
    /CZE ()
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


