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Abstract

Ground-supported tanks are used to store a variety of liquids. During the earthquake activity
the liquid exerts impulsive and convective effects. This paper provides theoretical background for
hydrodynamic pressure that is being developing during an earthquake in the liquid storage ground-
supported rectangular container — the endlessly long shipping channel, is grounded on hard soil or
sub-soil.
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1 INTRODUCTION

Large-capacity ground-supported tanks are used to store a variety of liquids, e.g. water for
drinking and fire fighting, petroleum, liquefied natural gas and chemicals. 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 - 9].

The seismic analysis and design of liquid storage tanks is really complicated task, due to the
high complexity of the problem.

Number of particular problems should be taken into account, for example: dynamic interaction
between contained fluid and tank, sloshing motion of the contained fluid; and dynamic interaction
between tank and sub-soil. Those belong to wide range of so called fluid structure interactions (FSI).
Tank-soil interaction could under specific conditions have a significant effect on seismic response of
the tank.

The knowledge of forces and pressure acting onto walls and the bottom of containers during
an earthquake plays essential role in reliable and durable design of earthquake resistance
structure/facility - tanks.

2 HYDRODYNAMIC PRESSURES - EUROCODE 8 (ECS8)

The complete solution of the Laplace equation for the motion of fluid contained in a rigid
containers can be expressed as the sum of two separate contributions, called "rigid impulsive", and
"convective", respectively. The "rigid impulsive" component of the solution satisfies exactly the
boundary conditions at the walls and at the bottom of the tank (compatibility between the velocities
of the fluid and of the tank), but gives (incorrectly, due to the presence of the waves in the dynamic
response) zero pressure at the original position of the free surface of the fluid in the static situation.
The “convective” term does not alter those boundary conditions that are already satisfied, while
fulfilling the correct equilibrium condition at the free surface [1,10-12].
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Let us to consider a rectangular ground supported container, having the width 2L as shown in
Fig. 1. Walls have uniform thickness. Rectangular container is filled with fluid to the height H and
the container is exerted by a horizontal acceleration # in the x - direction, [14].

’////////////:’////////////

||||
>
>

S T,

S R

OO

TIT7TT 7777777777777 774 Z

L 2L N L 2L

|‘ rl |‘ rl

Fig.1: Geometry of rectangular tanks a) plan, b) sectional elevation

For rectangular container whose walls can be considered as rigid, a solution of the Laplace
equation due to the horizontal excitation, can be obtained in the form (1). The total pressure is given
by the sum of an impulsive and a convective contribution using the absolute summation rule [14]:
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Fig.2: (a) Dimensionalless impulse pressures at wall of rectangular reservoirs vertical at the direction
of seismic excitation; (b) Maximum value of non - dimensional impulse pressures at the direction of
seismic excitation [14]

The impulsive component is expressed by:
pi(ZJ):qo(Z)pLAg(t) (2)

where L is the half-width of the tank in the direction of the seismic action, p is mass density of the
liquid.. The function go(z) gives the variation of p,(-) along the height, as shown in Figure 5 and it is
the function of the slenderness parameter y= H/L. The time-dependence of the pressure p; in eq. (2) is
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given by the function Ay(?). A4(¢) is the time-history dependent ground acceleration in free - field field
motion of the ground. pi(+) is constant in the direction that is orthogonal to the seismic action.

The convective pressure component is given by the summation of modal terms (sloshing
modes), each one having a different variation in time. For rectangular tanks, the dominant
contribution is that of the fundamental mode:

pcl(z’t):qcl (Z)pLAl(t) 3

where the function g.1(z) is shown in Figure 6 together with the contribution g.2(z) of 2" mode. 4:(%)
is the acceleration response function of the simple oscillator having the frequency of the first mode,
the appropriate value of the damping, and subjected to an input acceleration Ag(?).
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Fig.3: Dimensionaless convective pressures on rectangular tank wall which is perpendicular to the
component of the seismic action [14]

The period of oscillation of the first sloshing mode is:

“)

The wall flexibility of tank generally produces the significant increase of the impulsive
pressures, while leaving the convective pressures practically unchanged. Studies on the seismic
response of flexible rectangular containers are not numerous, and the solutions are not amenable to a
form suitable for direct use in design: for a recent treatment of the subject see for example, ref. [14].

For design purposes the distribution of vertical pressure valid for rigid walls by the expression
(2), regarding the recommendation published in [14], can be used in dynamic analysis of fluid filled
flexible tank.

The ground acceleration Ag(f) is the response acceleration of a simple oscillator having the
frequency and the damping factor of the first impulsive tank-liquid mode. This period of vibration

may be approximated as:

where dy is the deflection of the flexible wall on the vertical centre-line and at the height of the
impulsive mass, when the wall is loaded by a load uniform in the direction of the ground motion and
of magnitude: m;g/4BH. The width of the tank 2B is perpendicular to the direction of the seismic
loading.
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3 MECHANICAL MODEL MALHOTRA 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 as shown in Fig. 4. For practical applications, only the
first convective modes of vibration need to be considered in the analysis, mechanical model (Fig. 4).

The impulsive mass of liquid m; is rigidly attached to tank wall at height 4; (or hi*). Similarly

convective mass . is attached to the tank wall at height /. (or h:) by a spring of stiffness k.. The
mass, height and natural period of each SDOF system are obtained by the methods described in [14].

For a horizontal earthquake ground motion, the response of various SDOF systems may be
calculated independently and then combined to give the base shear and overturning moment. The
most tanks have slimness of tank y whereby 0,3 < y< 3. Tank’s slimness is given by relation y= H/L
or y= H/R, where H is the height of filling of fluid in the tank and R is inside radius or 2L is inside
width of tank [14].

= Y ko2 ime
?w k.2
H flc vy @mi
(h )| hi
(h;)
STTITEEEEERRRES S OrrRiTIm s

| 2L or 2R | | 2L or 2R |
<€ | | |
Fig.4: Liquid-filled tank modelled by generalised single degree of freedom systems

For a ground supported rectangular tank, in which the wall is rigidly connected with the base
slab, the natural period of the impulsive mode of vibration 7; =T  In seconds, is given by (5).

dy is the deflection of the wall on the vertical centre-line and at the height of the impulse mass,
when wall is loaded by a load uniform in the direction of the ground motion and of magnitude
m,g/ (4BH ) B is the half with perpendicular to the direction of loading (earthquake direction) and

m; is the impulsive mass. The mass can be obtained from the equivalent cylindrical tank results and
should include the wall mass [14]. For tanks without roofs the deflection df may be calculate
assuming the wall to be free at the top and fixed on the other three sides.

For a ground supported rectangular tank, in which the wall is rigidly connected with the base
slab, the natural period of the convective mode of vibration Tc = Tcl, in seconds, is given by (4).

Total base shear V of ground supported tank at the bottom of the wall can be also obtained by
base shear in impulsive mode and base shear in convective mode, eq. (6). Total base shear J” of
ground supported tank at the bottom of base slab is given also by base shear in impulsive mode and
base shear in convective mode too, eq. (7).

The overturning moment M of ground supported tank immediately above the base plate is
given also by, eq. (8) and the overturning moment M* of ground supported tank immediately below
the base plate is given also by, eq. (9).

V=(mi+mw+m,)Se(TA)+(m‘,)Se(T,), (6)

i c
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V*:(mt+m1¢+mh+m/)Se( L)+(mc)Se(T;)’ (7)

M= (mihi + mwhw + mrhr )Se( i )+ (mchc )Se (T'c ) > (8)
M* = (mth; + mwhw + mbhb + mrhr )Se (T; )+ mch; Se (71‘ ) 2 (9)
=—@— mi/m = =mc/m
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Fig.5: Impulsive and convective masses as fractions of the total liquid mass in the tank
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Fig.6: Impulsive heights as fraction of the height of the tank fluid full filling
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Fig.7: Convective heights as fraction of the height of the tank fluid full filling

where m;is the impulsive mass of fluid, m_is the convective mass of fluid, the impulsive and

convective masses are obtained from Fig. 5 or Table in [14] as fractions of the total liquid mass m
[14]. h; and A, are the heights of the centroids of the impulsive and convective hydrodynamic wall

pressures, given in Fig. 6 or Table 1 in [14]. h: is height resultant of pressures on the wall and on the
base plate for the impulsive component and h: is height resultant of pressures on the wall and on the
base plate for the convective component, both are given in Fig. 7 or Table 1 in [14]. m,, is the mass

of the tank wall, m, the mass of the tank base plate and m, the mass of the tank roof. /4, is the
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height of the center of gravity of tank wall; 4, the height of the center of gravity of base plate and

h, the height of the center of gravity of roof. S, (T) is impulsive spectral acceleration, is obtained

1
from a 2% damped elastic response spectrum for steel and prestressed concrete tanks, or a 5%

damped elastic response spectrum for concrete and masonry tanks; S, (TC) is convective spectral

acceleration, is obtained from a 0,5% damped elastic response spectrum.

The base shear and the moment on the foundation may be evaluated on the basis of
expressions (6) - (8). The values of the masses m; and m., as well as of the corresponding heights
above the base %, h., h , h_, calculated for cylindrical tanks and given by Fig. 5 - 7, (by using of

Malhotra simple procedure for seismic analysis of liquid-storage tanks [14]) may be adopted for the
design of rectangular tanks as well (with L replacing R), with an error less than 15% [11].

4 SOLUTION, RESULTS AND DISCUSSION

As an example case we will assume the ground supported rectangular endlessly long shipping
channel, with the length L =35 m and the height A, = 3 m. Channel surrounding walls have the
uniform thickness of 0.25 m. The base slab of the channel is # = 0.4 m thick. Shipping channel is
filled with water up to the height of 2.5 m. There is no roof slab structure covering the channel. This
water filled tank is grounded on hard soil or sub-soil 30 MNm™, Fig. 8.
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Fig.8: Details of tank geometry

As the excitation input we consider horizontal earthquake load given by the accelerogram of
the earthquake in Loma Prieta, California (18.10.1989), Fig. 9. In the analysis we use just the
accelerogram for the seismic excitation in x-direction.
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Fig.9: Akcelerogram Loma Prieta, California Fig.10: Elastic response spectrums for
accelerogram Loma Prieta from Fig. 9
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The maximal horizontal displacement and maximal Von Mises stress in the reservoir, maximal
stress in the sub-soil, the maximal pressure of fluid and the maximal height of the wave of fluid
(behavior of the free surface of the fluid) are listed in Tab. 1 for two types of sub-soils (hard soil and
sub-soil 30 MNm™). Results in Tab. 1 are given from numerical solution by application of FEM.
Only the solid walls and base (excluding physical representation of fluid field) of the shipping
channel was modeled by using 2D SOLID finite element under plain strain condition. The effect of
fluid interaction was simulated under the quasistatic conditions. The hydrostatic and hydrodynamic
components of the pressure were applied as the static load acting onto the walls and the bottom of the
tank. The hydrodynamic pressure were given by procedure proceded by EC8 [14]. For the numerical
simulations by application of FEM was used software ADINA.

Tab.1: Comparison of results by using procedure in EC8 for two types of sub-soils

The tank is located on | The tank is located
hard soil on soil 30 MNm?3
Maximal hor1zon§al displacement at 1072 3.340
reservoirs [mm]
Maximal Von Mises stress in reservoirs 2555 2478
[MPa]

Maximal stress in sub-soil [MPa] - 0.0626
Maximal pressure of fluid [kPa] 29.340 29.354

5 CONCLUSION

Ground supported rectangular endlessly long shipping channel having the length of L =5 m
and the height H,, = 3 m was analyzed. The channel is partially filled with the water up to the height
2.5 m. No upper roof slab above the channel is considered. This water filled tank is grounded in hard
soil or or subsoil 30 MNm™. As the excitation input we consider the horizontal acceleration load by
the accelerogram of the earthquake Loma Prieta in California. Focusing on dynamic response of the
structure due to the earthquake excitation the analytical method was successfully applied in the
complex analysis. The comparison of resulting measures (displacements, pressure, stresses) based on
FEM with analytical results show very good correspondence. Basic responses of the interest were:
pressure in the fluid, displacement of the free surface of the fluid, structural deformation and stress
distribution over the tank.

ACKNOWLEDGMENT

This work was supported by the Scientific Grant Agency of the Ministry of Education of
Slovak Republic and the Slovak Academy of Sciences under Project VEGA 1/0477/15.

79



REFERENCES

(1]

(11]
[12]
[13]

[14]

A. DI CARLUCCIO, G. FABBROCINO, E. SALZANO, G. MANFREDI, Analysis of
pressurized horizontal vessels under seismic excitation. In: ICSV18: 18" The World
Conference on Earthquake Engineering: October 12 - 17, 2008, Beijing, China.

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.

J. 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, Sloshing of Liquid in Rectangular Tank. In: Advanced Materials
Research. No. 969 (2014), p. 320-323. ISSN 1662-8985.

K. KOTRASOVA, I. GRAJCIAR, Dynamic Analysis of Liquid Storage Cylindrical Tanks
Due to Earthquake. In: Advanced Materials Research. No. 969 (2014), pp. 119-124. ISSN
1662-8985.

K. KOTRASOVA, 1. GRAICIAR, E. KORMANIKOVA, Dynamic Time-History
Response of cylindrical tank considering fluid - structure interaction due to earthquake.
Transport Structures and Wind Engineering. In: Applied Mechanics and Materials. No.
617 (2014), pp. 66-69. ISSN 1660-9336.

K. KOTRASOVA, I. GRAJCIAR, E. KORMANIKOVA, A Case Study on the Seismic
Behavior of Tanks Considering Soil-Structure-Fluid Interaction. In: Journal of vibration
engineering & technologies. ISSN 2321-3558, Volume 3, Issue 3, p. 315-330.

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.

O. SUCHARDA, J. BROZOVSKY, Bearing capacity analysis of reinforced concrete
beams, International Journal of Mechanics, Volume 7, Issue 3, 192-200, 2013.

B. TARABA, Z.MICHALEC, 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
Engineering, ISSN 1336-9024.

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

Manual ADINA. 71 Elton Ave, Watertown, MA 02472, USA, ADINA R&D, Inc., October
2005.

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

80




<<
  /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


