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ABSTRACT

In this work the minimum cost seismic design ofthiall ground supported steel tanks is
presented. Ground supported steel tanks are tradily applied to store water and
inflammable liquids due to their simple design,ywgood behaviour under the hydrostatic
loads, low cost and easy construction. Despiteetlaglvantages, thin-wall steel tanks are
sensitive for seismic loading. The aim of this wagkhe simple, fast and direct optimum
seismic design of these special structures, avpidomplicated computational methods
such as the finite or the boundary element metiibd.proposed method provides with the
most economical dimensions for the tank and itsndiation, for a predefined liquid
volume. The proposed method can be treated asedinmfor determining minimum cost
seismic design of thin-wall steel tanks that sgtibE structural and stability requirements.

1. INTRODUCTION

Ground supported steel tanks are traditionally iagpto store water and inflammable

liquids due to their simple design, to their vepod behaviour under hydrostatic loads, to
low cost and easy construction. However, they sustiasevere damage during major
seismic events such as Alaska (1964), Turkey (1888)Iran (2003) earthquakes. It has
been found that steel tanks are vulnerable to gtgpaund motions and their major failure
modes have to do with a) the elephant foot bucktihthe tank shell due to the uplift of

the tank and bending type action of the sHal).(1a); b) leakage of contains from the tank



due to sloshing of the liquid and/or rupture of thall nearby the connection of tank to
pipes mainly due to the non-ductile action of welglenctions [1-3] (se€ig. 1b).
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Fig. 1 Ordinary failure modes of steel tanks dueaothquakes (taken from [1])

In the past, a lot of researchers studied the seisesponse of the steel tanks. One can
mention the pioneering works of Housner [4,5], veharsimple and effective model with
two degrees of freedom was developed to simuladahk and liquid response using the
concentrated mass approach. This model was bas#t@eparation of the liquid in two
parts, where the first one follows the movementtlod tank while the other moves
separately causing sloshing. Similar to this moBpktein [6] recommended equations for
the evaluation of the concentrated mass model laacbility to simulate the tank-liquid
system. Malhotra et al [7] developed a simple mawhmgy for the seismic analysis of the
steel tanks, avoiding complicated methods suchaéiite element method.

Finally, the results from three significant works the evaluation of seismic behaviour of
steel tanks [8-10] should be also mentioned. Mpezidically, in the two works of Haroun
and Housner [8,9], tables for the estimation of #®smic behaviour of the ground
supported steel tanks were provided and an improwedkel with three degrees of freedom
to simulate the tank and the liquid response wagested. This model appears to be an
extension of Housner approach [4,5] and has beemnsially adopted by many structural
codes. Furthermore, a comprehensive method thahiaga the stability of steel tanks
under earthquakes was proposed [10] and its rekaite been adopted by Eurocode 8
[11]. The results from the works of Haroun-Housf8&8] and Hamdan [10] are employed
herein to perform the minimum cost seismic desigthio-wall steel liquid storage tanks.

2. SEISMIC DESIGN OF STEEL TANKS

3.1 Dynamic characteristics of thin-wall steel tanks
The response of thin wall steel tanks under seigxaitation is strongly influenced by the
interaction between the flexible steel shell arelliuid within. It should be noted that the
seismic response of thin-wall steel flexible tarnk®sents characteristics significantly
different from those of corresponding rigid storageks [1-3]. The concentrated masses
approach is adopted for the seismic analysis &-ligmid system [4-7,8,9]. According to
this approach, the tank and the liquid can be stedl with a system of concentrated
masses, which are placed in a specific height. Mpeeifically, three concentrated masses
are used for this simulation approaéig( 2):
e System-S for the liquid sloshing motion with mads, heightHs, fundamental
frequencyfs and viscous damping ratio equal to 0.5%.
e System-F for the tank-liquid system with mal, height Hg, fundamental
frequencyf; and viscous damping ratio equal to 2.0%.
e System-G for the ground motion with mé&gg and heighHg.



©606

Fig. 2 Seismic analysis concentrated mass model

The total fluid masayl, is given by
M =ViuidPrivia =7 Rszquid

The rest of the parameters of the examined mogeapn the following.
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where coefficient®\l andA2 result fromFig. 3.
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Height:

(8)
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where coefficient®1 andB2 result fromFig. 3.
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where coefficient€1 andC2 result fromFig. 4.

Height:

Hg =H [100({?{)—1

—](DZ - Dl)+ Dl (10)
where coefficient®1 andD2 result fromFig. 4.

3.2 Seismic excitation and response
The seismic response of the tank-liquid systeneterthined on the basis of the following
steps:

Step 1
Setting the maximum expected (design) ground aci@e, ag, the spectral accelerations
SisandS;r can be determined from the following equationEwfocode 8 [11]:

OT<Ty: S(M= g S{1+Tlo(77-2.5— ])}

Tp<T<Tc: Se(T)= q- Sn-25

Te<T<To:  S(T)=4a- 377.2_5.{%} (11)

2

To<T<dsec: S(T)= a- 577,2_5.{TCT.TD}



where &(T) is the spectral acceleration of the horizontahponents &s or Sif), T the
period of an one degree freedom linear syst&gof Tg), 7 and T¢ the limits of the
constant spectral acceleration brariGhis the value defining the beginning of the constan
displacement response range of the EC8 spectruip £l the soil factor and; the
damping correction factor with reference valye 1 for 5% viscous damping.

Step 2
The maximum fluid sloshing heigltaxis computed from

Sas

¢ max = 0.837R (12)

Furthermore, the maximum horizontal displacementhef tank-liquid systemwmax IS
given by

Winax = B Syr (13)

whereSyr is the spectral displacement for the F-systemBan@sults from

H H\? H)? HY*
B = 2.0400-2.6450 — |+2.8494 | —1.3204 — | +0.2851 — (14)
R R R R

Step 3
The maximum response (base sh@akx and overturning momemnil,y) is determined
using the SRSS approach

Quax= V(M 65:6)* +(Mg S 2+ [ Mg — Mg YAg ] 2 (15)
and
Mmax=\/(MsH §as)2+(MFHFSaF )2+[( MgHg —MgH )AGmax]z (16)
Step 4

The maximum axial and hoop stresses are compukihgt also into account the static
loads.

Step 5
In order to avoid the undesirable uplift of tanteed anchors should be installed. In this
step, the number of anchors and their maximum seigmnces are evaluated adopting the
Wozniak [12] approach.

Step 6
In this step, the foundation dimensions are deteechiand the maximum expected soil
stress is computed.

3.3 Design Criteria

In order to achieve the optimum seismic designhaf-tvall steel tanks, the structural

integrity against to elastic and elasto-plasticutidoe satisfied. Thus, the axial stress
required to cause buckling in a cylindrical shéllisture is assumed to be a function of the
internal pressure, the amplitude of imperfecticsi®ll thickness and the circumferential
variation of the axial stress. In this work the Hkm [10] approach is adopted.



3. NUMERICAL EXAMPLE

The optimum seismic design of a steel tank for gdetrm storage is examined in the
following. The structural and cost data of this yde are shown in th€able 1

Parameter Value
Required storage volur 300
PGA a=0,3g=2,943nseé
Soil type B (acc. to EC8[11])
Allowable stress — soil Csim30kPa
Importance factor vi=1,4 (acc. to EC8[11])
Foundation height 0,6
Yield stress — steel yvF200MPa
Mat. density — steel / concrete / petroleum 785 I 8kNim?®
Quality of the construction coeff. 1,5
Anchor cost (incl. installation) 100€/piece
Concrete cost 2206Y
Steel cost (incl. welding, painting, etc) 2%/
Land cost 708\
Table 1 : Example data

The optimum seismic design procedure accordindhéoproposed methodology leads to
the following results, which appearTable 2

Parameter Value
Optimum tank ext. radil R=12,4m
Optimum shell thickness s=31,3nm(s/R<1/400)

Optimum tank height (incl. sloshing height) h=7,21Im
Optimum foundation radius R=12,6m
Maximum sloshing height Cmax= 1,47
Maximum horizontal displacement Wmax= 0,003In
Base shear Qmax= 1506&N
Overturning moment Mmax= 3811%Nm
Maximum hoop stress (ULS) Oy uLs) =26,56VPa
Maximum buckling stress (ULS) ob (uLs)=0.76MPa
Maximum hoop stress (ACC) 0p(acc) =40,9MPa
Maximum buckling stress (ACC) Ob (acc)=3,0MPa
Maximum soil stress (ULS) Os (uLs)=88,9%kPa
Maximum soil stress (ACC) Os (acc)=165,44&Pa
Concrete volume (foundation) V; =299,3nt
Steel weight W, =14083&%g
Number of anchors N, =91
Foundation cost C: =65836€
Tank cost C,. =309652€
Anchors cost C,=9100€
Land cost C =39413€
Total cost Cr =419502€

Table 2 : Results



4.

CONCLUSIONS

An optimum seismic design procedure has been peapts calculate the minimum cost
design of thin-wall steel tanks with a simple andtfway. For the total cost optimization,
the production, material and land costs are takBnaccount. The proposed method can be
treated as a baseline for determining minimum se&mic design of thin-wall steel tanks
that satisfy the structural and stability requiremse
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1. IEPIAHYH

Xmv epyacia ooty e€etdletor o PEATIOTOC GYEOUOUOS TV UETOAMKOV JeCopeEVAOV
amoONKeVONG VYPOV KAT® amd GEIGIKT KATOTOVNon. Ot petadhiég deEapeveG 0moTeEAOVV
évav 1010itepo TOTO KATOGKEVAV KOl 1] COUTEPUPOPE TOVS KATE T SUAPKELD TOV GEIGLOV
givar apketd ovvletn. H diepedvion emKeEVIPOVETOL GTNV TEPITTOON TOV AEXTOTOLY®V
KOAMVOpIKAV delapevav amd ydAvPa pe dueon otpién oto £€dapoc. [lpénet va onuelwbel
OTL TOPG TO UEYAAO €DPOG EPUPULOYDV TOVS, Ol AETTOTOLYEG METAAMKEG deCopeveg sival
ONUAVTIKA gvaicOnteg €vovil NG OCEIGMIKNG KaTomdvnons. Xto maperbov, mAnBog
EPEVLVNTAOV EYOVV EPYUCTEL Y10l TOV TPOGOLOPIGHE TNG GEIGUIKNG ATOKPLONG TOV OeCAUEVADV.
Ytoyog G epyaciag eivalr o omhOg, YPNYOPOS Kol TPOKTIKOS PEATIGTOC GEIGUIKOG
oYeOCUOC TV JeCOUEVOYV, amoPedyovTag TOAMTAOKEG UEDOOOVE VTOAOYIGHOD OTMG
TMEMEPUCUEVO. 1| GLVOPLOKA oTolxeiol To omoio. 0dNYOVV GE OMUAVTIKA TOALTAOKOTEPN
€€ETOON TOV QUVOUEVOL TNG AAANAETIOPOONG VYPOV-KATUOKEVNG KAVOVTOS OLGYEPY| OF
K40 epintmon 10 PEATIOTO GYEOUGLLO.



